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BACKGROUND. Prostate specific membrane antigen (PSMA) is a unique folate hydrolase
that is significantly upregulated in prostate cancer. In a mouse model, PSMA is able to facilitate
prostate carcinogenesis, however, little is known about the mechanism by which this occurs. As
PSMA is able to hydrolyze polyglutamated folates, and cancer cells proliferate directly in
response to available folate, we examined if expression of human PSMA in PC-3 cells confers a
proliferative advantage in a microenvironment with physiologically relevant folate levels.
METHODS. Proliferation and folate uptake of PC-3 prostate cancer cells expressing human-
PSMA or vector alone was assessed in media containing low (LF; 1 nM), physiological (PF;
25 nM), or high (HF; 2.3 mM) folate with or without poly-g-glutamated folate (Pte-Glu5) or folic
acid, and a specific inhibitor of the enzymatic activity of PSMA, 2-(phosphonomethyl)-
pentanedioic acid (2-PMPA). Folic acid was tested for its ability to competitively inhibit the
enzymatic activity of PSMA.
RESULTS. Proliferation of PC-3-PSMA cells grown in the presence of poly-g-glutamated
folate, was significantly higher than that of PC-3-vector cells, an advantage which was
attenuated by the addition of 2-PMPA. In media containing physiologic levels of folate, PSMA
expression increased folic acid uptake approximately twofold over non-expressing cells. Folic
acid was able to inhibit hydrolysis of N-[4-(phenylazo)-benzoyl]-glutamyl-g-glutamic acid
(PABGgG) by PSMA in a competitive inhibition assay.
CONCLUSION. These findings implicate PSMA in both the metabolism of polyglutamated
folates, and in the uptake of monoglutamated folates. Under conditions of LF or PF levels, PSMA
gives cells expressing it a proliferative advantage. Prostate # 2009 Wiley-Liss, Inc.
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INTRODUCTION

The American Cancer society predicts that there
will be nearly 200,000 new cases of prostate cancer
diagnosed and almost 30,000 deaths from this disease
in 2009 [1]. Relatively little is known about the
molecular events that underlie the development
and progression of prostate cancer. Prostate specific
membrane antigen (PSMA), is a type II membrane
protein that is highly expressed in prostatic intra-
epithelial neoplasia (PIN) and in primary and meta-
static prostate cancers [2]. Normal and hyperplastic
prostate tissues predominantly express a truncated
form of PSMA designated PSM’ [3]. Expression of
PSMA in cancer tissues correlates with the stage of
disease and Gleason score [4]. PSMA expression is also
higher in prostate cancer cells from hormone-refractory
patients [4,5] and increased PSMA expression has
been shown to be an independent marker of disease
recurrence [6,7].

Upregulated PSMA expression in aggressive tumors
implies a role for PSMA in cancer progression, and a
selective advantage for cells expressing PSMA. Indeed,
the majority of transgenic mice expressing human
PSMA in their prostates at a level comparable to that of
human prostate tissues developed PIN-like lesions,
while their wild-type siblings did not [8]. In addition,
when PSMA-transgenic prostates were subjected to
tissue recombination and grafted under the renal
capsule of immune-deficient mice, the PIN-like lesions
progressed to form adenocarcinoma [9]. Cells isolated
from these recombinants were able to form colonies in
semi-solid agar indicating their tumorigenic potential.
In contrast, tissue recombinants derived from wild-
type prostates did not exhibit adenocarcinoma. Pro-
gression from PIN-like lesions to adenocarcinoma
in PSMA transgenic prostates suggests that PSMA
expression facilitates prostate carcinogenesis.

Although the physiologic function of PSMA in the
prostate is unknown, PSMA has been shown to cleave
a-linked glutamate from N-acetylaspartyl glutamate
(known as NAALADase activity) [10] and g-linked
glutamates from polyglutamated folates (known as
folate hydrolase activity) [11,12]. Prostate cancer
tissues have significantly elevated levels of PSMA
enzymatic activity as compared with normal and
hyperplastic prostate tissues, suggesting that the
enzymatic activity of PSMA contributes to tumor
progression [13]. Furthermore, Conway et al. [14],
found that angiogenesis is severely impaired in PSMA-
null mice and that the enzymatic activity of PSMA was
required for endothelial cell invasion in vitro. This
strongly suggests that the enzymatic activity of PSMA
plays a key role in prostate carcinogenesis and
progression.

Recently, Ghosh et al. [15], found that expression of
PSMA in PC-3 cells reduced the invasiveness of these
cells, whereas knockdown of PSMA expression
increased the invasiveness of LNCaP cells, and the
expression of PSMA mutants lacking enzymatic acti-
vity reduced the impact of PSMA expression on
invasiveness. However, these findings contradict the
association between PSMA expression and severity of
the disease as well as studies using PSMA-transgenic
and PSMA-null animals. In addition, Ghosh et al.,
performed their experiments in standard RPMI 1640
media, which contains about 100� the level of folate
found in normal human serum [16]. When we carried
out similar experiments but in media containing
physiologically relevant folate levels, PSMA-express-
ing PC-3 cells were more invasive relative to their
vector alone counterparts, and the level of invasion was
decreased in response to folic acid addition to the
media, suggesting that folic acid is able to block the
enzymatic site of PSMA [9]. We have also previously
found that PSMA expression provides LNCaP cells
with a growth advantage in media containing LF
(<1 nM) and PF (25 nm), supplemented with 100 nM
poly-g-glutamated folate (Pte-Glu5) [16], and this
advantage was lost when the cells were exposed to
the excess folate levels found in regular media [17]. We
speculated that the growth advantage in folate-limiting
media potentially occurred via the ability of PSMA-
expressing cells to hydrolyze the gamma-glutamyl tail
of folate polyglutamates, resulting in folates that can be
taken up by cells for replication. Indeed, inhibition of
the folate hydrolase activity of PSMA with 2-(phos-
phonomethyl)-pentanedioic acid (2-PMPA) reduced
the growth advantage of LNCaP cells. Therefore,
the microenvironment in which cells are grown is an
important consideration for analysis. This is especially
true for folate, a compound integral for the metabolic
processes of the body [18], as the prostate has a
particularly high requirement for folate [19].

In our previous study, we utilized LNCaP and DU-
145 cells to investigate if the folate hydrolase activity of
PSMA provides PSMA-expressing cells with a growth
advantage in a microenvironment containing a phys-
iologically relevant level of folate [17]. However, there
are many differences between LNCaP and DU-145
cells aside from PSMA expression. In this study, we
demonstrate that, at physiologically relevant folate
levels and in the presence of poly-g-glutamated folate,
PC-3 cells expressing human PSMA (PC-3-PSMA)
possess a growth advantage as compared to PC-3
cells transfected with vector only (PC-3-vector). Using
2-PMPA, we were able to show that PSMA provides
this growth advantage through its folate hydrolase
activity. Surprisingly, PSMA expression resulted in a
nearly twofold increase in uptake of tritiated folic acid,
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a non-polyglutamated folate, suggesting a novel
mechanism for PSMA action. These findings are
particularly interesting in light of the recent report that
men supplemented with 2.5 times the recommended
daily allowance for folate are statistically significantly
more likely to develop prostate cancer than their non-
supplemented counterparts [20].

MATERIALSANDMETHODS

Materials

The human prostate cancer cell line PC-3 was
obtained from the American Type Culture Collection
(Rockville, MD). Cell culture media were purchased
from Invitrogen Corporation (Carlsbad, CA). Pteroyl-
pentaglutamic acid (Pte-Glu5; cat. No. 16.255) was
obtained from Schircks Laboratory (Jona, Switzerland).
2-PMPA was kindly provided by MGI Pharma (for-
merly Guildford Pharmaceuticals) (Bloomington, MN).
MTT Assay Kit was purchased from Chemicon
(Temecula, CA).

PlasmidConstruction andCell Transfection

The pLNCX-PSMA plasmid was constructed on the
basis of pLNCX2 vector (Clontech, Mountain View,
CA) and contained a Col E1 origin of replication, a
neomycin resistance gene, and DNA encoding for
PSMA under the regulation of the immediate early
CMV promoter.

PC-3 cells were transfected with the pLNCX-PSMA
plasmid or vector alone using the FUGENE6 trans-
fection reagent (Roche Diagnostics, Indianapolis, IN).
Briefly, PC-3 cells were transfected with 3 mg of plasmid
DNA pre-incubated with 2 ml of FUGENE 6 in serum-
free RPMI 1640 medium for 30 min at room temper-
ature. Cells were then grown for 72 hr in standard RPMI
1640 medium containing 5% fetal bovine serum (FBS),
L-glutamine, penicillin, and streptomycin. Stable clones
were selected for by the addition of 800 mg/ml neo-
mycin to the media.

Tissue Culture

PC-3-PSMA or PC-3-vector cells were maintained in
standard RPMI 1640 medium (Invitrogen Corporation;
containing 2.3 mM folic acid, referred to as ‘‘high folate’’
(HF)) supplemented with 10% FBS (1.8–2 ng/ml folate;
Atlanta Biologicals, Lawrenceville, GA), L-glutamine
(2 mM), and penicillin/streptomycin. Cells were incu-
bated at 378C in a humidified atmosphere of 5% CO2.
Folate-free RPMI 1640 medium (Invitrogen Corpora-
tion) supplemented with 10% FBS, L-glutamine, and
penicillin/streptomycin was referred to as ‘‘low folate’’
(1 nM folic acid, LF) medium. Folate-free RPMI 1640

media supplemented with 10% FBS, L-glutamine, and
penicillin and streptomycin was mixed with standard
RPMI 1640 media to produce a final folate concen-
tration of 25 nM, and was referred to as ‘‘physiological
folate’’ (PF) media [18]. PC-3-PSMA and PC-3-vector
cells were cultured in LF, PF, and HF media.

Western Blot for PSMAExpression

PSMA expression in PC-3-PSMA and PC-3-vector
cells was determined by Western Blot. Whole cell
lysates were prepared with lysis buffer containing
Triton X-100 and complete EDTA-free protease inhi-
bitor cocktail (Roche, Nutley, NJ). Approximately 15 mg
of protein lysate was run on an 8% SDS–PAGE gel and
transferred onto a PVDF membrane for 15 min at 15 V.
The membrane was blocked with TBST containing 3%
casein overnight at 48C and incubated with PSMA
(CYT-351) (Cytogen Corp., Princeton, NJ) then b-actin
(Sigma–Aldrich, St Louis, MO) monoclonal primary
antibodies for 1 hr at room temperature. The primary
antibody was detected by sequential incubation of
the membrane with goat anti-mouse IgG secondary
antibody (Pierce Biotechnology, Rockford, IL), then
chemiluminescent reagents (ECL Western Blot Kit;
Amersham, Piscataway, NJ), and exposure to X-Omat
LS film (Kodak, Rochester, NY) until bands were
visualized. LNCaP cells, which express high levels of
PSMA, were used as a positive control for PSMA
expression.

PSMANAALADaseActivity

To determine that the PSMA enzymatic activity was
functional in PC-3-PSMA cells, NAALADase activity
was assayed using [3H]-N-acetyl-aspartyl-glutamate
(NAAG) as previously described with some modifica-
tions [12]. Cell membranes were prepared from PC-3-
PSMA cells by homogenization in 50 nM Tris (pH 7.4)
and centrifugation at 1,000g for 5 min, followed by
ultracentrifugation of the supernatant at 70,000g for
35 min. The pellet was then resuspended in 50 nM Tris
(pH 7.4) buffer with 0.1% Triton X-100 and homogen-
ized. The assay sample contained approximately 5 mg of
membrane protein, 200 nM [3H] NAAG, and Tris–HCl
pH 7.4. After incubation at 378C for 30 min, the sample
was loaded onto a chromatography column containing
AG 1� 8 Resin 200–400 mesh (formate form) (Bio-
Rad Laboratories, Hercules, CA) pre-conditioned with
distilled water. The column was washed with 1 M
formic acid into scintillation mixture and total counts
determined using a Beckman LS 8100 scintillation
counter. Parental PC-3 cells and PC-3-vector cells were
used as negative controls whereas LNCaP cells were
used as a positive control.
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FolateUptake and Retention

PC-3-PSMA or PC-3-vector alone cells were grown
in RPMI 1640 (folate-free; Invitrogen Corporation)
containing limiting folic acid (2 nM) for 1 week to
deplete them of their intracellular folate stores. After
this time, the media was replaced with RPMI 1640
(folate-free) containing 25 nM [3H] folic acid (folic
acid, diammonium salt, [30,50,7,9-3H]-; specific activity
47.9 Ci/mmol, Moravek Biochemicals, Brea, CA),
which is not polyglutamated, and cells were grown
for a further 24 hr. The cells were extensively washed
with PBS, counted, and isotopic content determined
using a liquid scintillation counter (Wallac 1409 DSA
liquid scintillation counter).

GrowthAssays

To determine the effect of PSMA on cell growth, PC-
3-PSMA, and PC-3-vector cells, which had been
maintained in LF medium for 3 weeks (to deplete
endogenous folate), were seeded in 96-well plates and
grown in LF, PF, or HF medium with or without 100 nM
Pte-Glu5 for 21 days. To determine if the folate
hydrolase activity of PSMA is the mechanism by which
PSMA confers a growth advantage, cells were grown in
LF, PF, or HF medium containing 0, 1, 10, 25, and 50 mM
2-PMPA, with or without 100 nM Pte-Glu5 for 21 days.
Cells were re-fed weekly with fresh media and
inhibitor and did not require splitting. To determine
if PSMA gives a growth advantage when folic acid is
the sole source of folate, PC-3 cells expressing PSMA or
vector alone were grown in media containing 25 nM
folic acid for 1 week to clear them of stored folates. They
were then plated into 96 well plates (675 cells/well), in
media containing 25, 50, or 75 nM folic acid for 8 days.
Cell proliferation was analyzed using an MTT assay Kit
according to the manufacturer’s instructions (Chem-
icon, Temecula, CA). Briefly, 10 ml MTT solution was
added to each well and incubated at 378C for 4 hr.
The reaction was stopped by adding 100 ml HCL/iso-
propanol solution and absorbance measured on a Bio-
Rad ELISA plate reader (Bio-Rad Laboratories) at a
wavelength of 595 nm and a reference wavelength of
630 nm. Data are expressed as percentage growth,
relative to absorbances of cells grown in HF media
(100% growth). All experiments were performed in
quintuplet wells.

IC50 Determination for Folic Acid

Inhibition studies were performed as described
previously with only minor modifications [21–23].
Working solutions of the substrate (N-[4-(phenylazo)-
benzoyl]-glutamyl-g-glutamic acid, PABGgG) and
folic acid (inhibitor) were made in Tris buffer (50 mM,

pH 7.4). Working solutions of purified PSMA were
diluted in Tris buffer (50 mM, pH 7.4 containing 1%
Triton X-100) to provide from 15% to 20% conversion
of substrate to product in the absence of inhibitor. A
typical incubation mixture (final volume 250 ml) was
prepared by the addition of either 25 ml of an inhibitor
solution or 25 ml Tris buffer (50 mM, pH 7.4) to 175 ml
Tris buffer (50 mM, pH 7.4 containing 1% Triton X-100)
in a test tube. PABGgG (25 ml, 10 mM) was added to the
above solution. The enzymatic reaction was initiated by
the addition of 25 ml of the PSMA working solution. In
all cases, the final concentration of PABGgG was 1 mM
while the enzyme was incubated with five serially
diluted inhibitor concentrations providing a range of
inhibition from 10% to 90%. The reaction was allowed
to proceed for 15 min with constant shaking at 378C and
was terminated by the addition of 25 ml methanolic
TFA (2% trifluoroacetic acid by volume in methanol)
followed by vortexing. The quenched incubation
mixture was quickly buffered by the addition of 25 ml
K2HPO4 (0.1 M), vortexed, and centrifuged (10 min at
7,000g). An 85 ml aliquot of the resulting supernatant
was subsequently quantified by HPLC as previously
described. IC50 values were calculated using Kaleida-
Graph 3.6 (Synergy Software).

Statistical Analysis

Data are presented as mean� standard deviation
(SD), unless otherwise stated. Statistical analyses were
carried out using SigmaStat version 3.5 and are t tests
unless otherwise noted. Differences were considered
significant only when the P-value was <0.05.

RESULTS

Protein Expression and Enzymatic Activity

Western Blot and NAALADase assays were per-
formed on lysates from PC-3-PSMA clones to confirm
that they express enzymatically functional PSMA
protein. Approximately 15 mg of whole cell lysates
from PC-3-PSMA clones, a PC-3 vector clone, and
LNCaP cells were examined for their PSMA protein
expression. The LNCaP cell line, which endogenously
expresses PSMA, was used as a positive control for
PSMA expression. As shown in Figure 1A, PC-3-PSMA
clones B9, B11, and B16 and LNCaP cells expressed
PSMA, but non-transfected and PC-3-vector cells did
not express PSMA. The level of PSMA expressed in PC-
3-PSMA cell clones B9 and B11 was similar to the level
expressed in LNCaP cells. NAALADase assays were
performed on membrane preparations from PC-3-
PSMA clone B9, PC-3-vector B3, and LNCaP cells
utilizing an established quantitative assay that meas-
ures the liberation of [3H]-glutamate from [3H]-NAAG
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[12]. As shown in Figure 1B, enzymatic activity of PC-3-
PSMA cells was similar to that of LNCaP cells at 67 and
88 pmol/min/mg of protein, respectively. There was
no detectable NAALADase activity in PC-3-vector
cells.

PC-3-PSMACellsHave aGrowthAdvantage in the
Presence of Poly-g-Glutamated Folate

The effect of PSMA on cell proliferation was assessed
by adding 100 nM of Pte-Glu5 to either PC3 vector
control cells or to PC3-PSMA cells that had been grown
in medium supplemented with either LF (1 nM), PF
(25 nM), or HF (2.3 mM). To clear the cells of excess
stored folates, they were first grown in low-folate
media for 3 weeks, and then placed in the experimental
media. The proliferation rate for each cell type grown in
HF was set at 100% (Fig. 2A).

PC-3-vector cells grown in LF and PF proliferated at
4.2% and 3.6%, respectively, of the rate of the cells in HF
(Fig. 2B) (P< 0.001). The addition of Pte-Glu5 resulted
in a marked increase in the proliferation of PC-3-vector
cells grown in LF and PF. However, these rates were
still significantly lower than that of PC-3-vector cells
grown in HF (P< 0.01 for LF and P< 0.05 for PF,
Fig. 2B).

Similar to the vector control cells, PC-3-PSMA cells
grown in LF and PF proliferated at 4.1% and 4.9%,
respectively, of the rate of the cells in HF (P< 0.001)
(Fig. 2A). The addition of Pte-Glu5 in the cell culture
media significantly increased the proliferation of PC-3-
PSMA cells grown in LF and PF media by 24.1- and
19.2-fold, respectively. In HF, addition of Pte-Glu5 did
not significantly alter the growth of either vector
control or PC-3-PSMA cells. In contrast to PC-3 vector
control cells, the addition of Pte-Glu5 to PC-3-PSMA in
LF or in PF increased proliferation rates to that of PC-3-
PSMA cells grown in HF medium.

These results demonstrate that PSMA expression is
able to fully compensate for the limit of available
folates in cells grown in LF and PF levels, in the
presence of Pte-Glu5. Although the vector-transfected
cells had a growth increase with the addition of
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Fig. 1. PSMAproteinexpression (A) andenzymatic activity (B) in
PC-3-PSMAclones(B9,B11,B16),PC-3-vector(B3),andLNCaPcells.
A: Whole cell lysates were isolated and PSMA protein expression
was determined by Western blot. B: Membrane lysates from the
PC-3PSMAB9andPC-3B3(vector)cloneswereisolatedandNAA-
LADase activity was assayed using by measuring the liberation of
[3H]-glutamate from[3H]-NAAG,asdescribedin theMaterials and
Methods Section.Clones B9 and B11were used for further experi-
ments as theyexpress similar levelsofPSMAto theLNCaPprostate
cancercell line.NT¼ not transfected.

Fig. 2. PSMAexpressionis able torescue cellproliferationunder
conditionsoflimitingorPF.(A)ThegrowthofPSMAexpressingcells
was not limited relative to regular media when the cells were
placed inmediawith limiting folic acid, and100nMPte-Glu5. (B) In
contrast, PC-3 cells with vector alone had statistically significantly
less growth when under limiting folate conditions relative to the
same cells grown in unlimited folic acid (regular media). Shown as
percentage growth of PC-3-PSMA and PC-3-vector cells in low
folate (LF), physiological folate (PF), and high folate (HF) media in
the presence or absence of Pte-Glu5. Cells were grown in LF for
3weeksandthenseededonto96-wellplates, at2,000cellsperwell,
in quintuplet. Cells were cultured in LF, PF, and HF media in the
absence (white) orpresence (shaded)of100nMPte-Glu5 for21days.
Proliferation was measured by MTTassay and normalized to cells
grown in HF mediumwithout Pte-Glu5. Results are normalized as
mean� standarddeviation.
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polyglutamated folate, the growth is statistically
significantly less than when folate is not limiting.

2-PMPAReduces theGrowthAdvantage
Shownby PC-3-PSMACells in the Presence of

Poly-g-Glutamated Folate

If PSMA confers a growth advantage by hydrolyzing
polyglutamated folate, then inhibition of this activity
should abrogate the growth advantage of PC-3-PSMA
cells. Cell proliferation was assayed in the presence of
Pte-Glu5 and the folate hydrolase inhibitor, 2-PMPA.
Growth of cells with Pte-Glu5 was set at 100%. 2-PMPA
significantly reduced the proliferation of PC-3-PSMA
cells grown in LF medium containing Pte-Glu5

(P< 0.01) (Fig. 3A). Proliferation of PC-3-PSMA cells
declined by 31.9%, 30.8%, 41.2%, and 61.6% with the
addition of 1, 10, 25, and 50 mm 2-PMPA, respectively.
In PF medium and Pte-Glu5, PC-3-PSMA proliferation
also declined in the presence of 2-PMPA, but only
reached significance at concentrations of 25 and 50 mm
(P< 0.01). 2-PMPA did not inhibit growth of PC-3-
PSMA in HF medium, presumably due to the abun-
dance of folic acid in this media. In contrast, 2-PMPA
did not inhibit the proliferation of PC-3-vector cells

grown in Pte-Glu5, regardless of the level of folic
acid (Fig. 3B). In addition, in the absence of Pte-Glu5,
2-PMPA did not significantly alter the proliferation of
either PC-3-PSMA or PC-3-vector cells (Fig. 3C,D).
These results suggest that PSMA confers a growth
advantage to the cells via its enzymatic activity.

PSMAExpressionConfers aGrowthAdvantage in
MediumContaining Physiologically Relevant Levels

of Folate, and Increases CellularUptake of the
Non-Polyglutamated Folate,Folic Acid

The role of PSMA as a folate hydrolase is well
established. However it is also known that PSMA
undergoes constitutive internalization, and that this
process is significantly accelerated in the presence of
an antibody targeted at the enzymatic site of PSMA
[24]. We therefore investigated if PSMA might inter-
nalize the monoglutamated (alpha-linked) folate form
after hydrolyzing its polyglutamated tail. We first
tested this by growing PC-3-PSMA and PC-3-vector
cells for 1 week in 25 nM folic acid, which is not
polyglutamated, to deplete the cells’ intracellular stores
of folate. The cells were then plated into 25, 50, or 75 nM
folic acid-containing media, grown for 8 days, and
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Fig. 3. TheproliferativeadvantageconferredbyPSMAexpressionunderconditionsoflimiting folateisreversedby treatmentwith2-PMPA.
2-PMPAisapotentandspecificinhibitorof theenzymatic activityofPSMA.Theeffectsof2-PMPAontheproliferationofPC-3-PSMA(A,C)and
PC-3-vector (B,D) cellsunderconditionsof limited folate exposureare shown.Cells, initiallygrownin low folate (LF)medium,were seededin
quintupletonto96-wellplates.CellswerethengrowninLF,physiological(PF),orhighfolate(HF)mediaplus2-(phosphonomethyl)-pentanedioic
acid (2-PMPA,0 ^50mM), in thepresence (A,B) or absence (C,D)of100nMPte-Glu5 for 21days.ProliferationwasmeasuredbyMTTassay and
normalizedto cellsgrowninHFmediumalone.Results arereportedas themean� standarddeviation.
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proliferation measured by MTT assay (Fig. 4). Relative
to their vector-alone counterparts, PSMA expressing
cells had a significant growth advantage, however, this
effect was lost when the level of folic acid was increased
to 75 nM. This level of folate is the minimum level
required for PC-3 growth without PSMA expression, as

has been shown by others [19]. Next, we examined if
PSMA expressing cells were able to take up more folate
than their vector alone counterparts. As shown in
Figure 5, two independently derived clones of PC-3-
PSMA cells were able to accumulate approximately
twice as much radiolabeled folic acid as two indepen-
dent clones of PC-3-vector cells (P< 0.001) over a 24 hr
period. These findings implicate PSMA in folate
uptake, and specifically in the uptake or retention of
folic acid, the monoglutamyl, fully bioavailable form of
the vitamin.

The Enzymatic Activityof PSMAis
Inhibitedby Folic Acid

PSMA expression has previously been shown to
facilitate migration of PC-3 cells transfected with the
PSMA cDNA through matrigel-coated membranes [9].
This effect, however, was not seen in media containing
high levels of folate, and was gradually diminished
under conditions of increasing folic acid [9]. These
findings suggest that folic acid may be able to enter
the active site of PSMA, and compete with its other
substrates. Based on this and the fact that PSMA
expressing cells had an increased uptake of tritiated
folic acid, we wanted to determine if PSMA was
directly binding to folic acid, or indirectly increasing
folic acid uptake by either causing an increase in folate
transporter expression or decreasing folate loss from
the cell. We tested the ability of folic acid to inhibit the
enzymatic activity of purified PSMA. At pH 7.4, at the
IC50 of folic acid was determined to be 56 mM, s.e.m.

The Prostate

Fig. 4. Comparison of the growth of PC-3 cells þ/� PSMA
expression inmedia containing onlymonoglutamyl folate, folic acid
as thesolefolate.Cellsweregrownin25nMfolatefor1weektoclear
them of stored folates.They were then plated into 96-well plates,
675cellsperwell,inmediacontaining25,50,or75nMfolicacid.After
8 days growthwas determinedbyMTTassay.PC-3-PSMAclone B9
cellsarerepresentedby theblackbar,PC-3-vectorcloneB3cellsare
the gray bar. Growth was significantly increased in the PSMA
expressing cells when the media contained 25 or 50nM folic acid,
however this growth advantagewas lostwhen the levelof folic acid
wasincreasedto75nM.

Fig. 5. PSMA expression increases cell retention of tritiated folic acid.Cells were grown for1week in media containing limiting folic acid
(2nM), then for 24hr inmedia containing 25nM tritiated folic acid. Intracellular retention of radiolabeled folic acidwas determinedby liquid
scintillation analysis of cellpellets andis shownper100,000 cells.PC-3-PSMA (n¼ 6; three experiments each clone) expressingcells imported
orretainedsignificantlymoretritiatedfolicacidthanPC-3-vectorcells(n¼ 6;threeindependentexperimentseachclone).Data shownarefrom
sixindependentexperimentsutilizing twoindependentlyderivedclones foreachofPC-3-vectoraloneandPC-3-PSMA(mean� SD).CloneB11
waspairedwithcloneB3,cloneB9waspairedwithcloneC7 for theassays.
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2.4 mM (see Fig. 6). While these findings suggest that at
least at pH 7.4 folic acid can bind PSMA, albeit weakly,
it is possible that under different pH or when exposed
to different monoglutamyl folate-based structures,
PSMA can significantly increase folate uptake.

DISCUSSION

The prostate has a high requirement for folate that is
integral to the metabolic processes within the body,
such as DNA, RNA, and protein methylation, and
formation of methionine for polyamine synthesis as
well as for replication and growth [18,19]. In prostate
cancer cells, polyamine production is significantly
upregulated, and under conditions of folate depriva-
tion, polyamine synthesis is maintained at the expense
of other folate/methylation requiring reactions [19].
Although, poly-g-glutamated folates are not typically
found in the extracellular space, dead or dying prostate
cells could liberate them within the prostate tumor
microenvironment. As prostate cells become cancer-
ous, they express more membrane bound PSMA,
resulting in folate hydrolase activity outside the cell
[2]. Since only non-polyglutamated (monoglutamated)
folates can enter cells, we propose that in the LF tumor
microenvironment, tumor cells with increased surface
PSMA may have greater rates of proliferation as they
can convert extracellular poly-g-glutamated folate to
a form that cells can import. LNCaP cells, which
endogenously express PSMA, have a growth advant-
age in medium containing limiting folate and poly-g-
glutamated folate, but this is ameliorated by the
addition of 2-PMPA, which is an inhibitor of PSMA
enzymatic activity [17]. Unexpectedly, we also
observed that PC-3 cells ectopically expressing PSMA
had a significant growth advantage when grown under

conditions of limited folate in the absence of poly-
glutamated folate, suggesting that PSMA may increase
the uptake of monoglutamated folates.

PSMAExpressionConfers aGrowthAdvantage in
the Presence of Physiologically Relevant Levels of

Mono- and Polyglutamated Folates

In this study, we assessed the proliferation of PC-3-
PSMA and PC-3-vector cells in LF (1 nM), PF (25 nM),
and HF (2.3 mM)-containing media, in the presence or
absence of Pte-Glu5 and the PSMA inhibitor 2-PMPA.
The PC-3-PSMA clones used for this study express
enzymatically functional human PSMA protein at a
similar level to that endogenously expressed by the
prostate carcinoma derived LNCaP cells, which is
consistent with that seen in human prostate tumors.

Since rapidly dividing cancer cells depend on an
abundant supply of folate, a lack of folic acid, or other
folates results in an impairment of cell proliferation.
Similar to LNCaP and DU-145 cells [17], the prolifer-
ation of both PC-3-PSMA and PC-3-vector cells
declined when grown in LF or PF containing media as
compared with cells grown in regular, high-folate
media. The proliferation of PC-3-PSMA and PC-3-
vector cells decreased and stabilized after 2–3 weeks of
culture under low or physiologic conditions, suggest-
ing that it takes this amount of time to deplete
intracellular stores of folate within these cells (data
not shown). As expected, the proliferation of PC-3
PSMA cells grown in PF medium for 2 weeks was
approximately threefold greater than when they were
grown in LF medium. Unexpectedly, the growth of PC-
3 PSMA cells was significantly greater than PC-3-vector
cells grown in PF (25 nM) for 2 weeks (data not shown).
This observation may be due to the fact that it could
take longer for PC-3-PSMA cells to deplete their
intracellular stores of folates, and/or the presence of
PSMA helps in the acquisition of folate from the
extracellular environment. As the LF and PF media
contain non-polyglutamated folate (in the form of
folic acid) as the sole folate source, these findings
hint that PSMA may increase cellular uptake of
monoglutamated folates.

To examine these findings in further detail, we grew
the PC-3 lines for 1 week in media containing 25 nM
folic acid to decrease their intracellular folate stores,
and then in 25, 50, or 75 nM folate for 1 week. Growth in
media containing 25 or 50 nM folic acid was signifi-
cantly increased in the PSMA expressing cells versus
the PC-3 vector alone cells. The growth advantage
conferred by PSMA expression was lost in media
containing 75 nM folic acid (Fig. 4), which is also within
the range at which the folic acid concentration is
considered non-limiting for growth of PC-3 cells [19].

The Prostate

Fig. 6. IC50 determination for folic acidwith PSMA.The abilityof
folic acid to inhibit hydrolysis of PABGgG by purified PSMA was
measuredandthe IC50determinedtobe56�2.4mM.
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For this experiment the growth rate of both cell types
was significantly greater than that seen in the previous
two growth experiments (Fig. 4 vs. Figs. 2 and 3). This
was likely due to the fact that the cells had higher
intracellular folate levels at the beginning of the
experiment as they were grown in media containing
25 nM folic acid for 1 week prior, whereas the cells
used in the first two growth experiments were grown in
1 nM folic acid for 3 weeks prior to initiation of the
experiment.

As we had predicted from our original hypothesis,
the proliferation of PC-3-PSMA cells was also signifi-
cantly increased when they were grown in LF and PF
media containing Pte-Glu5, compared to cells grown
without it (Figs. 2 and 3). This suggests that cells
expressing PSMA are able to hydrolyze extracellular
Pte-Glu5 and take up the resulting monoglutamated
folate into the cell for proliferation. The presence of
Pte-Glu5 did not enhance the proliferation of PC-3-
PSMA cells grown in regular, high-folate media,
implying that levels of bioavailable folate, while
abundant in high-folate medium, are a rate-limiting
factor for proliferation of these cells in the low and
physiologic media. 2-PMPA, a potent and selective
competitive inhibitor of the enzymatic activity of
PSMA [25], reduced the enhanced proliferation of PC-
3-PSMA cells cultured in LF or PF media supplemented
with Pte-Glu5 (Fig. 3). These results suggest that the
folate hydrolase activity of PSMA enables PC-3-PSMA
cells to use extracellular poly-g-glutamated folate
for proliferation when bioavailable folate is growth
limiting.

Although the data suggests that PSMA provides
cells with the ability to hydrolyze extracellular poly-
glutamated folates in order to acquire folate, it is also
possible that the enhanced proliferation seen in PC-3-
PSMA cells may in part, be due to the transport of Pte-
Glu5 by PSMA itself. Liu and colleagues used a
quantitative cell surface biotinylation assay to demon-
strate that PSMA is constitutively internalized [26].
Internalization of PSMA is mediated by the five
N-terminal amino acids present in the cytoplasmic tail,
and the enzymatic activity of PSMA seems not to be
necessary for the internalization of PSMA [27]. The
finding that an anti-PSMA antibody significantly
increases the rate of internalization suggests that PSMA
might function as a receptor mediating the transport of
a putative ligand [26]. It is interesting to note that PSMA
is a member of the M28 peptidase family, and although
it is no longer enzymatically active, the transferrin
receptor has 50% homology to PSMA at the amino acid
level, including throughout the peptidase domain [28].
Therefore from an evolutionary point of view, the
comparative structure of PSMA and the transferrin
receptor suggest that it is possible either of the proteins

could simultaneously possess both an enzymatic and
receptor function.

Although PC-3-vector cells do not express PSMA,
they also demonstrated increased proliferation when
grown in folate-limited media containing Pte-Glu5.
This increase in proliferation was significantly less
than that of PC-3-PSMA cells under the same culture
conditions. This may have been due to contamination
of the Pte-Glu5 with de-glutamated folates in the
original preparation, although this is not likely as we
have previously shown that our Pte-Glu5 is relatively
pure (>95%) by HPLC analysis [17]. Alternatively,
the Pte-Glu5 may have become de-glutamated from
hydrolysis by gamma glutamyl-hydrolase contributed
to the media from the fetal calf serum [29], or
from secreted gamma-glutamyl hydrolase from the
PC-3 cells. This enzyme is expressed at very low levels
in the normal prostate and in prostate cancers [30].
Gamma-glutamyl hydrolase has been shown to cleave
successive end-terminal gamma-glutamyl groups
from poly-L-g-glutamyl derivatives of folate [31]. It
can cleave intracellular stores of poly-g-glutamated
folates, or when secreted it can cleave extracellular
poly-g-glutamated folates [32]. While the level of
glutamyl hydrolase activity has not been reported for
fetal bovine serum, it is significant in mouse plasma
which is capable of hydrolyzing penta-g-glutamated
folate analogs by 78% in the first 18 hr of incubation
[33]. Regardless, addition of the poly-g-glutamated
folate to the PC-3 vector cells was not able to restore
growth to the level seen in media not limiting in folate,
while for PC-3 PSMA cells, growth was restored to the
same level as when folate was not limiting.

Expression of PSMAIncreases CellularUptake of a
Non-Polyglutamated Folate,Folic Acid

The finding that PSMA expression significantly
increased cell uptake of [3H] folic acid under conditions
of limiting folate is intriguing (Fig. 5). It is already
known that PSMA increases internalization when the
enzymatic site is bound by an antibody [26]; it may
be possible that PSMA can bind folic acid, which is the
chemically produced, bioavailable form of folate found
in tissue culture media, multivitamins, and also used to
fortify grains and flours for the U.S. food supply. In fact,
since fortification of the food supply and the number
individuals consuming supplements containing folic
acid has increased, overall serum folate levels have
significantly increased and unmetabolized folic acid
has been found in the peripheral circulation of over 75%
of subjects studied [34,35]. In our experiments, when
the only folate source was folic acid and it was limiting,
the PSMA-expressing cells proliferated more quickly
than their non-expressing counterparts. Thus PSMA
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expression increases the transport of extracellular folic
acid into the cell, likely leading to the increased
retention of total folates. To determine if PSMA is
capable of binding folic acid, we next utilized purified
PSMA to see if folic acid could inhibit the enzymatic
activity. At pH 7.4, the addition of folic acid was
able to inhibit PSMA substrate hydrolysis by 50% at
56� 2.4 mM. It therefore seems possible that the
increased uptake of tritiated folic acid by cells express-
ing PSMA may indeed be mediated directly by the
protein itself. It is interesting to note that although the
neuropeptide NAAG binds PSMA much more strongly
than folic acid, there is no evidence in the literature or
elsewhere that NAAG is ever found in the peripheral
circulation. Likewise, although high-affinity folate
receptors exist (e.g., folate receptors a, b, and g), none
of these are expressed in PC-3 cells [36]. Thus in
the absence high-affinity receptors or other substrates,
including polyglutamated folates, PSMA may bind
and possibly transport folic acid, or other folates, into
the cell.

In this study, we provide proof of principle that
PSMA can bind folic acid, a folate with no additional
gamma-glutamates, at pH 7.4. However there are more
than 40 different folate species [37], and binding may be
affected by pH as well as other factors. PSMA is known
to have two pH maxima, pH 5 and 8, for its enzymatic
activity, and it is known that another folate analog,
methotrexate, has an IC50 of 10 mM against the NAAG-
hydrolyzing activity of PSMA [38]. The IC50 of penta-g-
glutamated folate against the NAAG-hydrolyzing
activity of PSMA is 13 nM [38] indicating a significantly
higher affinity for PSMA than the monoglutamated
form. Therefore PSMA may bind polyglutamated
folates, and instead of releasing them after hydrolysis,
internalize the monoglutamated form. We intend to
explore the role of PSMA as a folate transporter more
completely in future studies. It is interesting to note,
however, that the reduced folate carrier, one of the
major folate transporters, has a binding capability for
folic acid in the 200 mM range at pH 7.4 [39]. In addition,
at pH 7.4, the ability of the proton-coupled folate
transporter (PCFT) to transport folates is low (influx Km

�56 mM [40]), but is much more active at pH5.5 (influx
Km �1.3 mM [40]) where PCFT becomes the predom-
inate folate transporter, and transport by the RFC
disappears altogether [41]. Both these major folate
transporters have similar affinities for folic acid under
these conditions as PSMA.

Given that PSMA resides on the luminal membrane
of the cell, it will come into contact with monogluta-
mated folates present in prostatic secretions [42].
Therefore, the possibility exists that PSMA may also
act as a transporter for monoglutamated folate, at least
in the prostate. This hypothesis is supported by the

discovery of an unidentified folate-binding protein in
membrane solubilized prostate homogenate that is the
same size as PSMA (100 kDa) [43]. Another piece of
evidence supporting the potential role of PSMA as a
folate transporter comes from its expression in the
Bowman’s capsule and proximal tubules of the murine
(data not shown) and human kidneys [44]. Folate is
filtered through the glomeruli of the kidney, and
reabsorbed via the renal tubules. In the mouse, this
process is mediated by folate receptor alpha [45];
however, there appears to be another mechanism by
which folate can be reabsorbed by the kidney under
conditions of low dietary folate. Folate receptor alpha/
folate-binding protein 1 knockout mice exhibit 20%
clearance of folate relative to creatinine, when subjected
to a LF diet [45]. If folate receptor alpha were the only
mechanism by which folate was reabsorbed, one would
expect this number to be closer to 100%. In addition, the
same study showed that folate receptor beta/folate-
binding protein 2 knockout mice had no effect on folate
re-absorption, implicating an as yet unknown mecha-
nism for folate re-absorption in the kidney [45]. If the
function of PSMA was solely as a folate hydrolase, it is
hard to understand why it is expressed in the region of
the kidney involved in folate re-uptake, as these cells
should not come into contact with polyglutamated
forms of folate. Thus, we propose that PSMA also
functions to bind and import folate as part of the
resorptive process in the renal tubules, and likely in
other epithelial tissues as well. In the context of these
other data, our findings are especially interesting
because they suggest a new function for PSMA
involving monoglutamated folates, and potentially
implicate it as a novel folate receptor.

The membrane localization of PSMA and its high
expression in prostate cancer cells makes PSMA an
ideal therapeutic target. PSMA inhibitors are currently
being investigated for their neuroprotective effects in
neurological disorders such as stroke, ischemia, and
other neurodegenerative diseases [46]. Inhibitors to the
enzymatic activity of PSMA may offer promise in the
field of oncology. Studies on the physiological role of
PSMA have provided support for this idea. Conway
et al. [14] reported that PSMA plays an important role in
angiogenesis as a cell surface enzyme by modulating
integrin signal transduction. Furthermore, treatment
with 2-PMPA was able to abrogate angiogenesis;
suggesting that inhibitors to the enzymatic activity of
PSMA could be effective as a new anti-angiogenic
therapy [14]. This study and our previous study [17]
demonstrate that inhibitors to the enzymatic activity of
PSMA may represent a novel approach for slowing
prostate cancer growth. However more importantly,
this study also highlights the importance of considering
folate levels in the extracellular environment when
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studying the function of PSMA in cell culture, and
especially when analyzing the effectiveness of PSMA
inhibitors as therapeutic agents for patients with
different serum folate levels.

CONCLUSION

The results of this study suggest that PSMA provides
prostate cancer cells with a growth advantage in the
tumor microenvironment, possibly through its folate
hydrolase activity. In addition, we may have identified
a novel function for PSMA as a folate transporter,
potentially resulting in increased cellular folate levels
in PSMA expressing cells, and subsequently increased
proliferation. In light of the recent findings that
moderate levels of supplemental folic acid increases
the incidence of prostate cancer [20], and the fact
that prostate cancers almost universally over-express
PSMA, our study may help shed light on the mecha-
nism by which this occurs.
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