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Abstract

BACKGROUND—Prostate-specific membrane antigen (PSMA) remains an important target for
diagnostic and therapeutic application for human prostate cancer. Model cell lines have been
recently developed to study canine prostate cancer but their PSMA expression and enzymatic
activity have not been elucidated. The present study was focused on determining PSMA
expression in these model canine cell lines and the use of fluorescent small-molecule enzyme
inhibitors to detect canine PSMA expression by flow cytometry.

METHODS—Western blot and RT-PCR were used to determine the transcriptional and
translational expression of PSMA on the canine cell lines Leo and Ace-1. An endpoint HPLC-
based assay was used to monitor the enzymatic activity of canine PSMA and the potency of
enzyme inhibitors. Flow cytometry was used to detect the PSMA expressed on Leo and Ace-1
cells using a fluorescently tagged PSMA enzyme inhibitor.

RESULTS—Canine PSMA expression on the Leo cell line was confirmed by Western blot and
RT-PCR, the enzyme activity, and flow cytometry. Kinetic parameters K, and Vpax of PSMA
enzymatic activity for the synthetic substrate (PABGgG) were determined to be 393 nM and 220
pmol min ~1 mg protein ~1, respectively. The inhibitor core 1 and fluorescent inhibitor 2 were
found to be potent reversible inhibitors (ICsg = 13.2 and 1.6 nM, respectively) of PSMA expressed
on the Leo cell line. Fluorescent labeling of Leo cells demonstrated that the fluorescent PSMA
inhibitor 2 can be used for the detection of PSMA-positive canine prostate tumor cells. Expression
of PSMA on Ace-1 was low and not detectable by flow cytometry.
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CONCLUSIONS—The results described herein have demonstrated that PSMA is expressed on
canine prostate tumor cells and exhibits similar enzymatic characteristics as human PSMA. The
findings show that the small molecule enzyme inhibitors currently being studied for use in
diagnosis and therapy of human prostate cancer can also be extended to include canine prostate
cancer. Importantly, the findings demonstrate that the potential of the inhibitors for use in
diagnosis and therapy can be evaluated in an immunocompetent animal model that naturally
develops prostate cancer before use in humans.

prostate cancer; prostate-specific membrane antigen (PSMA); canine; inhibitor; substrate; flow
cytometry; Western blot; RT-PCR

INTRODUCTION

Prostate cancer is the most common diagnosed non-cutaneous cancer for men in the US [1].
Dogs also develop prostate cancer spontaneously [2-4] and, in fact, both canine prostate
cancer and human prostate cancer have similar characteristics such as an increased incidence
with age [5], the presence of pre-neoplastic PIN lesions [6], and bone metastases [4,5]. In
both the canine and human prostate carcinogenesis, there is a strong association between
high-grade prostatic intraepithelial neoplasia and carcinoma [7,8]. Although less is known
about the expression of characteristic bio-markers in the canine prostate cancer than human
prostate cancer, canine prostate tumors are generally considered to be more aggressive and
less differentiated than the androgen-responsive human prostate cancers [9]. In fact, the vast
majority of canine prostate cancers at the time of diagnosis are end-stage, aggressive, and
mostly androgen-independent carcinomas with frequent metastases [5].

Although canine prostate cancer cell lines have been established, few develop bone
metastases and no cell lines have been previously reported to cause brain metastases [10].
The Leo cell is the first prostate cancer cell line that consistently develops brain metastases
in vivo in a xenogeneic nude mouse model [11]. In contrast, the Ace-1 canine prostate
cancer cell line metastasizes almost exclusively to bone and induces mixed osteoblastic and
osteolytic lesions in nude mice similar to progression of metastatic prostate cancer in human
[12]. These traits make Ace-1 and Leo xenograft models valuable surrogate models for
human prostate cancer.

Prostate-specific membrane antigen (PSMA), which is a validated prostate cancer biomarker
in humans, has not been examined fully for its relevance to canine prostate cancer [13].
However, PSMA expression has been found in approximately 50% of canine prostate cancer
tumors examined using immunohistochemical analysis [9]. More recently, the cloning and
preliminary characterization of canine PSMA was reported [14]. In terms of PSMA
expression in established canine prostate cancer cell lines, it has only been reported for the
DPC-1 cell line [15]. Due to the similarity of canine PSMA to the human ortholog, efforts
are growing to develop new model cell lines to advance the development of PSMA-targeted
technologies for diagnostic and therapeutic strategies for human prostate cancer.
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Recently, we developed both a method to detect (PSMA+) cells by flow cytometry, using a
fluorescent PSMA inhibitor as well as a method to selectively isolate such cells from blood
using a pre-targeted strategy [16,17]. The focus of this study was to evaluate PSMA
expression in two canine prostate cancer cell lines, which are known to be androgen receptor
(AR)-negative [11,18], and characterize the PSMA enzymatic activity, especially with
respect to our functionalized PSMA inhibitors. Assuming that canine PSMA is functionally
equivalent to human PSMA, PSMA-targeted diagnostic and therapeutic strategies for
humans could be first screened in a natural canine model of prostate cancer prior to
advancing to human studies.

MATERIALS AND METHODS

Cell Lines and Reagents

LNCaP and PC3 cells were obtained from the American Type Culture Collection (Manassas,
VA). The Ace-1 and Leo cell lines were available from Dr. Rosol's laboratory at The Ohio
State University (Columbus, OH) [11,12]. Mouse monoclonal antibodies 3C6 and 4D8 were
obtained from Northwest Biotherapeutics (Seattle, WA). All other chemicals and cell-
culture reagents were purchased from Fisher Scientific (Somerville, NJ), Pierce (Rockford,
IL), Invitrogen (Grand Island, NY), or Sigma-Aldrich (St. Louis, MO). The PSMA
inhibitors CTT-54 and FAMXCTT-54 (Fig. 1) were available from prior studies [17,19].

RNA Extraction, Reverse Transcription, and Real-Time RT-PCR

Total RNA from each cell line was extracted using the Absolutely RNA RT-PCR Miniprep
Kit (Agilent Technologies). Approximately 0.5 mg of each RNA was reverse transcribed
with SuperScript Il Reverse Transcriptase and oligo(dT)12_1g primer (Invitrogen).
Quantitative real-time RT-PCR analysis was performed using QuantiTect SYBR Green PCR
Kit (Qiagen, Inc.) along with primers for canine GAPDH: forward
CCCACTCTTCCACCTTCGAC and reverse AGCCAAATTCATTGTCATACCAGG; and
canine PSMA: forward GCAGGGGACCCTCTCACACCTG and reverse
CTCGGAAGACCAACAGCCTCTGTGA. Real-time RT-PCR was repeated twice on three
replicate samples. Absolute quantification was achieved using serial 10-fold dilutions of
purified PCR products to generate standard curves with LightCycler 480 Software (Roche).
From these standard curves, the copy number of PSMA and GAPDH mRNA in each cell
line was determined.

Whole Cell Lysate Extraction and Western Blot Analysis

The whole cell lysate extraction was performed as described previously [20]. Briefly, the
Leo and Ace-1 cells were collected from flasks by scraping, washed once in ice-cold PBS,
resuspended in threefold cell-pellet volumes of lysis buffer (1% NP-40, 20 mM Tris pH 8.0,
137 mM NaCl, 10% glycerol) supplemented with 1x anti-protease cocktail (Pierce) for 15
min on ice, then transferred to 1.5 ml microcentrifuge tubes for centrifugation at 10,0009 for
15 min at 4° C. The supernatant was saved as a whole-cell protein extract. Protein
concentrations were determined using the BCA protein assay (Pierce). Western blotting was
performed as described previously with minor modifications [20]. In brief, detergent soluble
proteins (30 pg) were loaded and separated on a NUPAGE™ 4- 12% Bis—Tris Gel
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(Invitrogen, Carlsbad, CA), electro-phoresed for 40 min at a constant 200 V under reducing
conditions, and then transferred to a 0.45 um PVDF Immobilon-P Transfer Membrane
(Millipore Corporation, Bedford, MA) at 400 mA for 100 min in a transfer apparatus-Owl
Bandit VEP-2 (Owl, Portsmouth, NH) according to the manufacturer's instructions.
Membranes were incubated with primary antibodies (4D8 for PSMA [21]) overnight at 4°C
and then with horseradish peroxidase conjugated-second antibody for 1 hr at room
temperature. The 4D8 antibody binds to a linear epitope between amino acids 58-133 of
human PSMA [22] with which canine PSMA (Human Q04609.1 and Canine XP_533980.3)
shares 93% identity. The immunoreactive bands were visualized using Protein Detector
TMB Western Blot Kit (KPL, Gaithersburg, MD) following the manufacturer's instructions.
The molecular weight marker was SeeBlue® Plus2 Pre-Stained Standard (Invitrogen).

PSMA Enzyme Activity and Inhibition Studies

Km and Vpax determination—Working solutions of the substrate (PABGYG) were made
in Tris buffer (50 mM, pH 7.5). A typical incubation mixture (final volume 250 ul) was
prepared by the addition of 200 pl Tris buffer (50 mM, pH 7.4) to either 25 pl of a solution
of crude PSMA (0.00214 pg) or 25 pl Tris buffer (50 mM, pH 7.4) as a negative control.
The enzymatic reaction was initiated by the addition of 25 ul PABGYG (1-20 uM). The final
concentration of PABGYG ranged from 0.1 to 2.0 pM. The reaction was allowed to proceed
for 15 min with constant shaking at 37°C and was terminated by the addition of 25 pl
methanolic TFA (2.5% trifluoroacetic acid by volume in methanol) followed by vortexing
and centrifugation (10 min at 7,000g). An 85 pl aliquot of the resulting supernatant was
subsequently quantified by HPLC as described above. Under the assay conditions described
above, it was noted that the initial substrate concentration was not substantially depleted
during the time course of the incubation (e.g., approximately 15% conversion to product was
observed for incubations with the lowest substrate concentration, 0.1 nM).

IC5g determinations—PSMA enzyme inhibition studies were performed as described
previously [23,24]. Working solutions of the substrate (N-[4-(phenylazo)-benzoyl]-
glutamyl-gamma-glutamic acid, PABGyG) and inhibitors were made in TRIS buffer (50
mM, pH 7.4 containing 1% Triton X-100). Working solutions (50 pg/ml) of canine PSMA
[25] were diluted in TRIS buffer (50 mM, pH 7.4 containing 1% Triton X-100) to provide
approximately 15% conversion of substrate to product in the absence of inhibitor. A typical
incubation mixture (final volume 250 pl) was prepared by the addition of either 25 pl of an
inhibitor solution or 25 pl TRIS buffer (50 mM, pH 7.4 containing 1% Triton X-100) to 175
ul TRIS buffer (50 mM, pH 7.4 containing 1% Triton X-100) in a test tube. PABGYG (25 pl,
10 mM) was added to the above solution. The enzymatic reaction was initiated by the
addition of 25 pl of the PSMA working solution. In all cases, the final concentration of
PABGYG was 1 uM 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 37°C and was terminated by the addition of
25 pl methanolic TFA (2% trifluoroacetic acid by volume in methanol) followed by
vortexing. The quenched incubation mixture was quickly buffered by the addition of 25 pl
KoHPO,4 (0.1 M), vortexed, and centrifuged (10 min at 7,000g). An 85 pl aliquot of the

Prostate. Author manuscript; available in PMC 2014 November 19.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wu et al.

Page 5

resulting supernatant was subsequently quantified by HPLC as previously described [23,26].
ICsq values were calculated using KaleidaGraph 3.6 (Synergy Software).

Mode of inhibition studies—The mode of inhibition study followed the procedure
described in our previous study [27]. Briefly the concentration of PSMA (2.5 pug/ml) was
100-fold greater than used in the typical enzyme activity assays. The enzyme was pre-
incubated for 10 min with 0.1 uM of inhibitor (40 pl), at approximately 10-fold greater than
the 1Cgq value. The solution was diluted with 1 mM of substrate in 50 mM tris + 1% triton
buffer (100-fold, total volume 3,960 pl). The formation of product was monitored every 5
min for 1 hr. A control sample was defined as incubation described here without inhibitor.
Progress curves of product formation were generated to monitor the recovery of enzymatic
activity for inhibited PSMA and compared to a control sample in which no inhibitor was
added.

Detection of PSMA+Cells by Flow Cytometry

LNCaP (PSMA+), PC3 (PSMA-negative; PSMA-), Ace-1, and Leo cells were cultured in
T-75 flasks with complete growth medium [RPMI 1640 containing 10% heat-inactivated
fetal bovine serum (FBS), 100 U of penicillin and 100 pg/ml streptomycin] in a humidified
incubator at 37°C and 5% CO,. The cells were cultured to 70% confluency prior to
conducting the following experiments.

Cell preparation—Cells were washed twice in 37°C pre-warmed medium A (phosphate-
free RPMI 1640 containing 1% FBS), and then detached with a 0.25% trypsin 0.53 mM
EDTA solution (5 pl) for 8 min at 37° C. Medium A (5 ml) was then added to each flask.
The cells were distributed into five 2 ml tubes (~100,000 cells/tube). The cells were then
centrifuged at 900g at 4°C for 5 min. Following removal of the medium, the cells were
resuspended in 2 pl of medium A. Approximately 500,000 cells were predetermined by flow
cytometry and were used to perform the following experiments.

In vitro cell labeling—The cells were treated with FAMX-CTT-54 (300 nM in medium A,
total volume was 500 pl) or the equivalent volume of medium A as a negative control for cell
labeling. The cells were then placed in a shaking water bath (50 rpm) at 37°C in the dark for
30 min. The samples were then subjected to the following post-labeling protocol prior to
analysis by FC. In the antibody labeling, the same amount of cells were treated with
TAMRA-conjugated antibody 3C6 (50x dilution in medium A, total volume was 500 pl) or
the equivalent volume of medium A as a negative control for cell labeling. The cells were
then placed in a shaking water bath (50 rpm) at 4°C in the dark for 1 hr. The samples were
then subjected to the following post-labeling protocol prior to analysis by FC.

Post-labeling protocol—Following centrifugation (900g at 4°C for 6 min), the medium
was removed and the cells fixed in 4% formaldehyde in PBS buffer pH 7.4 for 10 min at
room temperature. The cells were pelleted again (900g at 4°C for 10 min), re-suspended in
500 pl of 50 mM of Tris buffer (pH 9.7 at 4°C), and covered with aluminum foil until
analyzed by FC.
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Flow cytometry—A Beckton-Dickinson FACSCalibur flow cytometer equipped with
argon and red lasers, a Macintosh computer, and Cell Quest software (Becton Dickinson
Immunocytometry Systems, San Jose, CA) was used to collect data. FCS Express software
(De Novo Software, Thornton, Ontario, CA) was used to analyze the data. Data were
collected on 50,000 cells for analysis. The FL-1 channel was used to detect cell labeling as
the 5-FAM-X amine-reactive dye is fluorescein-based. The FL-2 channel was used to detect
cell labeling by the fluorescent monoclonal antibody 3C6-TAMRA.

Inhibitor-blocking experiments—Cells were pre-incubated with 500 pl of non-
fluorescent inhibitor CTT54 (2 mM) for 30 min at 37°C. Cells pre-treated with non-
fluorescent inhibitor 1 CTT-54 were then treated with FAMX-CTT54 (100 nM) for another
30 min at 37°C. These cells were washed twice and subjected to the post-labeling protocol
prior to analysis by FC.

RESULTS

The expression of PSMA on the AR-negative canine cell lines Leo and Ace-1 was first
determined by Western blot and RT-PCR. Although the Leo and Ace-I cells expressed
similar amounts of PSMA mRNA as determined by RT-PCR (Fig. 2B), the PSMA protein
expression, as determined by Western blot, was considerably greater for the Leo cell line but
much less than the expression detected in the model human prostate cancer cell line LNCaP
(Fig. 2A).

After confirming that PSMA was present in the Leo cell line by Western blot, we examined
the enzymatic activity of canine PSMA using our standard substrate PABGYG in an HPLC-
based assay previously developed by our group [23,26,28]. We confirmed that PSMA
enzymatic activity was present in the membrane extracts of the Leo cells but low or absent
in the extracts from Ace-1 cells. This finding was consistent with the Western blot data
suggesting low levels of PSMA expression on the Ace-1 cells. The Ky, and Vax Values for
the PABGYG substrate with PSMA from Leo cells were determined to be 393 nM and 220
pmol min =1 mg protein ~1, respectively.

After confirming the enzymatic activity of canine PSMA, we sought to determine the
potency of the inhibitor core 1 and its fluorescent inhibitor conjugate 2 against Leo PSMA.
These compounds are known potent inhibitors of human PSMA and have been used for
targeted delivery for PET and SPECT imaging as well as fluorescent labeling PSMA+ cells
[16,19,29,30]. The ICgq values for these inhibitors against PSMA obtained from Leo cells as
a membrane fraction of cell lysates were 13.2 and 1.6 nM, respectively. These values are
consistent with those obtained with human PSMA. Mode of binding assays for these
inhibitors were also performed, as described previously [27]. The results showed inhibition
was reversible with both inhibitors (Supplemental Material Fig. S3). These findings are in
contrast to what we have observed with human PSMA as inhibition with human PSMA was
irreversible as assessed within the time scale of the inhibition experiments.

To determine the in vitro performance of the fluorescent inhibitor conjugate 2 for labeling
PSMA+ canine prostate cancer cells, Leo cells were incubated with 2 (300 nM) and
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analyzed by flow cytometry. PSMA-negative (PC-3) cells were used as a control to confirm
that 2 did not label cells non-specifically. Flow cytometric analysis revealed that the Leo
cells (Fig. 3A) were fluorescently labeled with 2 while no labeling was observed on PC-3
cells (Fig. 3B). Ace-1 cells were also not labeled under these conditions (Supplemental
Material Fig. S1), an observation consistent with the Western blot data. The selectivity of 2
for PSMA on Leo cells was confirmed by competitive blocking experiments, which showed
the intensity of the fluorescence labeling by 2 was reduced when Leo cells were pre-treated
with the PSMA inhibitor core 1 (Fig. 3C).

PSMA targeting on live cells was also examined using an antibody (3C6) that recognizes a
conformational epitope on the extracellular domain of PSMA [22]. Leo cells were incubated
with the fluorescent monoclonal-antibody conjugate 3C6-TAMRA. LNCaP (PSMA+) and
PC-3 (PSMA-) were also incubated with 3C6-TAMRA as positive and negative controls,
respectively. While LNCaP cells were successfully labeled with 3C6-TAMRA, Leo cells
were not (Supplemental Material Fig. S2) indicating the conformational epitope present in
PSMA is not conserved on canine PSMA.

DISCUSSION

PSMA expression on the AR-negative canine prostate cancer cell line Leo was confirmed by
Western blot using an anti-PSMA mouse antibody 4D8, which recognizes a conserved
epitope expressed on canine prostate cancer cells [21]. The 4D8 antibody binds to a linear
epitope present in a region of the intracellular domain predicted to be identical with human
PSMA, using protein BLAST (NCBI Reference Sequence: FOLH1_Human Q04609.1 and
Canis lupus familiaris XP_533980.3). In addition, molecular analysis by RTPCR also
confirmed the presence of PSMA expression in the Leo cell line.

With respect to enzymatic, similar K, values for a model y-glutamate substrate were
observed for both human and canine PSMA. These results indicate that the function of
PSMA in both humans and dogs is similar. Because the core scaffold of the peptidomimetic
PSMA inhibitors 1 and 2 were designed to mimic y-glutamate, it was anticipated that these
compounds would inhibit canine PSMA in addition to human PSMA. Indeed, both the
fluorescent conjugate 2 and its parent inhibitor core 1 were potent inhibitors of PSMA from
the canine prostate cancer cell line Leo. Consistent with findings from prior studies, the
fluorescent inhibitor conjugate 2 exhibited greater potency toward canine PSMA than 1 [19].

Cell-labeling experiments employing flow cytometry confirmed that the fluorescent
inhibitor conjugate 2 targets the PSMA expressed on Leo cells as observed previously for
human prostate cancer cells [16,19]. The binding of 2 to canine PSMA was also confirmed
through competitive blocking experiments that showed pre-treatment with unconjugated
inhibitor 1 reduced the labeling with 2 (Fig. 3C). As expected, no labeling was observed
with the PSMA-negative Ace-1 cell line (Supplemental Material Fig. S1). It should be noted
that the reduced fluorescence labeling observed by flow cytometry using fluorescent probe 2
for Leo cells as compared that typically observed for LNCaP cells [16] was consistent with
the reduced level of PSMA expression observed for Leo cells by Western blot.
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In previous studies, we found that the binding of anti-PSMA antibody 3C6 to PSMA either
blocked access to the active site directly or caused a global conformation change resulting in
an indirect blocking of the active site preventing binding of the fluorescent inhibitor 2 to
PSMA. The 3C6 antibody did not bind to canine PSMA, indicating the conformational
epitope recognized by the antibody is not conserved on canine PSMA.

In summary, the results described herein have demonstrated that PSMA is expressed on AR-
negative canine prostate tumor cells and that it exhibits enzymatic characteristics similar to
human PSMA.. These findings indicate research focused on exploring the potential of the
PSMA inhibitors for developing a diagnostic assay and a method for targeted delivery of
toxins for prostate cancer can be extended to include their potential for canine prostate
cancer. Importantly, the findings indicate the potential of the inhibitors can be evaluated in
an immunocompetent animal model. This affords an opportunity to facilitate development a
diagnostic assay and methods for targeted delivery of toxins for use in dogs and humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Peptidomimetic PSMA inhibitorlCTT-54 and its fluorescentderivative2 FAMX-CTT-54.
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Western blot PSMA of LNCaP, Ace-1,Leo, and PC-3 cells (A). Quantitative real-time RT-
PCR results for the presence of PSMA in Ace-1and Leo cell lines (B).Data are expressed as

copies ofPSMAMRNAper1,000copies of GAPDH mRNA.
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Fig. 3.

FI?Jorescent cell labeling of Leo and PC-3 cells with FAM-X-CTT54 (A,B).Leo (A),PC-3
(B) at 37 C 30 min.FAM-X-CTT54 concentration (nM): (a) 0 and (b) 300.Competitive
blocking experiment (C). Leo cells pre-incubated with CTT-54 for 30 min prior to
incubation with FAM-X-CTT-54 for an additional 30 min.CTT-54 concentration (mM): (a)
0, (b) 2 mM, (c) 0.FAM-X-CTT54 concentration (nM): (a) 0 (b,c):100.
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