
Abstract. Previous reports have shown elevated arginase
activity in prostate cancer patients. This study was designed
to compare expression levels of arginase II (AII) in various
human prostate cancer cell lines and tissues. Expression levels
of AII and other enzymes involved in arginine metabolism
were examined in androgen-dependent (LNCaP, LAPC-4)
and androgen-independent (PC3, DU145, CL-1, CL-2) prostate
cancer cell lines by real-time RT-PCR and Western blot
analysis. Further expression analysis of AII was accomplished
by immunohistochemical staining of a tissue microarray
comprised of 246 primary prostatectomy specimens. In
addition, polyamine levels were measured within the prostate
cancer cell lines by HPLC. Total polyamines were significantly
lower in the androgen-dependent cell lines compared to the
androgen-independent cell lines. AII expression was found to
be most prominent in the androgen-dependent cell lines and
least prominent in the androgen-independent cell lines.
Additionally, we found expression of ornithine amino-
transferase (OAT), an enzyme also responsible for ornithine
production, to be inversely correlated with AII expression.
The tissue microarray data revealed that the highest AII
expression was seen in BPH, followed by PIN and normal
samples, with the lowest expression levels observed in prostate
cancer tissues. Moreover, we observed an expression gradient
across Gleason grades revealing stronger AII expression in
low-grade tumors. The polyamine data, combined with the
expression analysis studies, support a possible correlation
between AII, OAT, and polyamine synthesis. Based on these
results, arginase II expression may play a role in prostate
cancer progression. More specifically, the elevated AII

expression seen in androgen-dependent and in more differ-
entiated prostate cancers suggests that AII could be a potentially
useful marker of early stage prostate adenocarcinoma.

Introduction

Prostate cancer has the highest incidence rate of any cancer
among men in the US with ~230,000 new cases and 27,000
deaths reported annually (1). Despite its high prevalence, the
heterogeneous nature of prostate cancer makes it difficult to
understand the molecular mechanisms controlling benign and
malignant prostatic cell growth. Currently, prostate-specific
antigen (PSA) is the most common biochemical marker used
to screen for prostate cancer; however, much controversy
remains over its use due to the variability and uncertain
predictive value observed (2). Therefore, it is important to
continue to improve current diagnostic tools and determine
new prognostic variables.

In addition, a better understanding of the biology of this
common tumor is necessary if we are to improve both
diagnosis and treatment. Polyamines play a crucial role in the
development and progression of prostate adenocarcinoma
(3). It is well known that the prostate and its secretions
contain the highest levels of polyamines of any tissue, which
are important for normal and neoplastic cell proliferation and
differentiation (4-6). During the development of prostate
cancer, polyamine ratios (spermidine:spermine), ornithine
decarboxylase (ODC) activity, and the activities of other
polyamine pathway enzymes are all elevated (7,8). In the
polyamine synthetic pathway, arginase produces ornithine,
which is then available for conversion into polyamine
compounds such as putrescine, spermidine, and spermine by
ODC (9).

Arginine is an essential amino acid which feeds into
many metabolic pathways that are important for normal cell
growth and differentiation, including those for proline,
glutamate, gamma-aminobutyric acid (GABA), nitric oxide,
and polyamines (10-12). L-arginine is cleaved into ornithine
and urea by arginase, which is the final enzyme in the urea
cycle (13). There are two known isoforms of this enzyme,
arginase I (AI) and arginase II (AII). The AI enzyme is
localized in the cytosol and is involved in the detoxification
of ammonia as part of the urea cycle. The AII enzyme, found
in the mitochondria, is involved in the biosynthesis of
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polyamines, glutamate and proline, and the modulation of
nitric oxide synthesis (iNOS) (14). A number of reports
maintain that ODC is the initial enzyme in mammalian cell
polyamine biosynthesis; however, very little is known in this
regard about arginase, the enzyme that precedes ODC and
produces ornithine (15,16). Arginase II is expressed at high
levels in the normal prostate, kidney, and brain and at low
levels in the gastrointestinal tract (17). Elevated arginase
activity has been found in patients with prostate, breast, lung,
and colon cancer and the increased enzyme activity may be
responsible for maintaining the necessary level of polyamines
for tumor growth and development (14,18-20).

Despite reports of high arginase expression in the normal
prostate and elevated arginase activity in prostate cancer
patients, a comprehensive study comparing the expression
levels of arginase II in prostate cancer cell lines, as well as in
benign and malignant prostatic tissues, has not been performed.
In the present study, we investigated the expression of AII in
prostate cancer using both cell culture and tissue microarray
(TMA) techniques (21). Specifically, we observed elevated
AII expression in the androgen-dependent prostate cancer cell
lines and in more differentiated tissues, suggesting that high
AII expression may be an important marker for early-stage
prostatic carcinoma. We have come to appreciate that arginine
and its immediate metabolic products lie at the center of an
important biochemical nexus, acted upon by a number of
complementary and competing enzymes, including arginase II,
ornithine decarboxylase, and ornithine aminotransferase
(OAT), an enzyme responsible for synthesizing ornithine
from pyrroline-5-carboxylate (P5C). With this in mind, we
extended our cell culture studies to include this larger family
of enzymes and found that OAT may be compensating for
the loss of AII in undifferentiated prostate cancer by providing
an alternative source of ornithine. Furthermore, polyamine
analysis among the prostate cancer cell lines supports a
possible correlation between AII, OAT, and polyamine
levels. We postulate that the role of arginase II in prostate
cancer is dependent upon its involvement in polyamine
synthesis and its interaction with related enzymes in the
arginine pathway.

Materials and methods

Cell culture. LNCaP, PC3, and DU145 cell lines were acquired
from ATCC (Manassas, VA) and cultured in RPMI-1640
medium supplemented with 10% FBS. The LAPC-4 cell line
was obtained from Dr Charles Sawyers (UCLA, Los Angeles,
CA and Sloan-Kettering Cancer Center, New York, NY) and
maintained in Iscove's modified medium with 10% FBS. The
LNCaP-derived androgen-independent clones, CL-1 and CL-2,
were a gift from Dr Arie Belldegrun (UCLA) and were
generated by growing LNCaP cells in androgen-free medium
for 6 weeks followed by selection of the androgen-independent
clones. After selection, the CL-1 cell line was maintained
in RPMI-1640 medium with 10% charcoal-stripped FBS
(Hyclone, Logan, UT), while its counterpart, CL-2, was
returned to RPMI-1640 medium with 10% FBS (22).

Quantitative real-time RT-PCR. Total RNA was extracted
from human prostate cancer cells using the GenElute

Mammalian Total RNA miniprep kit (Sigma, St. Louis, MO).
cDNA synthesis was performed on 1 μg of total RNA using
the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).
Real-time PCR for arginase II (AII), ornithine aminotransferase
(OAT), and ornithine decarboxylase (ODC) was performed
on an iQ Real-time PCR detection system (Bio-Rad) using
96-well microplates. The reaction mixture contained 2X iQ
SYBR Green supermix (Bio-Rad), forward and reverse
primers, cDNA, and sterile water. Each sample was diluted
1:10 and the PCR efficiency for each primer was determined
using a standard curve generated from cDNA serial dilutions.
The following primer pair sequences were used for real-time
PCR: Arginase II: 5'-CGCGAGTGCATTCCATCCT-3'
and 5'-CCTTTTCATCAAGCCAGCTTCTC-3'; Ornithine
aminotransferase: 5'-GACTGCCTGTAAACTAGCTCG-3'
and 5'-AACGTCCTACCCCAGAAGTTC-3'; Ornithine
decarboxylase: 5'-TGAAATACAGTTGGTGCAGAGTC-3'
and 5'-ACTTTGCTTTGGGATGTGCTC-3'; GAPDH: 5'-CCT
CAAGATCATCAGCAATGCCTCCT-3' and 5'-GGTCATG
AGTCCTTCCACGATACCAA-3'. The real-time RT-PCR
protocol was 95˚C for 3 min; 40 cycles of 95˚C for 15 sec,
61˚C for 30 sec, 72˚C for 30 sec; 95˚C for 1 min; 55˚C for
1 min; 80 cycles of 55˚C with increase in temperature by 0.5
every 10 sec for melt curve. The expression level of each
gene was normalized to GAPDH mRNA and the results were
analyzed using the Gene expression macro analysis software
(Bio-Rad). The data are presented as fold change in expression
relative to the other cell lines in that particular experiment
with the lowest expression given a value of 1.

Western blot analysis. Cells were lysed in RIPA buffer with
1X Halt protease inhibitor cocktail at 4˚C (Pierce, Rockford,
IL). Protein concentrations were determined using the Bio-Rad
protein assay. The cell lysates (40 μg protein) were loaded
onto a 10% Tris-HCl ready gel (Bio-Rad) and transferred to
PVDF membrane. The rabbit anti-arginase II antibody (1:400)
purchased from Santa Cruz Biotechnology, Inc. (sc-20151,
Santa Cruz, CA) is specific for arginase II detection and has
no apparent cross-reactivity with the liver isozyme, arginase I.
The mouse anti-GAPDH antibody (1:2500) was purchased
from Imgenex (IMG-5019A-1, San Diego, CA) and the
rabbit anti-OAT antibody (1:500) was a generous gift from
Dr David Valle (Johns Hopkins University, Baltimore, MD).

Polyamine analysis of prostate cells. Prostate cancer cells
were harvested, extracted, and deproteinized with 10% (w/v)
trichloroacetic acid (TCA) when they were 80% confluent.
Samples were then analyzed using an ion pair reversed-phase
HPLC separation method and post-column derivatization with
o-phthalaldehyde (23). Putrescine, spermidine, and spermine
levels were determined for each prostate cancer cell line. The
results from at least 3 different experiments per cell line were
averaged and expressed as nmoles/mg of protein ± standard
deviation.

Prostate tissue microarray. Formalin-fixed paraffin-embedded
tissue from primary radical prostatectomy cases between
1984 and 1995 (UCLA Medical Center) were randomly
selected to use in the construction of this tissue microarray
under IRB approval (24). It is comprised of 246 prostatectomy
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specimens that were embedded into 3 paraffin blocks,
resulting in a total of 1,364 individual spots using the method
of Kononen et al (21). At least 3 replicate tumor samples and
one matching normal sample were taken from representative
donor tissue. When available, matching benign prostatic
hyperplasia (BPH) and prostatic intraepithelial neoplasia
(PIN) lesions accompanied the tumor spots. Staining with anti-
arginase II antibody generated 999 (73%) informative tissue
spots for analysis, including 251 normal, 109 BPH, 41 PIN,
and 598 primary prostate cancer spots. In addition, a Gleason
grade score of 1-5 was assigned to each prostate tumor spot
(25). There was a total of 97 grade 1-2 (referred to as
‘grade 2’); 337, grade 3; 139, grade 4; and 25, grade 5 spots.

Immunohistochemistry and scoring. A standard indirect
immunoperoxidase staining method (R.T.U. Vectastain
universal elite ABC kit, Vector Laboratories, Burlingame,
CA) was used. Tissue array sections (4-μm) were heated at
56˚C for 30 min and then deparaffinized with xylene overnight.
The following day, sections were rehydrated in graded
ethanol. Antigen retrieval was performed using 0.01 M sodium
citrate buffer (pH 6.0) for 10 min at 95˚C. Endogenous
peroxidase activity was quenched using 0.3% hydrogen
peroxide in methanol for 30 min at room temperature.
Consecutive addition of avidin D and biotin was performed
as a blocking step prior to the addition of primary antibody
(Avidin/Biotin blocking system, Vector Laboratories). Primary

rabbit anti-arginase II polyclonal antibody was applied at a
1:400 dilution (1 μg/ml) for 1 h at room temperature
(Santa Cruz Biotechnology, Inc.). For the negative control,
non-immune rabbit IgG (1 μg/ml) replaced the primary
antibody. Staining was detected using diaminobenzidine
(DAB) followed by Mayer's hematoxylin solution as the
counter-stain. Sections were dehydrated and then cover-
slipped.

Scoring of the TMA IHC was performed by a pathologist
(H.Y.). Semi-quantitative assessment of antibody staining
was done in a blinded fashion. Only the prostatic glandular
epithelium was scored. When staining was at minimum weak,
but clearly visible, the stain would be considered positive.
The proportion of positive cells (0-100%) within the histology
of interest was determined for each TMA spot and expressed
as mean ± standard error (26).

Statistical analysis. An unpaired Student's t-test was used to
determine statistical significance in the cell culture and tissue
based studies. For the tissue microarray data, associations
between arginase II expression and pathological grade, stage,
preoperative PSA level, and recurrence status were tested
using the Pearson Chi-square test and the Kurskal-Wallis test
(and Spearman correlation). Statistical analyses were carried
out using the software package R (http://www.r-project.org).
For all analyses, p<0.05 was considered statistically significant
and designated as *p<0.05, **p<0.01, ***p<0.001 in the figures.
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Figure 1. Expression analysis of selected arginine and polyamine metabolic genes in prostate cancer cell lines. (A) Quantitative real-time RT-PCR analysis of
arginase II (AII), ornithine aminotransferase (OAT), and ornithine decarboxylase (ODC) in LNCaP, LAPC-4, PC3, and DU145 prostate cancer cell lines.
Expression of each gene was normalized to the reference gene, GAPDH. The cell line with the lowest expression level for a particular gene was given a value
of 1. LNCaP and LAPC-4 cells displayed higher levels of AII and ODC compared to PC3 and DU145 cells. In contrast, PC3 and DU145 cells exhibited
higher levels of OAT than LNCaP and LAPC-4 cells. The vertical lines of the bracket indicate the two cell lines being compared to each other; *p<0.05,
**p<0.01, ***p<0.001. (B) Western blot analysis of AII and OAT in the LNCaP, LAPC-4, PC3, and DU145 cell lines. GAPDH protein was used as a lane
loading control.
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Results

Expression of arginase II and related enzymes in prostate
cancer cells. Arginase II mRNA levels have been shown to be
at least 10 times higher in the normal prostate than in all other
normal tissues in which it is present (17). This result prompted
us to examine AII expression in several established prostate
cancer cell lines representing the extremes of differentiation
and dedifferentiation, including LNCaP, LAPC-4, PC3, and
DU145. Both the LNCaP and LAPC-4 cell lines are more
differentiated and express PSA and androgen receptor (27,28),
while the PC3 and DU145 cell lines are less differentiated,
do not express PSA, and are androgen-independent. When we
examined AII protein levels by Western blot in these cell lines,
we observed that AII expression was highest in the more
differentiated, androgen-dependent prostate cancer cell lines,
LNCaP and LAPC-4, with lower expression in the more
undifferentiated and androgen-independent cancer cells, PC3
and DU145 (Fig. 1B).

In addition to examining AII expression, we extended our
study to include OAT and ODC and performed quantitative
real-time RT-PCR to assay the expression levels of these
related genes in LNCaP, LAPC-4, PC3, and DU145 prostate
cancer cell lines (Fig. 1A). Elevated RNA levels of AII and
ODC were observed in the androgen-dependent cell lines,
LNCaP and LAPC-4, with the lowest levels seen in the
androgen-independent cell lines, PC3 and DU145. In contrast,
OAT levels were lowest in LNCaP and LAPC-4 cells and the
highest expression was observed in PC3 and DU145 cells.

The differential expression of AII among the prostate cancer
cell lines was the most prominent of all the genes. From the
real-time RT-PCR data, we observed an inverse relationship
between AII and OAT levels among the cell lines. Western
blot analysis of AII and OAT in LNCaP, LAPC-4, PC3, and
DU145 cell lines confirmed this finding (Fig. 1B). It appears
that when AII expression is high in the androgen-dependent
cell lines, OAT levels are low. The opposite trend is seen in
the androgen-independent cell lines which have high OAT
expression and very low AII expression.

Differential expression of AII in androgen-dependent versus
androgen-independent cell lines. To further explore whether
arginase II is differentially expressed among androgen-
dependent versus androgen-independent prostate cancer cell
lines, we compared AII expression between LNCaP, CL-1, and
CL-2 cell lines. As mentioned previously, CL-1 and CL-2
were created by growing LNCaP cells in androgen-depleted
media for 6 weeks followed by selection of androgen-
independent clones. The main difference between the two
clones is CL-1 has been continually maintained in androgen-
depleted media, whereas CL-2 was returned to androgen-
containing media after the 6 weeks of selection. It was also
determined that both clones were PSA-negative and androgen
receptor (AR)-negative (22). The LNCaP-derived androgen-
independent clones CL-1 and CL-2 showed a loss in arginase II
RNA and protein levels compared to the original LNCaP
cell line (Fig. 2A and B, respectively). Essentially, AII is
differentially expressed in androgen-dependent versus
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Figure 2. Expression analysis of selected arginine and polyamine metabolic genes in prostate cancer cell lines. (A) Quantitative real-time RT-PCR analysis of
AII, OAT, and ODC in LNCaP, CL-1, and CL-2 prostate cancer cell lines. Expression of each gene was normalized to the reference gene, GAPDH. The cell
line with the lowest expression level for a particular gene was given a value of 1. LNCaP cells displayed higher levels of AII compared to CL-1 and CL-2
cells. In contrast, CL-1 and CL-2 cells exhibited higher levels of OAT than LNCaP cells. The vertical lines of the bracket indicate the two cell lines being
compared to each other; *p<0.05, **p<0.01, ***p<0.001. (B) Western blot analysis of AII and OAT in the LNCaP, CL-1, and CL-2 cell lines. GAPDH protein
was used as a lane loading control.
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androgen-independent prostate cancer cell lines. In addition,
OAT levels were increased in the CL-1 and CL-2 cell lines
with respect to LNCaP, while ODC levels were decreased in
the LNCaP-derived androgen-independent clones. CL-1 and
CL-2 cells behave more similarly to the androgen-independent
cell lines, PC3 and DU145, with respect to AII and OAT
expression than to the cell line they originated from, LNCaP.

Arginase II expression in prostate tissue sections. In con-
junction with the previously mentioned in vitro experiments,
we also examined arginase II expression in patient-derived
prostatic carcinoma tissues. Among our initial sampling of
individual tissues (n=6), we observed greater AII staining
intensity among prostate tumor sections compared to normal
prostate tissue. Bronte et al performed immunohisto-
chemistry (IHC) on a small number of individual normal
(n=2) and cancerous prostate tissues (n=4) and also detected

higher AII expression in prostate cancer versus tumor-free
prostatic tissue (29). Additionally, we noted a gradient of AII
expression across the various prostate cancer tumor grades
with higher AII expression seen in the lowest Gleason grade
tumors (data not shown). This result led us to conduct a high-
throughput analysis of arginase II expression by immunohisto-
chemistry on a human prostate tissue microarray comprised
of tumor-matched normal, BPH, PIN, and tumor spots.

Fig. 3 is a display of representative tissue spots of normal,
BPH, PIN, and tumors of various Gleason grades stained
with an anti-arginase II antibody. AII expression was found
to be localized to the glandular epithelial region of human
prostate tissues. A moderate amount of AII staining was
observed in normal, BPH, and PIN tissue spots (Fig. 3A). The
tumor group as a whole had the lowest overall AII staining
intensity compared to the other histologic categories. However,
within the tumor group, low-grade tumors exhibited relatively
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Figure 3. Immunohistochemical detection of arginase II expression in the glandular epithelial region of human prostate tissue samples within a tissue
microarray. (A) From top to bottom: normal tissue spot, benign prostatic hyperplasia (BPH) tissue spot, and prostatic intraepithelial neoplasia (PIN) tissue
spot. Normal, BPH, and PIN at a magnification of x20. (B) From top to bottom: low-grade tumor spot (Gleason grade 1), intermediate grade tumor spot
(Gleason grade 3), and high-grade tumor spot (Gleason grade 5). Gleason grade 1 and Gleason grade 3 at a magnification of x20. Gleason grade 5 at a
magnification of x10.
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strong staining with a decline in AII expression as tumors
become more undifferentiated, as seen with an intermediate-
grade tumor as well as with a high-grade tumor (Fig. 3B). It
is also important to note that all histologies had variable
staining.

We calculated the percentage of target cells (glandular
epithelial cells) within each tissue spot that were positively
staining for arginase II (0-100%). Fig. 4 shows the distribution
of AII positive cells in the various prostate tissue categories.
AII expression was generally lower in prostate cancer than in
normal, BPH, or PIN tissues. As a group, the mean percent
AII positive cells for BPH (85±2.50) was the highest, followed
by PIN (71±4.95), then normal (70±2.11), and the lowest
percentage was seen in tumors (61±1.49). We observed a
significant increase in AII staining in BPH tissues compared
to normal, PIN, and tumor samples (p<0.001). In addition, AII
staining among the normal samples was significantly higher
compared to the tumor samples (p<0.001).

Arginase II staining across Gleason grades. Although the
microarray tumor group as a whole had less AII-positive

cells than normal, BPH, and PIN samples, we did observe a
gradient of AII expression across the various prostate cancer
tumor grades. Fig. 5 illustrates the percentage of positive
cells staining for AII in each of the Gleason grades 2-5
(grades 1 and 2 are combined). AII expression is higher in the
lowest grade tumors, but otherwise similar across intermediate-
to high-grade tumors. The mean percent AII-positive cells for
Gleason grade 2 (68±3.20) was the highest, followed by
Gleason grade 3 (60±2.01) and grade 4 (60±3.16), with the
lowest percentage seen in Gleason grade 5 (57±8.07). The
percentage of AII staining was significantly greater in the
Gleason grade 2 tumor spots compared to Gleason grade 3
samples (p<0.05). In addition, arginase II is not directly
associated with preop PSA, stage, capsular invasion, lymph
node positivity, or recurrence status (data not shown).

Polyamine analysis in prostate cancer cell lines. For polyamine
analysis, putrescine, spermidine, and spermine levels were
measured in all of the prostate cancer cell lines mentioned
previously (Table I). The average putrescine (p<0.01) and
spermidine (p<0.05) levels for LNCaP and LAPC-4 cells were
significantly lower than those measured in PC3 and DU145
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Figure 4. Distribution of arginase II protein expression in the various
prostate histological categories. Shown as the percent of AII positive cells
(0-100%) in normal (n=251), BPH (n=109), PIN (n=41), and ProsCA
(n=598) tissue spots. The mean percent of AII positive cells was 70% in
normal, 85% in BPH, 71% in PIN, and 61% in ProsCA samples. There were
significantly more AII positive cells in BPH tissues compared to normal,
PIN, and tumor samples. In addition, AII staining among the normal
samples was significantly higher compared to the tumor samples. The
vertical lines of the bracket indicate the two prostate histological categories
being compared to each other; *p<0.05, **p<0.01, ***p<0.001.

Figure 5. Arginase II expression across the prostate Gleason grades 1-5.
Shown as the percent of AII positive cells (0-100%) in grade 1-2 (n=97),
grade 3 (n=337), grade 4 (n=139), and grade 5 (n=25) tissue spots. The
mean percent of AII positive cells was 68% in grade 1-2, 60% in grade 3,
60% in grade 4, and 57% in grade 5 samples. AII staining in Gleason grade 2
tumor spots was significantly greater than in Gleason grade 3 samples. The
vertical lines of the bracket indicate the two Gleason grade categories being
compared to each other; *p<0.05, **p<0.01, ***p<0.001.

Table I. Comparison of polyamine levels in human prostate cancer cell lines.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cell line Putrescine Spermidine Spermine Total polyamines
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
LNCaP 0.82±0.12 15.21±3.57 32.61±5.62 48.63±8.92
LAPC-4 4.01±0.22 21.12±1.08 24.33±0.83 49.45±1.89
PC3 14.20±1.85 31.53±4.06 24.10±2.69 69.83±8.57
DU145 10.58±1.61 38.10±4.29 15.45±0.79 64.13±6.01
CL-1 27.74±1.59 28.12±2.54 26.96±1.60 82.82±5.55
CL-2 14.00±0.92 23.76±0.89 27.94±0.68 65.70±1.56
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aPolyamine levels expressed as nmoles/mg of protein ± SD.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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cells. Spermine levels in the LNCaP cells were significantly
increased as compared to LAPC-4, PC3, and DU145
(p<0.05). Although the spermine levels for LAPC-4 cells
were significantly greater than DU145 cells (p<0.001), they
were not significantly different compared to PC3 cells.
Additionally, we compared polyamine levels of LNCaP cells
to CL-1 and CL-2, and once again noted that the LNCaP-
derived androgen-independent clones were behaving more
similarly to PC3 and DU145 with respect to polyamine
measurements than to the original LNCaP cell line. Putrescine
(p<0.001) and spermidine (p<0.01) levels were significantly
lower in LNCaP cells compared to both CL-1 and CL-2 cells.
There was no appreciable change in spermine levels detected
among the three cell lines.

Overall, LNCaP and LAPC-4 cells, which have the highest
AII expression, exhibited decreased putrescine and spermidine
levels. On the other hand, PC3, DU145, CL-1, and CL-2 cells
have low levels of AII expression and show an opposite trend
for polyamine production. Similarly, total polyamines were
significantly lower in the androgen-dependent cell lines than
those measured in the androgen-independent cell lines
(p<0.01).

Discussion

Arginase II expression pattern in prostate cancer cell lines.
Previous reports have suggested that arginase activity is
elevated in prostatic carcinomas compared to benign tissues
(30-32). Our extensive study of AII expression in prostate
cancer specimens revealed differential expression of this
enzyme. Based on initial cell culture studies, we demonstrated
that arginase II expression was most prominent in the more
differentiated prostate cancer cell lines (LNCaP, LAPC-4) and
less prominent in undifferentiated, androgen-independent cell
lines (PC3, DU145). To further investigate the issue of AII
and androgen susceptibility, we extended our study to include
two new aggressive LNCaP-derived androgen-independent
cell lines, CL-1 and CL-2 (22). We demonstrated loss of AII
in the androgen-independent cell lines (CL-1, CL-2) compared
to the original LNCaP cell line. Collectively, these results
confirm that AII is differentially expressed in androgen-
dependent versus androgen-independent human prostate cancer
cell lines. It appears that the loss of AII expression in the
androgen-independent cell line, CL-1, is irreversible since AII
remains absent even when the cells are returned to androgen
containing medium as seen with the CL-2 cell line. The
decreased levels of AII among the androgen-independent cell
lines, PC3, DU145, CL-1, and CL-2, suggests that low levels
of AII may be an indicator of more aggressive, late-stage
prostate cancer and could be contributing to androgen-
independent progression. This brings up the question of
whether the arginase II gene is being regulated by the presence
of androgens in the prostate. 

Regulation of arginase by androgens. In other studies, it has
been shown that after administration of testosterone to
castrated rats, arginase activity is enhanced, thus implying
prostatic arginase activity is hormone-dependent (33,34).
Furthermore, in kidneys of female mice, the addition of
testosterone has led to induction of ODC and AII and an

associated reduction in OAT levels (35,36). As expected,
castration of male mice has shown the opposite effect with a
decline in levels of ODC and AII and a simultaneous increase
in OAT (36,37). Consistent with these studies, we found
ODC and even more dramatically AII expression to be
significantly higher in the androgen-dependent prostate cancer
cell lines compared to the androgen-independent lines. In
contrast, OAT levels were reduced in the androgen-dependent
cell lines and enhanced in the androgen-independent cells.
Moreover, the AII and OAT expression profiles seen in the
CL-1 and CL-2 cell lines were more similar to those observed
in PC3 and DU145 than to the original cell line they were
derived from, LNCaP, making these findings even more
striking. This suggests that during prostate cancer progression,
AII expression diminishes, while OAT expression is
enhanced. Although ODC RNA levels are slightly greater in
the androgen-dependent cell lines compared to the androgen-
independent cell lines, it is difficult to draw any significant
conclusions from these particular data due to the rapid rate of
metabolism of this enzyme leading to overall low levels.

Arginase II expression in benign and malignant prostate tissue.
We wanted to broaden our study to include a large number of
normal and malignant prostatic samples and thus we turned
to a prostate tissue microarray. From our analysis, we found
the highest percentage of AII positive cells in the BPH
samples, followed by PIN and normal tissues, with the lowest
expression levels generally seen in prostate cancer. Similarly,
a report by Elgun et al found significantly lower levels of
serum arginase activity in prostatic cancer compared to
normal and BPH groups. In addition, the BPH group had
significantly higher levels of arginase than the control group
(19).

The majority of literature concerning AII and prostate
cancer is based on tissue or serum enzyme activity rather
than gene expression. Our study is the first high-throughput,
parallel analysis of arginase II expression in normal, BPH,
PIN, and prostate tumor samples using an anti-arginase II
antibody. There is some discrepancy between previous
studies on arginase activity (29-31) and our current study on
arginase expression in prostate tissues; however, technical
strategies and sample size could possibly explain these
differences. These other studies may be enriched with high-
or low-expressing cases and only with many cases can one be
assured of the staining spectrum.

Although we had anticipated the tumor group as a whole to
show the greatest AII expression of the various histological
categories, this discrepancy could be explained by the AII
staining intensity we observed across the Gleason grades
within the tumor group. We detected significantly stronger
AII expression in the lowest grade tumors with a decline in
expression as the tumors became less differentiated. Several
studies support our finding that arginase activity is inversely
correlated with the histological grade of prostate tumors
(19,31,38). Since AII expression is localized to the glandular
epithelial regions of the prostate, it seems reasonable to
hypothesize that as tumors become less differentiated and
lose their glandular structure, AII expression diminishes.
Therefore, the AII expression gradient across tumor grades,
and most importantly the low levels of AII seen in the
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medium- to high-grade tumors, may account for the tumor
group having the lowest percentage of AII positive cells.

Any increase in AII expression in the low-grade tumors
above the non-malignant tissue levels may be masked by the
lower expression observed in high-grade tumors. Arginase II
expression among prostate cancer patients did not directly
correlate with preop PSA, stage, capsular invasion, lymph node
positivity, or recurrence status, suggesting that arginase II
could possibly be used as an independent prognostic marker.
Specifically, whereas PSA cannot by itself distinguish those
patients with good vs. poor prognosis vs. those who will do
well even without treatment, arginase II expression - and its
subsequent disappearance - could potentially be used as a
warning marker to identify those patients at higher risk.

Involvement of arginase II in polyamine synthesis. The notion
that arginase II is a key regulator of prostate physiology
is strongly supported by its involvement in polyamine
biosynthesis (10,14,39,40). AII functions to produce the
ornithine necessary for synthesis of polyamines (putrescine,
spermidine, and spermine), which are important for normal
and neoplastic cell proliferation (6,41). Our analysis of
polyamines in the various prostate cancer cell lines supports
a possible correlation between arginase II expression and
polyamine levels. More specifically, the androgen-dependent
prostate cancer cell lines, which have the greatest expression
of AII, have statistically lower levels of putrescine and
spermidine than the androgen-independent cell lines. On the
contrary, the less differentiated androgen-independent cell
lines have the highest expression of OAT and statistically
higher levels of putrescine and spermidine than the more
differentiated cell lines. This is consistent with previous
implications that decreased spermidine levels are characteristic
of a higher degree of differentiation, as seen in LNCaP and
LAPC-4 cell lines. The more aggressive androgen-independent
prostate cancer cell lines, PC3, DU145, CL-1, and CL-2,
showed increased putrescine and spermidine levels, which
are required for prostatic cell proliferation (42).

Interaction between arginase II and ornithine amino-
transferase. Alternate enzymes acting in the arginine metabolic
and polyamine synthetic pathways may be upregulated in late
stage prostate cancer and compensate for the lack of AII
expression. This phenomenon has been shown in mice where
OAT produces the main source of ornithine in the GI tract
necessary for survival of the neonatal mouse (43,44). At two
weeks of age, OAT levels drop dramatically in mice, while at
the same time arginase levels increase and become the main
producer of ornithine (44). These findings support the
possibility that an alternate pathway exists in prostate cancer
to compensate for loss of AII expression.

The inverse relationship we observed between AII and
OAT seems to correlate with the polyamine profile seen in the
prostate cancer cell lines. This result suggests that early stage
prostate cancer uses the arginase pathway to produce the
ornithine necessary for polyamine production. In contrast, late
stage prostate carcinoma, which has even higher proliferative
demands, may generate polyamines from the ornithine
derived from OAT. The colocalization of AII and OAT in the
mitochondria and their shared function in the biosynthesis

and utilization of ornithine could logically support the proposed
compensatory mechanism between these two enzymes during
prostate cancer progression (45,46). The shift in polyamine
production in these cell lines may involve changes in the
polyamine biosynthetic enzymes in addition to the supply of
ornithine. Antizyme and S-adenosylmethionine decarboxylase
(AdoMetDC) are two important biosynthetic enzymes
responsible for regulating polyamine levels. Antizyme is
involved in the feedback regulation of polyamine levels
through its ability to cause degradation of ODC, while
AdoMetDC acts as the aminopropyl donor to synthesize
spermidine and spermine from putrescine (47,48). In our
studies, both enzymes showed increased mRNA levels in the
androgen-dependent cell lines with high AII present, which
could explain the reduction seen in putrescine and spermidine
levels in these cell lines (data not shown).

In conclusion, this study is the first thorough analysis of
several enzymes in the arginine metabolic pathway with
respect to prostate cancer development. Our results showing
elevated AII expression in androgen-dependent cell lines and
in more differentiated prostate tissues suggest that high AII
may be a useful marker of early stage prostatic adeno-
carcinoma. Currently, we are in the process of determining
whether the differential expression of arginase II observed in
prostate cancer is driven by androgen susceptibility and/or
if it is an indicator of degree of differentiation. The loss of
AII expression observed in the LNCaP-derived androgen-
independent cell line, CL-1, suggests that AII expression is
tied to androgen dependence/independence and may be a
useful marker for therapy stratification.

It appears that the increase in OAT expression within
androgen-independent prostate cancer cell lines serves to
compensate for the loss of AII and in turn synthesize the
ornithine necessary for polyamine production. To the best of
our knowledge, the present study provides the first detailed
description of OAT expression in prostate cancer. Our findings
suggest a more complex interrelationship between arginase
and other enzymes in the arginine metabolic pathway, such
as OAT, ODC, and polyamine biosynthetic enzymes. Future
studies including regulatory analysis are needed to address
these mechanistic possibilities.
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