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Abstract

Incidence of prostatic diseases increases dramatically with age which may be related to a decline
in androgen support. However, the key mechanisms underlying prostate aging remain unclear. In
the present study, we investigated the aging process in the ventral prostate of Noble rats by
identifying differentially expressed prostate proteins between 3- and 16-month-old animals using
ICAT and MS. In total, 472 proteins were identified with less than a 1% false positive rate, among
which 34 were determined to have a greater than 2-fold increase or 1.7-fold decrease in expression
in the aged VPs versus their younger counterparts. The majority of the differentially expressed
proteins identified have not been previously reported to be associated with prostate aging, and they
fall into specific functional categories, including oxidative stress/detoxification, chaperones,
protein biosynthesis, vesicle transport and intracellular trafficking. The expression of glutathione
S-transferase, ferritin, clusterin, kininogen, oxygen regulated protein 150, spermidine synthase,
ADP ribosylation factor and cyclophilin B was verified by Western blot analyses on samples used
for the ICAT study, as well as on those obtained from an independent group of animals comprised
of three age groups. To our knowledge, this is the first study on the proteome of the aging rat
prostate.
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INTRODUCTION

The incidence of prostatic diseases increases dramatically with age. An American man over
60 years old has a 1 in 7 chance of being diagnosed with prostate cancer, but only a
probability of 1 in 53 between the fourth and fifth decades of life [1]. Furthermore, benign
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prostatic hyperplasia is detected in 70% of men in their sixties. A number of age-related
changes have been implicated in the pathogenesis of prostatic diseases, including a decline
in androgen support [2], accumulation of DNA damage [3], reduction in apoptotic potential
[4], increase in inflammation [5-7], and oxidative stress (OS) due to loss or decreased
activity of antioxidant enzymes [8-10]. Moreover, the involvement of growth and survival
factors and changes in sensitivity of the aged prostate to hormones [9, 11-16] have been
suggested to contribute to the hyperproliferative characteristics of prostatic diseases in
elderly men, who experience a decline in androgen levels. Finally, changes in tissue
microenvironment have also been suggested to be involved in the development of prostatic
disorders [17-19]. Modulation of prostate epithelial cells by fibroblast senescence has been
shown to occur via paracrine mechanisms [20, 21]. Despite these research findings, a
comprehensive picture of prostate aging is still lacking.

Global profiling of gene expression changes has been the mainstay technology used to study
the molecular mechanisms of prostate aging in animal models [8, 22, 23]. We previously
performed a transcriptional profiling of ventral prostates (VPs) from Noble rats aged 3- and
16-months. This animal model was chosen because the Noble rat strain has a shorter life
span of < 2 years than most other rat strains that live over 3 years [24]. We showed that
changes in the expression of specific genes in the aged VPs helped explain many distinctive
morphological features of aging in the gland [8]. The expression of genes related to amino
acid metabolism, protein synthesis, secretion and degradation, vesicle/membrane trafficking,
energy metabolism, and cellular defense against stress, was reduced in aged VPs, which
display signs of wide-spread inflammatory infiltration, atrophy and/or apoptotic activities of
the luminal epithelial cells, and clear evidence of reduced luminal secretory activities [8]. In
contrast, expression of genes related to cell survival (TRPM2 or clusterin) was found to be
elevated. Reyes et al. [22] observed similar but not identical findings, reporting that in aging
ACI rat dorsolateral prostates (DLPs) genes with differential expression were mainly those
associated with inflammation, OS, tissue remodeling and energy metabolism, and with the
activation of growth signaling involving prolactin, interleukin 6, and hepatocyte growth
factor.

In the present study, we investigate the impact of aging on the proteome of Noble rats VVPs.
Recent advances in proteomic technologies allow accurate identification and quantification
of thousands of proteins in a complex mixture with the use of isotope labeling and mass
spectrometry. The commonly adopted approach involves isotopic labeling of the proteomes
to be compared, either before or after enzymatic digestion, followed by analysis of the
resulting peptides by mass spectrometry techniques. This strategy presents advantages over
traditional two-dimensional gel electrophoresis, including more accurate quantification and
broader dynamic range [25-29]. In addition, the inclusion of a gel-based fractionation step
before tryptic digestion to separate labeled proteins has been proven to be robust, with the
added benefit of providing molecular weight information of the target proteins.

We have successfully applied such an approach in this study to globally identify over 400
proteins and determine that thirty-four are differentially expressed (greater than 2-fold
increase or 1.7-fold decrease) in the aged VP compared with its younger counterpart. Using
literature-based pathway analyses, 22 out of these 34 proteins were mapped to a network
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linked to TNF-a signaling. The expression of glutathione S-transferase, ferritin, clusterin,
kininogen, oxygen regulated protein 150, spermine synthase, ADP ribosylation factor and
cyclophilin B was verified by Western blot analyses on samples used for the ICAT study, as
well as in an independent set of samples. To our knowledge, this is the first study on the
proteome of the aging prostate.

MATERIALS AND METHODS

Animals and dissection of VPs

Noble rats were purchased from Charles River Breeding Laboratory (MA) and housed in the
animal facility at the University of Massachusetts Medical School. The rats were fed rat
chow and water ad libitum. The VPs of Noble rats were dissected from 3-, 12-, and 16-
month-old rats, divided into several pieces of approximately 50 mg each, immediately snap-
frozen and stored at —80° C until protein extraction. All animal usage protocols were
approved by the Institutional Animal Care and Usage Committee at the University of
Massachusetts Medical School.

Radioimmunoassay (RIA) of serum testosterone levels

Serum total testosterone levels from animals aged 4, 5, 9 and 16 (n=3-6) months were
measured by RIA, which was conducted in the ILAT Steroid RIA Laboratory, University of
Massachusetts Medical School (Worcester, MA). The RIA kit for testosterone assay (Coat-
A-Count Total Testosterone) was provided by Diagnostic Products (Los Angeles, CA). The
sensitivity of the assay was 0.04 ng/ml. RIA was performed according to the manufacturer’s
instructions. Each sample was measured in duplicate.

Sample preparation for MS analysis

VPs were homogenized in 2% SDS/40 mM Tris-HCI (pH 11) using a 0.2 ml micro-glass
tissue grinder. The homogenates were sonicated and heat-denatured, followed by
centrifugation at 10,000 g to remove cell debris. Protein content was determined using the
BCA protein assay (Pierce, IL). The samples were pooled for analysis due to the limited
availability of material from the rat ventral prostate tissues. One mg of total protein from
pooled young (Y, n =4) and old (O, n = 3) animal prostate lysates was subjected to
cleavable isotope-coded affinity tag (ICAT™) labeling (Applied Biosystems, CA) according
to the manufacturer’s protocol. Briefly, after disulfide reduction with tris-(2-
carboxyethyl)phosphine, total protein (1mg) from the young and old groups was labeled
with 10 vials of acid cleavable “light” and “heavy” reagents, respectively. The labeled
samples were combined (2 mg in total), concentrated by vacuum centrifugation to less than
100 pl, loaded onto a 3 mm thick, 14 cm long SDS-polyacrylamide gel, and subjected to
electrophoretic separation at 50 mA for 5 h (Hoefer, CA). Following electrophoresis, the gel
was stained with Coomassie Brilliant Blue, de-stained and scanned with an infrared
detection system (LI-COR Biosciences, NE) at 800 nm to detect the Coomassie blue-stained
bands. The gel lane containing separated labeled proteins was excised into 38 gel segments
(Figure 2). Each gel segment was further de-stained, dehydrated with ACN and subjected to
overnight tryptic digestion with 1.25 ug trypsin (Promega, WI) in 40 mM ammonium
bicarbonate. Following tryptic digestion, the supernatant was collected and peptides were
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extracted twice with 200 pl 50% ACN/1% acetic acid with sonication. The extracts from
each gel segment were combined (~1 ml in total) and concentrated to less than 10 ul. The
labeled peptides were captured on an avidin column according to the manufacturer’s
protocol, followed by acid cleavage of and release of the labeled peptides. The peptides
were then evaporated to dryness under vacuum centrifugation and stored at —80°C until LC-
MS/MS analysis.

The extracted peptides were dissolved in 2% formic acid. The peptide content of each of the
38 digests was determined by CBQCA assay and roughly equal amounts of peptides in each
digest (about half of the sample) were analyzed by capillary LC-MS/MS using a Finnigan
LTQ linear quadrupole ion trap mass spectrometry system (Thermo Fisher Scientific, MA).
The peptides were first trapped on a 300 pm i.d. x 5 mm, 5 pm, 100A C-18 PepMap column
(LC Packings, CA) with a 35 pl/min flow of 2% ACN, 0.1% formic acid. The flow was then
reversed and reduced to 350 nl/min through the trapping column, and directed onto the 75
um x 100 mm PicoFrit capillary column (New Objective, MA). The solvent system was
composed of 0.1% formic acid in water (A) and 0.1% formic acid in ACN (B). The gradient
was programmed as follows: 2% B for 4 min, 2-12% B in 8 min, 12-45% B in 73 min, and
45-98% B in 19 min. The LTQ was operated in data dependent Triple Play™ mode with
one full survey scan (m/z 500-2000), followed by a ZoomScan™ and a product ion scan of
the zoom-scanned ion. The product ion scans were acquired with a 2.0 unit isolation width
and normalized collision energy of 35.0. lons selected for product ion scans were placed on
an exclusion list for the following 60 sec. An average of 58 cycles was performed per min.

Identification of differentially expressed proteins, protein classification, and pathway

analysis

The product ion spectra were searched against a rat subset of the International Protein Index
(IP1) database (v3.28, downloaded on April 20 2007, 41515 entries) using the SEQUEST
search engine in Bioworks 3.3. The database containing sequences in forward and reverse
orientations (target-decoy, 83030 entries) that were used to limit the false positive rate to
less than 1% [30, 31] was indexed with the following: fully enzymatic activity and two
missed cleavage sites allowed for trypsin; peptides MW of 500-6000 Da; and an addition of
227.13 Da on cysteine as fix modification. SEQUEST search parameters were as follow:
mass tolerance of 2 and 1 amu for precursor and fragment ions, respectively; three
differential/PTM allowed per peptide; variable modification on methionine (+15.99 amu for
oxidized methionine) and cysteine (+9.00 amu for heavy ICAT label). Analysis was
performed using Bioworks 3.3 by incorporating the search files (.srf) into multiple
consensus reports. As the program allows the incorporation of only 15 srf files into a single
consensus report, three reports were thus generated [report 1 (gel band No. 36, 37, 38, 1-12;
MW 42.7 — 240 kD), report 2 (gel band No. 13-26; 16.1 — ~40 kDa), report 3 (gel band No.
27-35; ~5 kD -15 kD)]. After applying filters of XCorr [1.5(1+), 2.0 (2+), 2.5(3+)] and
DelCN (=/> 0.1), protein identifications in each of the consensus report were ranked by
protein probability P(pro). 1% FP cut-off was then determined in each of the three consensus
reports and the identifications with less than 1% FP were combined in a spreadsheet. Ratios
of heavy versus light isotopomers were determined by XPRESS in Bioworks 3.3 (Thermo
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Fisher Scientific, MA), with a mass tolerance of 1.5, minimum threshold of 50000, and
number of smooth point as 5. CV was calculated for the expression ratio of peptides in their
respective proteins in the Excel spreadsheet. Proteins with a median expression ratio (O/Y)
of > 2 fold and < 0.58 fold, and a CV of less than 45% were considered to be differentially
expressed. However, clusterin (O/Y of 2.99 with a CV of 48.12%) was included as
differentially expressed as it was previously demonstrated by our gene expression
microarray analysis and subsequent real-time PCR to have an increased expression in the
prostate from old animals. Outliers (O/Y > mean + 2SD) were removed from the ratio
calculation of the differentially expressed proteins. The identified tryptic peptide sequences
of the differentially expressed proteins were BLAST searched against the Rat NCBI nr
database to determine if they were unique entries or match to multiple members of a protein
family and to obtain Entrez gene IDs. The differentially expressed proteins were then
classified using the PANTHER Classification System (www.panther.com) based on their
unique gene IDs. Pathway analyses were performed based on literature searches using
Ingenuity Pathway Analysis software (Ingenuity Systems, CA) with the unique gene I1Ds as
input to map the differentially expressed proteins to biological pathways.

Western blot analysis

RESULTS

Western blot analyses were performed on individual animals (Y, n =4 and O, n = 3), which
were pooled for ICAT experiment, and on an independent group of animals [3 month (n =
6); 12 month (n = 6); 16 month (n = 6)]. Fifty pg of total protein were electrophoresed on a
12% Criterion ready gel (Biorad, CA) and transferred onto a PVDF membrane (Immobilon
FL, Millipore, MA) using a semi-dry Transblot SD cell at 23 V for 1.5 h (Biorad CV).
Primary antibodies were used with the following conditions: 1:1000, 1 hr at room
temperature for goat anti-rat glutathione S-transferase (GST) mu isoform (Oxford
Biomedical Research, MI); 1:1000, 1 hr at room temperature for rabbit polyclonal ferritin
(reacts with human, mouse and rat; Abcam, MA); 1:100, overnight at 4°C for rabbit
polyclonal clusterin-a (reacts with mouse, rat and human, Santa Claus, CA); 1:1000, 1 hr at
room temperature for cyclophilin B (CyPB; reacts with dog, human, chicken, mouse and rat;
Abcam, MA); 1:500, overnight at 4°C for chicken spermine synthase (reacts with human,
mouse and rat; Genway, CA); 1:200, overnight at 4°C for goat kininogen (reacts with rat,
Santa Cruz, CA); 1:500, overnight at 4°C for ADP ribosylation factor (reacts with human,
rat, mouse, dog and hamster; detect isoforms 1,3,5,6, but with ten fold reduction for isoform
4; Abcam, MA); 1:200, overnight at 4°C for oxygen regulated protein 150 (ORP150; react
with rat), and 1:5000, 1 hr at room temperature for mouse monoclonal actin (reacts with
many species, including rat, Abcam, MA). Corresponding IRDye™ conjugated secondary
antibodies (Rockland, PA) were used at 1:5000 dilutions. Quantifications were performed
with infrared detection using the software Odyssey v1.2 (LI-COR, NE). Two-tail Student’s
t-Test was performed using Excel.

Age-dependent decline in testosterone levels

Aging of male rats of different strains is associated with a decline in circulating testosterone
[2]; however, this phenomenon has not been documented in the Noble rats. We measured
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serum testosterone levels by a RIA in Noble rats with ages ranging from 4 months to 16
months and an age-dependent decline in testosterone levels was found (Figure 1). Worthy of
mentioning is the compressed lifespan of this rat strain [24], which usually lives less than
two years. The mean serum testosterone levels dropped from 3.45+0.66 ng/ml (mean +
SEM) in 4-month-old rats to 2.71+0.31 ng/ml at the age of 5-months, and further declined to
1.174+0.28 ng/ml at 9-months. Serum testosterone levels remained steady at 1.175+0.32
ng/ml in 16-month old animals.

Total number of protein identifications and false positive rate determination

To determine the number of protein identifications in all the 38 gel bands, we incorporated
the search results of the LC/MS data derived from the 38 individual gel bands into three
Multiple Consensus Reports in Bioworks 3.3, as the program allows an incorporation of
only 15 search files into a single consensus report. We used XCorr [1.5(1+), 2.0(2+),
2.5(3+)] and ACN (=/>0.1) as protein identification criteria and limited the FP rate in each
consensus report to less than 1% using a reverse database. Three hundred and fifty one
proteins were identified in Multiple Consensus Report 1 (gel bands 36,37,38 and 1-12; MW
42.7 - 240 kD) [0.80% FP, P(pro) cut-off = 1.89 x 1074], 278 were identified in Multiple
Consensus Report 2 (gel bands 13-26, MW 16.1 — ~40 kD) [0.72% FP, P(pro) cut-off = 8.19
x 1076], and 37 in Multiple Consensus Report 3 (gel bands 27-35, ~5 —15 kD) [ 0% FP,
P(pro) cut-off = 5.22 x 1076], amounting to a total of 472 non-redundant protein
identifications (Supplementary Table S1).

Number of differentially expressed proteins identified

Among the 472 proteins identified, 34 (7.2%) were found to be differentially expressed
(median: > 2 fold and < 0.58) in the VP of old animals and with a CV of less than 45% for
expression ratio of peptides in their respective proteins (Supplementary Table S2 and S3).
Each protein was identified as a single unique entry in the NCBI nr protein database, expect
T-kininogen I/11, hypothetical protein LOC306934/ferritin light chain, ADP-ribosylation
factor 4/5, and alpha actinin 1/2/3 for which the identified sequences are common to the
stated isoforms (Table 1a and 1b). Six entries of the differentially expressed proteins are
predicted sequences that share sequence homology with the corresponding proteins of other
species. Although the differentially expressed proteins identified have a low sequence
coverage [2 % (protein disulfide-isomerase precursor) — 37% (GST-mu 3)] and 59% of them
are single-peptide-based protein identifications (provided the fact that only cysteine
containing peptides were targeted), most of them have a theoretical molecular weight in
agreement with the molecular weight range of the gel bands from which they were
identified. Details of peptide identification for all the differentially expressed proteins are
summarized in Supplementary Table S4. Supplementary Table S6 lists all the single-
peptide-based protein identifications with their sequence identified and scores [XCorr,
P(pep) and ACN] Annotated MSMS spectra for all single-peptide-based protein
identification are included in Supplementary Figure S1.

Age-dependent protein changes in the VP

Identified proteins deemed to be differentially expressed fall into a number of important
functional categories (Tables 1a and 1b), including OS/detoxification [6 proteins: e.g.
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glutathione S-transferase (GST Mul and 3; there were only modest increases in the
expression of the other three isoforms (GST mu 2, 5and 7 O/Y: 1.24, 1.70, 1.28,
respectively; Supplementary Table S1), cystathionine beta-synthase, ferritin heavy and light
chain], protein folding (5 proteins: e.g. Peptidyl-prolyl cis-trans isomerase B, HSP40,
HSP86, hypoxia up-regulated 1), metabolism (10 proteins: e.g. heterogeneous nuclear
ribonucleoprotein R, S-adenosylmethionine synthetase isoform type-2, glutamyl-prolyl-
tRNA synthetase, eukaryotic translation initiation factor 2, subunit 1 alpha, ribosomal
protein L36, spermidine synthase, hydroxymethylglutaryl-Co A synthase) and vesicle
transport/intracellular trafficking/cytoskeleton (4 proteins: e.g. Transmembrane emp24
protein transport domain containing 9, ADP-ribosylation factor 4/5). Other identified
proteins included a protease inhibitor (T-kininogen I/11), those related to cell signaling (2
proteins: Sel1h homolog and serine/threonine-protein phosphatase PP1-b), immune reaction
(2 proteins: beta-defensin 50 and Ig kappa chain C region, B allele) and protein-lipid
modification (palmitoyl-protein thioesterase 1).

Verification of protein expression levels by Western blot analysis

Among the 34 differentially expressed proteins, only 10 have an antibody commercially
available (see Table 1, highlighted) and not all of the antibodies were suitable for Western
blotting. After careful evaluation of the specificity of the antibodies for Western blotting we
chose to purchase eight of them (including clusterin) to validate our targets. Verification of
expression levels was performed on GST Mu, ferritin, cyclophilin B, spermine synthase,
kininogen, ADP ribosylation factor, oxygen regulated protein 150 as well as clusterin using
Western blot analyses on samples derived from the original 4 young and 3 old rats, which
were pooled for the ICAT experiment, along with those obtained from an independent group
of animals comprised of three age groups each with six animals [3 month (n = 6); 12 month
(n =6); 16 month (n = 6)] (Figure 3). As compared to 3 month old animals, the expression
of GST-mu, ferritin, and clusterin was significantly increased in the VPs from 12-month and
16-month old animals [GST: 1.8 fold (3 mo. vs. 12 mo., p < 0.01), 1.9 fold (3 mo. vs. 16
mo., p < 0.01); ferritin: 2.3 fold (3 mo. vs. 12 mo., p < 0.01), 4.6 fold (3 mo. vs. 16 mo., p <
0.01), 2.0 fold (12 mo. vs. 16 mo., p < 0.01); clusterin: 1.5 fold (3 mo. vs. 12 mo., p < 0.01),
1.8 fold (3 mo. vs. 16 mo., p < 0.01)], and there was a significant increase in kininogen
expression in 16-month old animals [3.4 fold (3 mo. Vs. 16 mo.), p < 0.01; 2.9 fold (12 mo.
vs. 16 mo., p < 0.01)]. In contrast, ORP150, spermine synthase, cyclophilin B, and ADP-
ribosylation factor showed an age-dependent decrease in expression in old animals
[ORP150: 0.4 fold (3 mo. vs. 12 mo., p < 0.01), 0.1 fold (3 mo. vs. 16 mo., p<0.01), 0.2
fold (12 mo. vs. 16 mo., p < 0.01); spermine synthase: 0.4 fold (3 mo. vs. 16 mo., p < 0.01),
0.4 fold (12 mo. vs. 16 mo., p < 0.01); cyclophilin B, 0.3 fold (3 mo. vs. 12 mo., p < 0.01),
0.2 fold (3 mo. vs. 16 mo., p < 0.01); ADP ribosylation factor: 0.6 fold (3 mo. vs. 16 mo., p
< 0.05), 0.6 fold (12 mo. vs. 16 mo., p < 0.05)]. B-actin expression has a non statistically
significant 1.2 fold increase in 16- month vs. 3- month old animals.

Correlation of expression levels

When comparing the proteomic data obtained in this study with that obtained from our
previous gene profiling study [8], five proteins were found to be differentially expressed at
the messenger level (Figure 4A). The mRNA and protein expression were found to be
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decreased in spermidine synthase [gene expression: O/Y = 0.13; protein expression (ICAT):
0O/Y =0.62)], protein disulfide-isomerase, prolyl-4-hydroxyl-p peptide [gene expression:
O/Y =0.16; protein expression (ICAT): O/Y =0.48], and found to be increased for clusterin
[gene expression (microarray) O/Y = 3.4; gene expression (real-time PCR): O/Y = 2; protein
expression (ICAT): O/Y = 2.99]. In contrast, ferritin heavy chain was increased at the
protein level and decreased at the transcript level [protein expression (ICAT): O/Y = 3.26;
gene expression: O/Y = 0.63] whereas S-adenosylmethionine synthetase was found to be
decreased at the transcript level but increased at the protein level [gene expression
(microarray) O/Y = 0.37; protein expression (ICAT): O/Y = 2.47].

Western blot results are in agreement with those obtained from the ICAT profiling for all the
differentially expressed proteins for which an antibody is available and selected for Western
analyses (Figure 4B). These include those identified by a single peptide (clusterin, ferritin,
spermine synthase, cyclophilin B and ADP ribosylation factor). The increased clusterin
protein levels are in agreement with the fact that clusterin is up-regulated at the transcription
level in the aged Noble rat VP [8]. The fold change of decrease in expression levels of ADP
ribosylation factor demonstrated by Western blot analysis in 16 mo. old versus 3 mo. old VP
(0.6 fold, p< 0.05), which was different in magnitude from that obtained from the ICAT
experiment (0.35 fold), may be accounted for by the specificity of the antibody used (which
detects isoforms 1,3,5,6, but with a ten-fold reduction for isoform 4).

The extracted ion chromatograms and the zoom scan of the representative ICAT pair for -
actin (KLCYVALDFEQEMATAASSSSLEK) are shown in Figure 4C. The light and heavy
labeled peptides of B-actin eluted at the same time (51.5 min). The zoom scan exhibits a pair
of charge state-matched isotopomers with correct precursor masses [1360.5 (2+) and 1365
(2+)], showing O/Y ratio of 1.1 for p-actin. Supplementary Table S5 summarizes all the
measurements (O/Y) for B-actin peptides sequenced. After averaging all the measurements
(18 measurements of two unique peptides; with outliers removed), the O/Y ratio is 1.20,
which is in agreement with the Western blot result (O/Y = 1.2).

Knowledge-based pathway analysis of the differentially expressed proteins

A literature-based pathway analysis software was used to investigate probable connections
between the differentially expressed proteins. Twenty-two of the 34 differentially expressed
proteins were mapped to 2 networks based on gene ontogeny and functionality (Figure 5).
These networks are 1) cell-to-cell signaling and interaction/cell growth and connective tissue
(Figure 5a, score 28; focus gene 14; 12 proteins) and, 2) cellular compromise, cellular
function and maintenance, cell signaling (Figure. 5b, score 28; focus gene 14; 10 proteins).
One distinct inferred network node, TNF-, was identified in network 1 (Fig. 5a). Six
differentially expressed proteins are directly connected to TNF-a, including ARF4 (ADP-
ribosylation factor 4), MAT2A (S-adenosylmethionine synthetase isoform type-2), FTH1
(ferritin, heavy polypeptide 1), PAHB (protein disulfide-isomerase precursor), EIF2S1
(eukaryotic translation initiation factor 2, subunit 1 alpha), and CBS (Isoform | of
cystathionine beta-synthase).
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DISCUSSION

In this study, using ICAT quantitative proteomic profiling, we identified 472 proteins with
34 exhibiting differential expression in the proteomes of the VPs from aged Noble rats
versus their young counterparts. Notably, there is increased expression of proteins related to
OS/detoxification, as well as a decrease in expression of proteins involved in protein
folding, protein synthesis machinery, and cytoskeleton organization in the VP of old versus
young Noble rats. The functional classes of proteins showing expression changes are in
agreement with those identified from our previous transcriptional profiling experiments [8].
However, only a few of the differentially expressed proteins detected here were also found
to have concordant changes in transcript levels in our previous transcriptome study [8]. The
small number of concordant protein-transcript changes uncovered by these two studies is
primarily due to the limited number of probes on the gene microarrays used in our
transcriptome study (2,388 probes, MICROMAX microarray, Perkin EImer). Nevertheless,
clusterin, spermidine synthase, protein disulfide-isomerase, and prolyl-4-hydroxyl-f peptide
were found to be altered in a concordant manner at both mRNA and protein levels in the
aged VP (Figure 4a). The fact that mRNA levels do not necessarily correlate with protein
expression is illustrated by the discrepancy in mRNA and protein levels for ferritin and S-
adenosylmethionine synthetase. The latter finding is not surprising in light of the results
from an integrative analysis of proteomic alterations and transcriptomic changes in prostate
cancer specimens showing only 48%-64% concordance between protein and transcript
levels [32].

One of the strengths of this study is that we have validated differential protein expression by
Western blotting in an independent set of rats comprised of three age-groups, with six
animals in each group, in addition to the 4 young and 3 old animals used in the ICAT
experiment. The fact that all eight proteins selected for validation based on antibody
availability were confirmed lends additional credence to the ICAT approach.

OS is believed to be a contributing factor to cellular aging [33] and the expression of
specific antioxidant enzymes and redox-related proteins has been reported to be altered in
the aged prostate [8-10]. In this study we found that four isoforms of GST mu, and
cystathionine beta-synthase were up-regulated in the aged VVPs of Noble rats. By their
unique peptide sequences, GST-mu 1 and 3 were identified as having a 2-fold increase in
expression in the aged VP, while there were only modest increases in the expression of the
other three isoforms (GST mu 2, 5 and 7). GST activity is pivotal for the detoxification of
electrophilic metabolites which, if not disposed of, may induce OS via redox cycling. The
increased expression of cystathionine beta-synthase, which plays a key role in homocysteine
and glutathione metabolism, is in agreement with the previous observation that cystathionine
beta-synthase is up-regulated in the liver and brain of old animals [34, 35]. Up-regulation of
these proteins may represent heightened cellular protective mechanisms in the aged prostate
against OS. The disruption of redox balance in the aged gland is further supported by
increased levels of ferritin, which is responsible for ion transport within the cells. Ferritin
has been demonstrated to accumulate in tissues of aged rats and believed to compensate for
the OS induced by an increase in iron concentrations in aged tissues [36, 37]. Another
protein belonging to the ROS detoxification category that was identified with differential
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expression was palmitoyl-protein thioesterase 1, which is a lysosomal enzyme that plays a
role in the removal of fatty acids from lipid-modified proteins. Its increased expression may
be a response to the accumulation of lipofuscin deposits [38] commonly observed in the
aged VP of rats [9] as a result of insufficient detoxification systems [38]. Lastly, clusterin, a
widely distributed glycoprotein whose biological functions include protection against OS-
induced cell injury, was found to be up-regulated in the aged VVP. Expression of this protein/
gene was dramatically increased during androgen deprivation-induced prostatic epithelial
involution [39]. However, we [40] and others [41] have provided evidence that clusterin up-
regulation in prostatic cells is likely triggered by cellular OS damages rather than a loss of
androgen suppression.

In our previous gene array study [8] two heat shock protein transcripts, BiP (GRP78) and
tral (gp96), were found to be decreased in aged VPs. In the present study, decreased
expression was found for a group of chaperone proteins (cyclophilin B, HSP40, HSP86, and
ORP150). Cyclophilin B (CyPB) is a member of the immunophilin family of proteins [42]
and serves as a chaperone in protein transport through the endoplasmic reticulum (ER) [43].
In breast epithelial cells, prolactin was shown to form a complex with CyPB and attain
retrotranslocation to the nucleus to exert its action [44]. Although the rat prostate is sensitive
to prolactin regulation, a similar role for CyPB has not been demonstrated for prostate cells.
HSP40 protein has been recently shown to defend against protein carbonylation and to act as
a cochaperone with HSP70 [45]. Interestingly, HSP70, which elicits an anti-apoptotic
function by interacting with components of apoptotic pathways [46, 47], was found to be up-
regulated in the dorsolateral lobe of the ACI rat prostate [22]. Besides acting as a chaperone,
HSP40 may be involved in the regulation of eukaryotic initiation factor 2 alpha
(elF-2alpha)-mediated protein synthesis [48] and its reduced expression may represent an
unfolded protein response to the accumulation of aggregated proteins in the ER. ORP150,
alternatively known as hypoxia up-regulated 1 (HYQOUL), is a heat shock protein 70-like
protein that resides in the ER [49]. It suppresses hypoxia-induced apoptotic cell death [50]
and its reduced expression by antisense treatment exerts antitumor-effects via VEGF
suppression [51]. It was found to be androgen-dependent in the VP [52], although its role in
aging is unknown. Overall, decreased expression in chaperone proteins may compromise
intracellular protein trafficking, protection of the cell against cellular stress caused by
protein misfolding [53], or the capacity for the removal of misfolded proteins [54], thus
leading to senescence.

Aging is often accompanied by a decrease in protein metabolism in multiple tissues [55].
Glutamyl-prolyl-tRNA synthetase, eukaryotic translation initiation factor 2 and ribosomal
protein L36, are all involved in protein biosynthesis and their expression was found to be
decreased in the VP of aged animals. Cellular aging has also been suggested to be associated
with reduced protein catabolism, which may involve inhibition of protease activity [56]. A
2- to 3-fold increase in T-kininogen expression, an inhibitor of cysteine proteinases, was
observed in the aged VPs. This observation is in agreement with studies demonstrating that
kininogen is a marker for aging in rats [57]. Additionally, kininogen has been shown to
stimulate endothelial cell proliferation via ERK/AKT activation [58], and their increased
levels may contribute in part to the proliferative characteristics of the aged prostate.
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As demonstrated for mMRNA in our microarray analysis [8], several proteins (ADP
ribosyltransferase factor 1, glucosamine 6-phosphate N-acetyltransferase and alpha actinin)
responsible for vesicle transport, intracellular trafficking and cytoskeleton organization were
found to be diminished in aged VPs at the protein level. The messenger levels of ADP
ribosyltransferase factor 1, which is involved in vesicle-mediated transport, was previously
demonstrated to be decreased in the VP in old animals [8]. Glucosamine 6-phosphate N-
acetyltransferase is involved in the biosynthesis of UDP-GIcNAc, which is critical for the
initiation of protein glycosylation [59]. On the other hand, alpha actinin is involved in
regulation of the cytoskeleton and serves as a scaffold to connect the cytoskeleton to diverse
signaling pathways [60]. Polyamines play a paramount role in cell proliferation and
chromatin stability [61, 62]. Altered expression of polyamines has been reported during
aging and under pathological conditions such as cancer. In this study, reduced expression of
spermidine synthase, a key enzyme in polyamine metabolism, was observed in the aged VP,
suggesting a possibility of heightened risk of chromatin instability and relaxation of gene
regulation in this tissue. This finding is in agreement with a previous report demonstrating
reduced polyamine levels in the VP of rats older than 6-months [63]. The down-regulation
of these proteins may lead to disruption of cell division and the histological features in the
aged VP (atrophy and/or apoptotic activities of the luminal epithelial cells) as previously
reported [8].

Several proteins, including Selh homolog, heterogeneous nuclear ribonucleoprotein R, beta-
defensin 50, predicted proline rich 6 and esterase D/formylglutathione hydrolase were
identified as differentially expressed between the young and old VVP; however, their
functions are unknown in the prostate. Worth noting is that the expression of Sel
(suppressor-enhancer-lin) 1 homolog, named after the C. elegans sel-1 gene product, is
increased in the VP of aged Noble rats. Sel-1 protein is a negative regulator of the lin-12/
Notch gene product, and eukaryotic Sell proteins are involved in endoplasmic reticulum-
associated protein degradation and the unfolded protein response. Sell protein is activated
under cellular stress [64] and has been implicated to play important roles in tumor
development in the breast, pancreas and prostate [65, 66], possibly involving cell-matrix
interaction.

Knowledge-based pathway analyses of prostatic proteins associated with aging revealed a
connection of six proteins (ARF4, MAT2A, FTH1, P4HB, EIF2S1, and CBS) to a distinct
inferred functional node, TNFa. TNFa is an inflammatory cytokine and the activation of its
signaling, which leads to apoptosis, has been postulated as one of the aging mechanisms in
other tissues [67, 68]. Its involvement in aging of the rat prostate is in agreement with the
pro-inflammatory state observed in the prostates of elderly men [69, 70].

Finally, many of the changes in protein expression observed in the aging VP could be
explained by dramatic changes in the morphology and function of the aged gland. As
testosterone declines with aging, the prostatic epithelium undergoes atrophy and secretory
function stops. These changes have been described in our previous study [8] and they clearly
could have an impact on the expression of some of the aforementioned proteins.
Alternatively, some of these proteins may be direct targets of androgen action. In this regard,
we observed circulating testosterone levels in the 16-month old animals reduced to be one-
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third of those in the young rats (3-month old). This magnitude of reduction has been
observed in other rat strains with advancing age.

Taken together, in the aged prostate, significant changes occur in ROS metabolism with
diminished levels of proteins related to protein folding, protein synthesis machinery and
intracellular trafficking. The elevated OS is likely to be contributed to by the infiltration of
inflammatory cells as previously observed in the aged VP [8] or reduction in androgen
support as previously reported in a castration/androgen replacement experiment [40]. The
increase in susceptibility to OS induced-protein modifications, together with a decline in
protein fidelity maintenance and efficiency in removing damaged proteins, may lead to
cellular senescence in the aged prostate. The mechanistic links between the above-
mentioned differentially expressed proteins and aging prostate, testosterone decline, and
disease development warrant further investigation. Mass spectrometry-based proteomic
techniques serve as excellent tools to explore changes in the global protein profile,
especially when the availability of antibodies is limited, as in our situation when working
with a rat model, allowing a more comprehensive analysis of the diseased proteome.
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Figure 1. RIA of serum testosterone levels
Serum total testosterone levels from animals aged 4, 5, 9 and 16 months (n=3-6) were

measured by RIA (Coat-A-Count Total Testosterone). The sensitivity of the assay was 0.04
ng/ml. RIA was performed according to the manufacturer’s instructions. Each data point
represents an average of two measurements obtained from one animal.
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Figure 2. Gel-based separation of ICAT labeled proteins
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One mg of “light” and “heavy” labeled proteins from 3-month-old and 16-month-old VPs,
respectively, were combined and subjected to SDS-PAGE separation. The gel lane was
excised into 38 bands. The MW of each gel band was determined with reference to a 10-200
kDa molecular weight marker. Each band was subjected to tryptic digestion and subsequent
ULC/MS/MS analysis. M, molecular weight marker. GB#, gel band number. MW, molecular

weight in kDa.
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Figure 3. Verification of protein expression levels
A. Expression of GST-mu, ferritin, clusterin, kininogen, oxygen regulated protein 150,

spermine synthase, cyclophilin B and ADP ribosylation factor were validated using Western
blot in the VP of individual animals, which were pooled for ICAT experiment, as well as on
an independent group of animals [3 month (n = 6); 12 month (n = 6); 16 month (n = 6)]. B.
The densitometry demonstrated that all the proteins analyzed showed an age-dependent
change in expression (normalized to B-actin expression; *, p< 0.05, **, p < 0.01).
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Figure 4. Correlation of expression data

A. Spermidine synthase (SRM), clusterin (CLU), ferritin heavy chain (FTH1), S-
adenosylmethionine synthetas (MAT2A), and protein disulfide-isomerase, prolyl-4-
hydroxyl-$ peptide (P4HB) were found to be differentially expressed in our previous
microarray study [8] and the present proteomics study. Closed circles (@) represent
transcript levels and open circles (O) represent protein levels determined by ICAT-MS.
Transcript levels are represented as mean with t-value of -2.2, 2.2, -2.0, -2.5, 2.6 for
SRM, CLU, FTH1, P4HB and MAT2A, respectively [8] and protein levels represented as
mean + SD. B. Fold changes determined by Western blotting were plotted against those
obtained from the ICAT-experiment for GST-mu, ferritin, clusterin, kininogen (KNG1/2),
oxygen regulated protein 150, spermine synthase, cyclophilin B and ADP ribosylation factor
and B-actin. All data points cluster around the central diagonal line. GSTmul, 2, 3,5and 7
were included as the GST antibody recognizes all the mu isoforms. Only mul and 3 had an
O/Y > 2. Values are represented by mean fold change (O/Y) + SD. C. The light and heavy
labeled peptides of B-actin eluted at the same time (51.5 min). Shown is the zoom scan of a
representative pair of charge state-matched isotopomers for 3-actin with correct precursor
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masses [1360.5 (2+) and 1365 (2+)], showing O/Y ratios of 1.1 as demonstrated by the
extracted ion chromatograms. a) O/Y(MS): O/Y of 1.22 was obtained from averaging all the
measurements (18 measurements of two unique peptides; with outliers removed) for B-actin
peptides sequenced (Supplementary S5). b), O/Y (Western): O/Y of 1.20 was obtained from
Figure 3.
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Figure 5. Knowledge-based Pathway analysis
Twenty-four of the differentially expressed proteins were principally mapped to 2 networks.

A) Network 1: cell-to-cell signaling and interaction/cell growth and connective tissue (with
6 proteins directly connecting to one distinct inferred network node, TNF-a). B) Network 2:
cellular compromise, cellular function and maintenance, cell signaling. Participating
proteins are represented in the network by their Entrez Gene official symbols, with increased
expression represented by red nodes and decreased expression by green nodes.
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