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BACKGROUND. The prostate gland is a highly specialized organ with functional attributes
that serve to enhance the fertility of mammalian species. Pathological processes affecting the
prostate include benign prostate hypertrophy and prostate carcinoma; diseases that account
for major morbidity and mortality in middle-aged and elderly men. To facilitate studies of
biological processes uniquely represented in the prostate and assess molecular alterations
associated with prostate carcinoma, we sought to establish the diversity of gene expression
in the normal and neoplastic prostate through the compilation and analysis of a prostate
transcriptome.
METHODS. We assembled and annotated ESTs derived from prostate cDNA libraries that
were either produced in our laboratory or available from public sequence repositories such as
CGAP, dbEST, and Unigene. Determinations of differential gene expression between the
normal prostate, other normal tissues, and neoplastic prostate tissues was performed using
statistical algorithms. Confirmation of differential expression was performed by quantitative
PCR and Northern analysis.
RESULTS. A total of 99,448 high-quality ESTs were assembled and annotated to produce a
prostate transcriptome comprised of 24,580 distinct TUs. Comparative analyses of gene
expression levels identified 61 TUs with exclusive expression in the prostate and 45 TUs with
high levels of expression in the prostate relative to at least 25 other normal tissues (P > 0.99).
Comparative analyses of ESTs derived from neoplastic prostate tissues identified 75 genes with
dysregulated expression in cancer (P > 0.99).
CONCLUSIONS. The human prostate expresses a diverse repertoire of genes that reflect a
functionally complex organ. The identification of genes with prostate-restricted or enhanced
expression may provide additional insights into the biochemical processes that interact to form
the developmental, signaling, and metabolic pathways of the normal and neoplastic gland.
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INTRODUCTION

Determining the complete sequence of the human
genome and identifying each encoded gene have
been major goals of recent biological research. As the
biochemical and physiological features of a particular
cell type represent the complex interactions between
expressed genes, large-scale efforts have also focused
on characterizing the subset of genes that distinguish
particular tissues and pathological processes. The
drive to establish complete qualitative and quantitative
expression profiles led to the development of highthroughput approaches for sequencing transcript
tags and the establishment of sequence archives such
as the database of expressed sequence tags (dbEST) [1],
the cancer genome anatomy project (CGAP) [2], and the
serial analysis of gene expression (SAGE) repository [3].
Collections of ESTs have been used in qualitative
studies to establish transcriptomes reflecting the diversity of gene utilization in a particular organism, tissue,
or cell type (e.g., http//cgap.nci.hih.gov). To facilitate
such comprehensive descriptions, the term TU has
been used to designate a unique segment of the genome
from which transcripts are generated [4]. A given TU
is defined by clusters of transcripts that contain a
common core of genetic information [4]. In the context
of EST libraries, computational algorithms are used
to group the tags based on sequence homology or
common database annotations such that each EST is
incorporated into a specific TU. Assemblies of this sort
are represented by databases such as Unigene [5], the
TIGR human gene index [6], STACK [7], the Merck gene
index [8], and GeneNest [9]. The largest public, human
gene index is the Unigene database with over 4 million
sequences assembled into approximately 108,000 clusters (August 2003). The sequences represented in these
databases have been extremely useful in applications
that include constructing physical and sequence maps
of the human genome [10–13], identifying genetic
polymorphisms [14,15], annotating genomic sequences
[16], finding new members of gene families [17], and
locating exons and alternative splice sites [17–21]. As
most tag collections are highly redundant, abundance
levels for transcript tags have also provided comprehensive quantitative views of gene expression such
that alterations in transcript levels associated with a
variety of pathological conditions have been identified
[22,23].
In this study, we have utilized a specialized prostate
gene index termed the prostate expression database
(PEDB) to characterize the repertoire of genes expressed in the normal and neoplastic human prostate
through the analysis of 99,448 expressed sequence tags
derived from 42 prostate cDNA libraries. Sequence
assemblies and annotations identified 24,580 unique

TUs of which more than 9,500 represent transcripts
expressed in more than one prostate tissue source.
Comparative analyses between transcriptomes derived
from normal and neoplastic prostate tissues identified 75 genes with statistically-significant differential expression. Comparative analyses between the
prostate and transcriptomes derived from other
normal tissues identified more than 50 known and
novel transcripts with expression enriched or restricted
to the prostate. One uncharacterized TU predicted to
exhibit prostate-restricted expression was cloned and
prostate-specificity was verified by quantitative PCR.
Further analysis of this TU revealed that it represented
novel sequence extending a partial cDNA designated
PCANAP5, a gene previously implicated in prostate
carcinogenesis [24]. Together, these results define a
subset of the TUs encoded in the human genome that
are expressed in the prostate. This cohort can be used
for computationally-based analyses and for designing
customized microarrays comprising TUs of relevance
for investigations of prostate gene expression involving
development, hormone regulation, and pathology. The
diversity of tissue sources used to generate the prostate
transcriptome also allow for the determination and
analysis of gene polymorphisms and alternative splicing events that may influence the biological consequences and complexity of gene expression.
MATERIALS AND METHODS
Analysis of Expressed Sequences in the
Unigene Database
Analyses were performed on 56 prostate libraries
archived in Unigene Build 153 (Supplemental Table S1).
Several libraries were excluded from the analysis:
ORESTES prostate libraries were excluded because
preliminary studies revealed that several these libraries
were not randomly sampled; NCI_CGAP_Sub8 and
NCI_CGAP_Sub2 were excluded because they were
mis-identified as prostate libraries in Unigene Build
153. Most of these libraries have been removed from
later builds of the Unigene database.
Unigene clusters were searched for prostate-derived
ESTs using a library identification number (LID) that
associates each EST with a cDNA library and tissue of
origin. Clusters containing prostate ESTs were retained
and further divided into groups with or without ESTs
derived from other tissues. ESTs found exclusively in
libraries from prostate tissues were designated prostate-specific. To identify additional ESTs with prostateenhanced, but not necessarily prostate-specific expression, we assigned each individual EST to a tissue
type based upon the corresponding LID. Cell lines were
included under their tissue of origin. To facilitate the
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comparisons, we consolidated 362 tissue descriptions
to 54 tissue types. Thirty-one tissue types were each
represented by 10,000 ESTs and were used in this
study (Supplemental Table S2). To determine relative
EST abundance levels in each tissue, the number of
ESTs within a cluster derived from a particular tissue
type was normalized relative to the total number of
ESTs for that tissue type. Unigene clusters that contained ESTs from prostate tissues that were expressed
in no more than 5 out of 30 other tissues were chosen for
further study. From this group, genes which had 3–
5 fold higher levels of ESTs in the prostate relative to
other tissues were considered prostate enriched.
Analysis of Expressed Sequences in the PEDB
The PEDB contains 119,855 raw ESTs with corresponding chromatogram files from libraries created in
our laboratory [25,26] or obtained from the CGAP
database (http://cgap.nci.nih.gov). A description of
the libraries is available at http://www.pedb.org. A
detailed description of the database and data analysis
pipeline used to annotate the sequences has been
described previously [26] and is also available at the
PEDB web site. Briefly, repetitive DNA and vector
sequences were masked and sequences that did not
have 80/100 nucleotides with a Phred quality score
greater than 20 were discarded. Phrap (P. Green,
University of Washington, Seattle) was used to assemble contigs with the following settings: minmatch 60,
minscore 90, and vector_bound 30. Contigs were used
to query the Unigene, GenBank, and dbEST databases
(downloaded August 2002) for sequence matches using
BLAST (E22, Score: 200). Unigene annotations served
as the primary annotation for each cluster. In the
absence of a Unigene annotation, GenBank mRNA
annotations took precedence over annotations from
the dbEST database. In total, 24,580 clusters were
assembled. All sequence information is available at
http://www.pedb.org.
The statistical method of Audic and Claverie [27]
was used to test for differential expression of EST
clusters between normal prostate, represented by ESTs
from microdissected normal prostate epithelium,
and neoplastic prostate, represented by a pool of ESTs
from PIN, primary adenocarcinoma and metastasis/
xenograft libraries. Comparative analyses were also
performed between the normal microdissected epithelium and each of the individual neoplastic prostate
subcategories; PIN, primary adenocarcinoma, and
metastasis/xenograft. The Audic and Claverie method
takes into account the influence of random fluctuations
and sampling size when calculating the probability of
differential expression between tag libraries of different sizes. It performs well in comparisons with other
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tests [28], and has previously been used to identify gene
expression changes in the prostate [29].
Cloning and Assembly of the cDNA
Corresponding to Unigene Hs.163909
PCR primers were designed from GenBank
sequences AA573109 (50 - AAGCTAGACAGGCAGCAGGACA-30 ) and BI024803 (50 -CTCATTGCGGACTCCAAACA-30 ). PCR was performed using Taq DNA
polymerase (Invitrogen) and Human Prostate Marathon-ready cDNA (Clontech). PCR products were
cloned into the pCR2.1-TOPO vector using the TOPO
TA Cloning kit (Invitrogen). Further 50 sequence was
generated by PCR using primers designed from
GenBank sequences XM_297687.2 (50 -GGACTCTACTGCCGAGACCA-30 ) and AA573109 (50 -TATCCAGAAAAGTCTCCCGCC-30 ). Further 30 sequence was
generated by PCR using primers designed from
GenBank sequences AF109300 (50 -TGGGAACCGTGAAGGGTGTCCAGT-30 and 50 -AACAGCAGCCAGCGGTTCACACAG-30 ) and from sequence of 163,909
clones (50 -GCGCTGGGGCAAGTGGAACAAGTA-30
and 50 -CCCACTTTGCCTCGACTGCCCTTT-30 ).
Northern Analysis
A DNA insert derived from clone B12 representing
Hs.163909 was labeled with a-32 P dCTP (Amersham)
using the Prime-It RmT Random Primer Labeling
Kit (Stratagene) and used to hybridize a Multiple
Tissue Northern Blot II (Clontech) using ExpressHyb
hybridization solution (Clontech). The blot was
exposed to Kodak AR film at 808C with intensifying
screens.
Quantitative PCR
Expression analysis was performed on an ABI
PRISM 7700 sequence detection system (Applied
Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems). First strand cDNA templates
were generated with Superscript II reverse transcriptase (Invitrogen) from a tissue panel total RNAs
(Clontech) primed with random hexamers. Primer
pairs were designed using Primer Express software
(Applied Biosystems) and are as follows: Hs.163909 (50 AAGCTAGACAGGCAGCAGGACA-30 and 50 -TACCTGGTCTACACACAGCCCA-30 ), TRPM7 (50 -TTGTTTATGGACAGCAGTGGCT-30 and 50 -CCAGTCTCGGAATGGTAAGGAA-30 ), Sp0229 (50 -CCTCCATGCCTTCAAGAAACA-30 and 50 -CAGGCAAAGGTGGAAGCTATTC-30 ), and GAPDH (50 -TCTGCTCCTCCTGTTCGACAGT-30 and 50 -ACGACCAAATCCGTTGACTCC-30 ).
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DNA Sequence Determination

DNA sequencing was performed using dye terminator sequencing reaction mix (Applied Biosystems)
and analyzed on an ABI 3730 automated sequencer
(Applied Biosystems). Sequence assembly and editing
was performed using Sequencher software (Gene
Codes Corp.).
RESULTS AND DISCUSSION
Diversity of the ProstateTranscriptome
To assess the diversity of gene expression in the
human prostate, we first queried the Unigene database
for prostate-derived ESTs. The Unigene database is
the most comprehensively annotated public repository
of expressed human sequences, providing annotations
for roughly 102,000 putatively distinct TUs assembled
from more than 3 million ESTs. Of these, 88,469 ESTs
are derived from prostate sources and annotate to
16,652 distinct Unigene TUs. To enlarge the size of the
Unigene-defined prostate transcriptome, we pooled
the resources of the Unigene database with those of the
PEDB (www.pedb.org). In addition to prostate ESTs
obtained from public sequence repositories such as
CGAP, the PEDB contains 13,022 high quality ESTs
derived from cDNA libraries constructed in our
laboratory [25,26,30]. A total of 117,434 ESTs were
entered into the PEDB analysis process. Of these, 15,470
were excluded following stringent quality assessment
that removed sequences comprising poor quality,
repetitive elements, and cloning vector. A further
3,222 ESTs annotated to the mitochondrial genome
and were not included in the assembly process. The
remaining 99,448 ESTs were assembled into 24,580
clusters representing putatively distinct TUs comprising the prostate transcriptome. Based on sequence
similarity as determined by the BLAST algorithm,
approximately 15,000 TUs were assigned to previously
identified Unigene clusters. The majority of these
clusters (14,305) are represented by ESTs from Unigene
prostate libraries; however, inclusion of additional
sequences from the PEDB identified a further 900 TUs
with Unigene annotations that are expressed in the
prostate.
In addition to clusters with representation in the
Unigene database, 9,425 clusters were identified in
the PEDB that have no corresponding Unigene TU. Of
these, 104 clusters annotate to cDNAs deposited in the
GenBank database, and most of the remaining clusters
have strong sequence similarity to ESTs in the dbEST
database. Only 111 EST clusters did not have high
quality sequence matches in any public database. These
data suggest that the vast majority of the prostate
EST clusters represent genuine transcripts and that at

least 25,000 different transcripts are expressed in the
human prostate. However, ESTs are subject to a variety
of artifacts, the most prevalent of which is genomic
DNA contamination of cDNA libraries. Thus a sequence match in dbEST does not necessarily correspond to an authentic transcript. Also, from a practical
perspective, many of the clusters represented by only a
single EST may correspond to rare transcripts that
would be difficult to analyze using common expression
quantitation methods such as microarray hybridization, quantitative PCR, or Northern analysis. Further
studies focused on a cohort of 9,775 prostate TUs
represented by ESTs derived from at least 2 prostate
tissue sources.
Identif|cation of Genes With
Prostate Specif|c Expression
To identify genes that are uniquely expressed in the
prostate, we queried the Unigene database for entries
composed exclusively of ESTs with library identification tags (LIDs) from prostate tissue sources. There
were 1,316 prostate-specific entries, but only 61 had
ESTs from more than one prostate library (Supplemental Table S3). The most abundant prostate-specific
cluster represents the PRAC gene, which encodes a
prostate-specific small nuclear protein [31]. None of
the remaining clusters have been biochemically
verified to exhibit prostate-restricted expression. To
choose a cluster for experimental validation, we mapped the sequence assemblies onto the draft human
genome sequence (http://genome.ucsc.edu) to search
for evidence of structural features suggestive of a
transcribed gene. One cluster, Unigene Hs.163909,
represents an uncharacterized TU that was found to
partition into three exons when aligned with the
genome sequence on chromosome 2q37. Hs.163909 is
comprised of four ESTs derived from three prostate
cDNA libraries. Northern blot analysis with a single
EST clone from the cluster, identified two transcripts
of 4.4 and 4.8 kb in RNA extracted from whole prostate tissue (Fig. 1A). Expression of Hs.163909 was
not observed in seven other tissues assessed (spleen,
thymus, testis, uterus, small intestine, colon, perhipheral blood leukocytes). Quantitative PCR was used to
further examine the relative level of Hs.163909 mRNA
expression in 19 tissues. Hs.163909 was highly expressed in whole prostate with a very low level detected in
colon, small intestine, and stomach samples (Fig. 1B).
All of the ESTs in the Hs.163909 cluster map within
a 14 kb region of the human draft genome sequence
bounded by the protein phosphatase 1 regulatory
subunit number 7 (PPP1R7) locus and the prostate
cancer associated protein 5 (PCANAP5) locus. The
proximity of Hs.163909 to a gene implicated in prostate
cancer [24], and the identification of at least four other
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Hs.163909 ESTs, PCANAP5 (Hs.35165), and prostate
ESTs not in Unigene, reveal that all of the clones represent a single transcription unit with multiple potential splice variants (Fig. 1C). Nineteen separate exons
were detected amongst cDNA clones isolated by RTPCR from prostate and colon RNA. The conceptually
translated proteins from multiple possible alternative
splice forms of Hs.163909 are not similar to any other
known human protein. A single spliced mouse EST that
maps to a chromosomal position adjacent to the mouse
ortholog of PPP1R7 (BB649330) shares amino acid
similarity with PCANAP5 suggesting that this gene is
conserved in mammalian species.
The PCANAP5 gene (formerly designated Implicated in Prostate Cancer 5) was originally identified by
a statistical analysis of 522 EST libraries in a proprietary
database which indicated that the pattern of PCANAP5
expression was more similar to prostate-specific genes
associated with cancer than other genes [24]. To verify
this conclusion, we screened 10 matched cancer and
normal prostate samples using QPCR, but found no
evidence for consistent up- or down-regulation of
PCANAP5 expression in prostate cancer (data not
shown). Since PSA is androgen regulated, we further
speculated that the statistical association between
PCANAP5 and PSA was a consequence of androgen
regulation; however, QPCR of RNA from androgenstimulated and-starved LNCaP cells did not reveal any
evidence of androgen regulation (data not shown;
see method in [32]). Thus, the role of PCANAP5 in
prostate development, physiology, and disease remains unknown.
Identif|cation of Genes With Enhanced
Expression in the Prostate

Fig. 1. Analysis of prostate-specific TU Hs.163909. A: Northern
blotofmultiple tissuesprobedwith an Hs.163909 cDNA.B: Expression of Hs.163909/PCANAP5 in 17 tissues measured by QPCR.
Fold differences were calculated with respect to GAPDH transcript amplification, then normalized relative to expression levels
in stomach tissue (1 U). Sk muscle, skeletal muscle; Sm intestine,
smallintestine.C: cDNAclones alignedwithgenomic DNA.Vertical
bars represent exons, horizontal lines introns. ESTs are from the
Unigene database. PCR products are sequenced cDNA clones
created using RT-PCR and gene-specific primers.Clones E1and FL2
were derived from prostate mRNA; clones B12, B5, from colon
mRNA. (Three additional ESTs, and PCRproducts, not shown.)

prostate ESTs that map within the same 14 kbp region
(but not included in Unigene Build 153) led us to
further characterize Hs.163909. Sequencing of RT-PCRderived clones created using primers designed from

The majority of transcribed genes are not absolutely
restricted in expression to a single tissue. To search for
genes that are expressed at relatively higher levels in
the prostate compared to other tissues, we applied two
strategies. First, the Unigene database was searched for
clusters that contained a high proportion of prostate
ESTs relative to the sum of ESTs derived from all other
tissues. In the second strategy, individual clusters were
partitioned by tissue type and the number of ESTs for
each tissue was statistically compared to the number of
prostate ESTs.
Eleven Unigene clusters were comprised of 5 fold
more prostate ESTs than the combined total of ESTs
derived from other tissues (Supplemental Table S4).
The four clusters with the highest number of ESTs
represented genes previously reported to exhibit profiles highly restricted to the prostate gland: b-microseminoprotein, seminogelin 1, seminogelin 2, and
transglutaminase 4. The other seven clusters have not
been studied in detail. Interestingly, none of the ESTs
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Supplemental Table S5). Sixteen of the genes encoded
ribosomal proteins. Ten of the non-ribosomal TUs were
differentially expressed in prostate relative to all 30
non-prostate tissues. The most abundant differentially
expressed gene is RBBP7; however, the vast majority of
RBBP7 ESTs (97%) originated from a single library
(NIH_MGC_60), suggesting a sampling bias. Of the
remaining 29 non-ribosomal genes, 8 are expressed at
least 5 fold higher in the prostate relative to any other
tissue: SEMG1, SEMG2, KLK2, ACPP, TGM4, NKX3A,
TRGg, and MSMB; two: TRPM7, KLK3, are expressed
at least 5 fold higher in the prostate relative to all but one
other tissue (tonsil and breast, respectively);
one, FLJ21128, is expressed over 4 fold higher in the
prostate; and 2 others; ARSDR1 and ACTG2, are expressed between 3–4 fold higher in prostate than in
any other tissue (Table I).
Most of the genes predicted to be prostate enriched
have previously been experimentally verified. These
include transglutaminase 4 (TGM4), b-microseminoprotein (MSMB), Seminogelin 1 and 2 (SEMG1, 2),
retinol dehydrogenase 11 (ARSDR1), and the androgen-regulated genes kallikrein 2 and kallikrein 3
(KLK2, KLK3), prostate acid phosphatase, (ACPP),
NKX3 transcription homolog A (NKX3A), and transmembrane protease serine 2 (TMPRSS2) [33–40]. The
TRPM7 transcript encodes transient receptor potential
cation channel M7, a protein belonging to a family of
calcium-selective channel proteins [41,42] that has not
been extensively studied in the prostate. To verify the
tissue distribution of TRPM7 expression we performed

comprising the prostate-enhanced transcript represented by Unigene Hs.372058 annotate to the draft
human genome sequence (February 2003), demonstrating that even with careful curation, the current genome
assembly annotations are incomplete. The gene encoded by Hs.360089 is predicted to be expressed only in the
prostate and the lung. Aligning this sequence with the
human genome assembly (http://genome.ucsc.edu)
indicated splicing into at least two exons. Hence it also
represents a good candidate for further study.
A more thorough method of searching for genes
preferentially expressed in the prostate resulted from
dividing Unigene ESTs into subsets based on tissue
type and then comparing the subsets for tissue
distribution. We compressed 362 different Unigene
tissue descriptions into 54 general tissue categories and
determined the number of Unigene ESTs in each
category. Thirty-one tissue categories each with at least
10,000 ESTs were used for further analysis (Supplemental Table S2). Ninety-four Unigene entries with
prostate-derived ESTs were present in at least 2
prostate libraries and not in the 30 other tissues (data
not shown). As describe above, 61 were exclusively
found in prostate libraries, while 33 were also expressed in tissue types with libraries that did not have
the 10,000 ESTs we used as a cutoff for statistical
analysis of differential expression.
Using the method of Audic and Claverie [27], we
identified 45 genes that are differentially expressed in
the prostate relative to at least 25 of the 30 tissue types
comprising the multi-tissue analysis pool (P > 0.99;

TABLE I. Genes With High Expression in the Prostate Relative to OtherTissues

Gene
MSMB
KLK3
ACPP
SEMG1
KLK2
SEMG2
TGM4
TRG
NKX3A
TRPM7
ARSDR1
ACTG2
FLJ21128
a

Description
Microseminoprotein-beta
Kallikrein 3, (prostate specific antigen)
Acid phosphatase, prostate
Semenogelin 1
Kallikrein 2, prostatic
Semenogelin II
Transglutaminase 4 (prostate)
T cell receptor gamma locus
NK3 transcription factor homolog
A (Drosophila)
Transient receptor potential cation
channel, subfamily M, member 7
Androgen-regulated short-chain
dehydrogenase/reductase 1
Actin, gamma 2, smooth muscle, enteric
Hypothetical protein FLJ21128

Tissues expressing
the genea

Minimum fold
differenceb

Prostate ESTsc

Unigene ID

7
9
12
2
6
2
2
14
11

>5
>5
>5
>5
>5
>5
>5
>5
>5

536
500
344
225
153
76
50
48
45

Hs.183752
Hs.171995
Hs.1852
Hs.1968
Hs.181350
Hs.180016
Hs.2387
Hs.112259
Hs.55999

25

>5

63

Hs.267914

28

3–4

118

Hs.179817

22
25

3–4
3–4

87
52

Hs.78045
Hs.288389

Tissues are listed in the supplementary table, Table S2.
Minimum ratio (prostate Ests/total prostate ESTs)/(tissue Ests/total tissue ESTs) across 29/30 tissues.
c
Total prostate ESTs: see Table S2.
b
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Fig. 2. Enriched expression of TRPM7 (transient receptor cation channel, subfamily M, member 7) in the prostate and lung determined by
QPCR.Folddifferenceswere calculatedwithrespect to GAPDH transcript amplification, thennormalizedrelative to folddifferencein stomach
tissue. Sk muscle, skeletalmuscle; Smintestine, smallintestine.

QPCR with RNA from 20 tissues and 2 prostatederived cell lines. TRPM7 was most highly expressed
in lung, prostate, and fetal brain tissues and was
expressed at least 2 fold higher in the prostate than in
11 of 16 other tissues analyzed (Fig. 2). Thus, while
TRPM7 is prostate-enriched, its expression in the
prostate relative to other tissues is not as robust as
predicted by EST analysis. Since Cat-L, another
member of the same ion channel family, is differentially
expressed in primary adenocarcinomas of the prostate
[43], we evaluated 10 matched samples of normal and
neoplastic prostate tissue for TRPM7 dysregulation,
but found no evidence of differential expression (data
not shown). We also did not observe androgenmediated regulation of TRPM7 expression in LNCaP
cells (data not shown).
Novel Transcripts Expressed in the Prostate
In addition to the genes expressed in the prostate
that are represented in the Unigene database, we
identified 475 prostate TUs without Unigene annotations that contained ESTs from at least 2 independently
derived prostate cDNA libraries. Of these, 48 TUs are
represented by 5 or more ESTs. When these TUs were
screened against the database of ESTs using the BLAST
program, 18 of the clusters had strong sequence
similarity to ESTs derived only from prostate cDNA
libraries, suggesting that they may represent prostatespecific genes or alternatively spliced exons (Supplemental Table S6). A complementary search strategy
was also employed that relied on the identification
of transcript splicing to provide evidence that a novel
sequence actually represented a genuine transcript. We
searched the human genome draft sequence (http://
genome.ucsc.org) with 1,117 TUs from PEDB without
Unigene annotations that were comprised of at least
2 ESTs, but did not require that the ESTs originate from
different libraries. Ten TUs were found to partition into

more than one exon (Supplemental Table S7). Only four
of these TUs (Sp0423, Sp0116, Sp0531, and Sp0229) did
not have sequence similarity to ESTs derived from
other tissues. One cluster, Sp0151 was comprised of
ESTs from only prostate and breast, and maps within
an intron of the TRG gene.
The Sp0229 cluster was chosen for further study
because it was not found in the Unigene database
and was composed solely of ESTs from the PEDB.
Aligning the Sp0229 cluster with the human genome
draft sequence revealed that it is located at position
12q21.31 and is transcribed from the opposite DNA
strand as the protein tyrosine phosphatase gene PPFIA2.
An additional prostate-derived sequence, PEDB:
137093, maps within the first intron defined by all of
the spliced clones, suggesting that it is also part of the
same cluster. Taken together, 4–5 ESTs identify a single
TU with at least six exons that span a 56 kb region of
genomic DNA (Fig. 3A). Gene prediction software does
not identify the Sp0229 gene (http://genome.ucsc.edu)
and an open reading frame is not apparent. QPCR
(Fig. 3B) and Northern analysis (data not shown)
identified Sp0229 transcripts in several tissues including those of neuronal (brain and spinal chord), lung,
stomach, testis, and prostate origin, and essentially
no expression in 11 of 14 other tissues. While these
findings demonstrate the utility of combining a variety
of EST and genomic resources to identify novel transcripts that are expressed in the prostate, they also illustrate the limitations of database analyses and reinforce
the need for biological experiments to verify results.
Transcripts With Altered Expression in
Prostate Carcinoma
A major goal of prostate cancer research is to identify
consistent molecular alterations between normal and
neoplastic tissues such that they may exploited for
understanding the process of carcinogenesis, and
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Fig. 3. A novel transcription unit, Sp0229, identified from EST clusters in PEDB. A: Alignment of cDNAs with genomic DNA. Vertical
bars represent exons, horizontal lines introns. B: Sp0229 expression in a variety of tissues, as determined by QPCR. Relative fold differences
were calculated with respect to GAPDH transcript amplification, then normalized relative to fold difference in stomach tissue. Sk muscle,
skeletalmuscle; Smintestine, smallintestine.

Fig. 4. Patterns of gene expression calculated from EST frequencies in cDNA libraries.Relative expression levels are shown as fold-changes
between normalprostate epithelium,PIN, primaryprostate adenocarcinoma, andprostate cancer metastases and xenografts. A: Genes with
over 5,000 ESTs in the dataset. B: Genes with fewer than 5,000 ESTs in the dataset. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 4.
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provide diagnostic markers and therapeutic targets.
DNA microarrays, differential display, and electronic
profiling have each been used to discover gene
expression changes that associate with prostate carcinoma [24,44–59]. As the cDNA libraries contributing
ESTs to Unigene and PEDB were derived from a
spectrum of normal and neoplastic prostate tissues, we
employed a statistical method [27] to identify differentially-expressed transcripts between normal prostate
epithelium and prostate cancer. For the initial comparison, all ESTs derived from normal prostate tissues
were combined into one group, and all ESTs derived
from neoplastic prostate sources were combined into
another. In total, 8,794 genes were tested for differential
expression between these two datasets. The abundance
levels of 75 genes were significantly different between
the two samples (P > 0.99; Supplemental Tables S8
and S9). Of these, 5 genes were up-regulated in cancer
relative to normal prostate epithelium and 70 were
down-regulated. When prostate cancers were further
sub-divided into prostate intraepithelial neoplasia
(PIN), primary adenocarcinoma and metastasis/xenograft categories, 37 genes were found to be upregulated
in at least one sub-category relative to normal prostate
epithelium, and 20 were downregulated (Fig. 4).
We compared these results with a published list of
46 genes reported to be differentially expressed in
prostate carcinoma identified using a different comparative analysis algorithm also based on database
sequence tags [51]. Eleven genes were identified in
both studies. Of these, five genes were determined to
be upregulated in cancer: ras homolog gene family
member U (ARHU); ribosomal protein L19 (RP19);
eukaryotic translation elongation factor 2 (EEF2); fatty
acid binding protein 5 (FABP5); 6.2 kd protein,
LOC54543, and six genes were downregulated in
cancer: brain creatine kinase (CKB); fibulin 5 (FBLN5);
hypothetical protein FLJ21174 (FLJ21174); ubiquinolcytochrome c reductase core protein 2 (UQCRC2);
9.5 kDa ubiquinone binding protein (QP-C); and neuroblastoma suppression of tumorogenicity 1 (NBL1).
The differential expression of NBL1 was confirmed by
laboratory experimentation [51].
Several of the genes that were determined to exhibit
altered expression levels in prostate carcinoma through
statistical analyses of the PEDB dataset have been
independently reported to have altered gene expression in at least a subset of prostate cancers using
biochemical approaches. These include ACTG2,
ALCAM, TRG, SEMG2, MSMB, SAT, TAGLN, and
NBL1 [47–49,51,54,60]. Thus, statistical methods can
in principle identify mis-regulated genes. To identify
additional markers for prostate cancer, we concentrated on genes that had high probabilities of dysregulation both when the cancer samples were grouped

together, and when at least one cancer sub-category
was statistically different from normal epithelium.
These two different methods of stratification shared
15 genes. We analyzed the expression of four:
UQCRC2, FLJ21174, LAMB2, and H19 in six matched
pairs of normal and cancerous prostate tissues using
QPCR and did not observe consistent expression level
differences (data not shown). Thus, while statistical
methods can identify genes with altered expression
in prostate cancer, the inherent heterogeneity of
prostate cancer mandates verification using biochemical methods in multiple cancer samples. Due to
the labor involved in library construction and DNA
sequencing, most sequence-based expression studies
such as those enumerating ESTs or employing serial
analysis of gene expression (SAGE) methods actually
compare relatively few different tissues [61–63]. The
prostate cancer sample pool used in this analysis
comprises only 15 carcinoma samples. The results of
cDNA microarray experiments measuring transcript
alterations in scores of cancer cases and tissue microarray studies evaluating protein expression in hundreds of histological samples indicate that large cohorts
of individual cancers must be compared in order to
assess the considerable variability of gene expression in
prostate neoplasia [47,64]. Pooling multiple different
samples may average out expression differences in all
but the most robustly dysregulated genes (Table II).
CONCLUSIONS
The analysis presented here indicates that the
human prostate gland expresses a diverse repertoire
of genes that reflect a functionally complex organ with
highly specialized secretory function. We currently
estimate the prostate transcriptome to comprise approximately 25,000 distinct TUs though a more
conservative estimate requiring a given transcript to
be present in more than one prostate tissue source
comprises approximately 10,000 different expressed
genes. A list of these genes is available at http://
www.pedb.org. However, the gene cohorts that currently define the prostate transcriptome will likely
both expand and contract as human genome assemblies and annotations continue to be refined. Some
prostate TUs currently annotated as independent gene
products will condense as true exon relationships
are defined as with Unigene clusters Hs.163909 and
Hs.35165 that both represent different regions of the
PCANAP5 gene. As additional ESTs are added to the
Unigene and PEDB databases, sequences that currently
cluster together based on small regions of shared
homology may be re-partitioned into homologous but
distinct TUs. Genes not currently included in the
prostate transcriptome may be expressed only during
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TABLE II. Differentially Expressed Genes in Prostate Cancer
ESTs per million
Gene

UniGene ID

PEDB ID

Description

Normal

Cancer

MSMB
ACTG2
MYL6
ACTA2
CKB
PLXNB2
UQCRC2
FLJ21174
LAMB2
—
RPS17
GNB2L1
None
EIF3S8
H19

Hs.183752
Hs.78045
Hs.77385
Hs.195851
Hs.173724
Hs.3989
Hs.173554
Hs.194329
Hs.90291
—
Hs.5174
Hs.5662
Hs.301809
Hs.4835
Hs.334822

4175
12383
1411
2345
14755
15156
2845
15111
7288
16631
10537
7185
3366
9425
4936

Beta-microseminoprotein
Actin, gamma 2, smooth muscle, enteric
Myosin, light polypeptide 6
Actin, alpha 2, smooth muscle, aorta
Brain creatine kinase
Plexin B2
Ubiquinol-cytochrome c reductase core protein II
Hypothetical protein FLJ21174
Laminin, beta 2
—
Ribosomal protein S17
G protein, beta polypeptide 2-like 1
EST
Eukaryotic translation initiation factor 3, subunit 8 (110 kD)
Imprinted maternally expressed untranslated Mrna

14,896
2,888
2,736
1,824
1,368
912
912
912
912
456
2,584
1,520
1,064
—
—

7,693
1,225
1,176
539
196
—
49
49
98
—
5,439
3,430
3,724
931
882

specific stages of development, or may require the
influence of endocrine and paracrine factors such as
androgenic hormones. The continued analysis of prostate gene expression both through sequence-based
methods and high-throughput microarray and proteomics approaches will provide a more complete picture
of how genes and their products interact to form the
developmental, signaling, and metabolic pathways
that are the basis for normal and pathological processes
involving the prostate.
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