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In search of novel genes expressed in metastatic prostate cancer,
we subtracted cDNA isolated from benign prostatic hypertrophic
tissue from cDNA isolated from a prostate cancer xenograft model
that mimics advanced disease. One novel gene that is highly
expressed in advanced prostate cancer encodes a 339-amino acid
protein with six potential membrane-spanning regions flanked by
hydrophilic amino- and carboxyl-terminal domains. This structure
suggests a potential function as a channel or transporter protein.
This gene, named STEAP for six-transmembrane epithelial antigen
of the prostate, is expressed predominantly in human prostate
tissue and is up-regulated in multiple cancer cell lines, including
prostate, bladder, colon, ovarian, and Ewing sarcoma. Immunohistochemical analysis of clinical specimens demonstrates significant
STEAP expression at the cell– cell junctions of the secretory epithelium of prostate and prostate cancer cells. Little to no staining
was detected at the plasma membranes of normal, nonprostate
human tissues, except for bladder tissue, which expressed low
levels of STEAP at the cell membrane. Protein analysis located
STEAP at the cell surface of prostate-cancer cell lines. Our results
support STEAP as a cell-surface tumor-antigen target for prostate
cancer therapy and diagnostic imaging.
cancer 兩 six-transmembrane-domain protein 兩 epithelial marker

P

rostate cancer is the most frequently diagnosed cancer and
the second leading cause of cancer death in men in North
America. The efficiency of early detection of prostate cancer has
increased dramatically with a serum test for the prostate-specific
antigen (PSA) (1). However, PSA may not distinguish prostate
cancer from benign diseases such as benign prostatic hyperplasia
(BPH) and prostatitis (2, 3). Although locally confined disease
is treatable, recurrent and metastasized prostate cancer is essentially incurable. Androgen ablation therapy may palliate
advanced disease, as prostate cancer cells are androgenresponsive. However, the majority of patients inevitably progress
to incurable, androgen-independent disease (4).
The identification of novel markers and therapeutic targets in
advanced prostate cancer and androgen-independent disease is
critical for improving diagnosis and therapy. Ideal targets for
prostate cancer therapy would include proteins that are exclusively expressed in dispensable normal tissues such as prostate,
that are highly expressed in metastatic disease, and that are
accessible to therapeutic modalities at the cell surface. Progress
in identifying such markers for prostate cancer has been improved by the generation of prostate cancer cell lines (5) and
xenografts that can recapitulate different stages of the disease in
mice (6–9). Prostate-specific membrane antigen (PSM) (10) and
prostate carcinoma tumor antigen (PCTA-1) (11) are two cellsurface antigens that are up-regulated in prostate cancer and
were identified from the androgen-responsive cell line LNCaP
(5). Prostate stem cell antigen (PSCA), a glycosylphosphatidylinositol-linked marker that is up-regulated in prostate cancer
(12), was identified by using the LAPC (Los Angeles prostate
cancer) xenografts, which have the capacity to mimic the transition from androgen dependence to androgen independence
and metastasis to distal sites (9).

The LAPC xenografts represent advanced prostate cancer
specimens that were derived from bone and lymph node metastases (9, 13). To isolate novel genes that are up-regulated in
metastatic prostate cancer, we performed suppression subtractive hybridizations (SSHs) (14) with the LAPC xenografts as a
source of cDNA. With this strategy, a prostate-specific gene
encoding a serpentine transmembrane protein, named STEAP
(six-transmembrane epithelial antigen of the prostate), was
identified. STEAP is unique among the currently known prostate cancer markers because of its putative secondary structure,
from which one may predict that it functions as a potential
channel or transporter protein. STEAP is also distinct in that it
is expressed in multiple cancers, suggesting that it is a general
tumor antigen. Its strong expression in advanced prostate cancer,
its cell surface localization, and its predicted secondary structure
suggest that STEAP may be an ideal target for tumor therapy
and diagnosis.
Materials and Methods
Cell Lines and Human Tissues. All human cancer cell lines used in

this study were obtained from the American Type Culture
Collection. All cell lines were maintained in DMEM with 10%
fetal calf serum. Primary prostate epithelial cells were obtained
from Clonetics (San Diego) and were grown in PrEBM (prostate
epithelial cell basal medium) supplemented with growth factors
(Clonetics).
All human prostate cancer xenografts were originally provided by Charles Sawyers (University of California, Los Angeles) (9). LAPC-4 androgen-dependent (AD) and LAPC-9 AD
xenografts were routinely passaged as small tissue chunks in
recipient severe combined immunodeficient male mice. LAPC-4
androgen-independent (AI) and LAPC-9 AI xenografts were
derived as described previously (9) and were passaged in castrated males or in severe combined immunodeficient female
mice.
Human tissues for RNA and protein analyses were obtained
from the Human Tissue Resource Center at the University of
California, Los Angeles; from the National Disease Research
Interchange (Philadelphia); and from QualTek Molecular Labs
(Santa Barbara, CA).

SSH. Tumor tissue and cell lines were homogenized in Trizol

reagent (GIBCO兾BRL) by using 10 ml兾g of tissue or 10 ml兾108
cells to isolate total RNA. Poly(A)-RNA was purified from total
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RNA by using Qiagen’s Oligotex mRNA Mini and Midi kits
(Chatsworth, CA).
SSH was performed as described by Diatchenko et al. (14) with
the PCR-Select cDNA Subtraction Kit (CLONTECH). SSHderived gene fragments were inserted into pCR2.1 by using the
T兾A vector cloning kit (Invitrogen). Transformed Escherichia
coli were subjected to blue兾white and ampicillin selection. White
colonies were picked and arrayed into 96-well plates and stored
in 20% glycerol. Plasmid DNA was prepared, sequenced, and
searched for homology against public databases.
Expression Analysis. The STEAP cDNA was isolated by screening
a human prostate phage library (CLONTECH) by using a
STEAP SSH-derived fragment as a probe. Northern blotting was
performed on 10 g of total RNA prepared from cell lines and
LAPC xenografts with random hexamer-labeled (Roche Molecular Biochemicals) STEAP cDNA. Human multitissue Northern
blots were purchased from CLONTECH and probed with
STEAP cDNA.

Results

Protein Analysis. Secondary protein structure prediction for

Cloning of STEAP, a Prostate-Specific Gene Highly Expressed in Advanced Prostate Cancer. The LAPC-4 xenograft was derived from

STEAP was performed by using the web tools SOSUI at
http:兾兾www.tuat.ac.jp兾⬃mitaku兾adv㛭sosui兾submit.html and
PSORT at http:兾兾psort.nibb.ac.jp:8800兾form.html. Sheep polyclonal antiserum (anti-STEAP) (Capralogics, Hardwick, MA)
was generated toward the amino-terminal peptide WKMKPRRNLEEDDYL, coupled to keyhole limpet hemocyanin, and
affinity-purified by using the peptide coupled to Affi-Gel 10
(Bio-Rad). To express STEAP in NIH 3T3 cells, STEAP cDNA
was cloned into the retroviral vector pSR␣tkneo (15). The
retrovirus was generated in human 293T cells (16) and was used
to infect NIH 3T3 cells, which were selected in G418 for 2 weeks
to generate stable lines. For protein expression in 293T cells,
STEAP was cloned into pcDNA 3.1 Myc-His (Invitrogen).
Transfected cells were cell-surface-labeled with biotin-7-NHS as
described in the Cellular Labeling and Immunoprecipitation Kit
(Roche Molecular Biochemicals). Immunoprecipitation of
STEAP was performed with 10 g of anti-STEAP antibodies,
anti-His antibodies (Santa Cruz Biotechnology), or anti-human
transferrin receptor antibodies. Biotinylated proteins were affinity-purified by using streptavidin gel (Roche Molecular Biochemicals). Western blotting of xenograft and cancer cell line
lysates was performed on 20 g of cell lysate protein. Normalization of extracts was achieved by probing cell extracts with
antibodies to the Grb-2 protein (Transduction Laboratories,
Lexington, KY).
Immunohistochemical analysis of formalin-fixed, paraffinembedded tissues with anti-STEAP polyclonal antibody was
performed on 4-m tissue sections. After steam treatment in
sodium citrate (10 mM, pH 6.0), slides were incubated with 3
g兾ml anti-STEAP antibodies followed by incubation with
biotinylated rabbit anti-sheep IgG. The reactions were visualized
by using avidin-conjugated horseradish peroxidase (Vector Laboratories, Burlingame, CA).
Chromosomal Mapping. Chromosomal localization of STEAP was

determined by using the GeneBridge 4 Human兾Hamster radiation hybrid panel (17). STEAP gene product was amplified by
PCR with the following primers: 5⬘-ACTTTGTTGATGACCAGGATTGGA-3⬘ and 5⬘-CAGAACTTCAGCACACACAGGAAC-3⬘. The resulting mapping vector for the 93-radiation
hybrid panel DNAs was: 210000020110101000100000010111010122100011100111011010100010001000101001021000001111001010000. This vector and the mapping program at http:兾兾
carbon.wi.mit.edu:8000兾cgi-bin兾contig兾rhmapper.plplaced
STEAP on chromosome 7p22.3 telomeric to D7S531.
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Fig. 1. Amino acid sequence of human STEAP. Boxed regions correspond to
the putative membrane-spanning domains. The amino and carboxyl termini
are both predicted to be intracellular. The amino-terminal peptide used for
generating the anti-STEAP antibody is underlined.

a lymph node metastasis of stage D prostate cancer and exhibits
AD and AI sublines (9). In pursuit of genes that are up-regulated
in advanced metastatic prostate cancer, cDNA derived from
BPH tissue was subtracted from cDNA generated from LAPC-4
AD xenograft. BPH is often characterized by a hyperplasia of the
smooth muscle and fibroblast component of prostate tissue,
suggesting that our subtraction strategy may also enrich for
epithelial markers. Extensive expression analysis was performed
on a selected set of gene fragments to look for genes that are
differentially regulated between tester and driver cDNA. One of
the novel gene fragments that was highly expressed in the LAPC
xenografts exhibited an ORF of 145 amino acids containing two
potential transmembrane domains. A full-length cDNA of 1195
bp was isolated from a normal prostate library revealing an ORF
of 339 amino acids with a predicted molecular mass of 40 kDa
and with no significant homology to any known genes (Fig. 1).
Analysis of the ORF predicts that the protein contains six
potential transmembrane domains.
Northern blotting of normal human tissue RNA showed
expression of two transcripts of 1.4 kb and 4.0 kb primarily in
prostate (Fig. 2A, lane 11), with 5- to 10-fold lower levels
detected in colon and liver (Fig. 2 A, lanes 15 and 5, respectively).
The major 1.4-kb transcript was found to encode the mature
protein, whereas the larger transcript was shown to be unprocessed RNA containing an intron of 2399 bp. The prostatespecific expression combined with secondary-structure prediction of six transmembrane domains led us to name this gene
STEAP.
The initial STEAP gene fragment was isolated from LAPC-4
AD. Analysis of the LAPC xenografts and prostate cancer cell
lines demonstrated strong expression in all xenografts and cell
lines analyzed (Fig. 2B). The highest levels were detected in
LNCaP, a cell line derived from a lymph-node metastasis of
prostate cancer (5), and LAPC-9 (Fig. 2B, lane 7), a xenograft
derived from a bone metastasis of prostate cancer (13). No
significant difference in expression was observed between AD
and AI xenograft sublines (Fig. 2B, lanes 3–6). Expression of
STEAP was equally high in LAPC-4 and LAPC-9 xenografts
grown locally in the bone of mice to mimic bone metastasis (data
not shown). To examine whether STEAP expression is androgenregulated, AD LNCaP cells were androgen-deprived for 1 week
and were stimulated with mibolerone (synthetic androgen) for
various time periods. Analysis indicated that STEAP expression
did not vary with androgen deprivation and兾or androgen stimulation (data not shown). In contrast, expression of PSA, an
androgen-regulated gene, correlated with the presence of anHubert et al.

drogen. These data suggest that STEAP is a hormoneindependent, prostate-specific gene that is highly expressed in
advanced prostate cancer.
STEAP Gene Is Expressed in Multiple Cancer Cell Lines. To determine

the expression level of STEAP in other cancers, Northern blot
analysis was performed on an extensive panel of cancer cell lines.
In contrast to the prostate-specific expression detected in normal
tissues, STEAP expression was also seen in several colon,
bladder, ovarian, and pancreatic cancer cell lines, suggesting that
this gene may be generally up-regulated in cancers (Fig. 2).
RD-ES, a Ewing sarcoma-derived cell line, expressed the highest
level of STEAP mRNA in the non-prostate-derived cell lines
(Fig. 2B, lane 25).
To analyze STEAP protein expression, polyclonal antibodies
were raised toward a 15-mer peptide designed from the STEAP
amino terminus (anti-STEAP). Antibody specificity was tested
by using NIH 3T3 cells and NIH 3T3 cells infected with
retroviruses encoding STEAP. Western blot analysis of protein
extracts of infected and uninfected NIH 3T3 cells showed
expression of a protein with an apparent molecular mass of 36
kDa only in STEAP retrovirus-infected cells (Fig. 3). All cell
extracts were normalized by probing the Western blots with
anti-Grb-2-specific antibodies (data not shown).
STEAP protein expression was detected in all the LAPC
xenografts, prostate cancer cell lines, a primary prostate cancer
specimen, and its matched normal prostate control (Fig. 3). The
highest protein expression was found in the LAPC-9 xenograft
and in LNCaP, in good correlation with Northern blot analysis.

Hubert et al.

Among the non-prostate-derived cells, expression was highest in
the bladder carcinoma cell line UM-UC-3. Lower but significant
expression of STEAP was detected in RD-ES cells, despite the
high levels of STEAP message in these cells. Protein expression
was also observed in colon and ovarian cancer cell lines, with no
protein expression detected in pancreatic cancer cells. Interestingly, the prostate cancer cells PC-3 and DU145, which exhibit
significantly lower RNA expression (Fig. 2), display equal or
greater protein expression compared with the colon and pancreatic cancer cell lines (Fig. 3). It seems that protein expression
of STEAP is differentially regulated in nonprostate cell lines as
compared with prostate-derived cell lines and tissues.
STEAP Is Expressed in the Epithelia of Prostate Cancer Specimens.

Western blotting analysis of a matched cancer-normal tissue pair
showed expression of STEAP in both samples (Fig. 3). To
examine the expression of STEAP at the cellular level in prostate
cancer biopsies and surgical samples, tissue sections were prepared for immunohistochemical analysis. As a positive control
for staining, LNCaP cells were fixed, embedded in paraffin, and
stained with anti-STEAP antibodies. Anti-STEAP staining of
LNCaP cells showed strong pericellular staining in all cells (Fig.
4b). The addition of excess STEAP amino-terminal peptide
(peptide 1) was able to competitively inhibit the staining (Fig.
4a), whereas a STEAP peptide (YQQVQQNKEDAWIEH,
peptide 2) designed from a different region of the molecule had
no effect on the staining (Fig. 4b). Similarly strong pericellular
staining is seen in the LAPC-9 (Fig. 4f ) and LAPC-4 xenograft
cells (data not shown). This demonstrates that the staining is
specific and localizes STEAP to the plasma membrane, suggesting that STEAP is expressed at the surface of these cells.
Analysis of 26 clinical specimens of prostate tissue showed
moderate to strong staining in glandular epithelia of all prostate
cancer samples tested and in all samples derived from normal
prostate or benign disease (Table 1). The signal appears to be
strongest at the cell membrane of the epithelial cells, especially
at the cell–cell junctions (Fig. 4 c–e), and is also inhibited with
excess STEAP amino-terminal peptide (data not shown).
STEAP seems to be expressed at all stages of prostate cancer,
because low grades, high grades, and metastatic prostate cancer
(represented by LAPC-9) specimens all exhibit strong staining
(Fig. 4 d–f, respectively).
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Fig. 2. Gene expression of STEAP in tissues and cell lines. (A) Human normal
tissue filters contain 2 g of mRNA per lane. Lanes are: 1, heart; 2, brain; 3,
placenta; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney; 8, pancreas; 9, spleen;
10, thymus; 11, prostate; 12, testis; 13, ovary; 14, small intestine; 15, colon; and
16, peripheral blood leukocytes. (B) Xenograft and cell-line filters were prepared with 10 g of total RNA per lane. Lanes are: 1, primary prostate
epithelial cells; 2, prostate; 3, LAPC-4 AD; 4, LAPC-4 AI; 5, LAPC-9 AD; 6, LAPC-9
AI; 7, LNCaP; 8, PC-3; 9, DU145; 10, PANC-1; 11, BxPC-3; 12, HPAC; 13, Capan-1;
14, CACO-2; 15, LOVO; 16, T84; 17, COLO-205; 18, KCL-22 (acute lymphocytic
leukemia, ALL); 19, HT1197; 20, SCABER; 21, UM-UC-3; 22, TCCSUP; 23, J82; 24,
5637; 25, RD-ES (Ewing sarcoma, EWS); 26, CAMA-1; 27, DU4475; 28, MCF-7; 29,
MDA-MB-435s; 30, NTERA-2; 31, NCCIT; 32, TERA-1; 33, TERA-2; 34, A431; 35,
HeLa; 36, OV-1063; 37, PA-1; 38, SW 626; and 39, CAOV-3. The blots were
probed by using an SSH-derived gene fragment. All RNA samples were normalized by ethidium bromide staining and subsequent analysis with a ␤-actin
probe.

Fig. 3. Analysis of STEAP protein expression in cell lines and tissues. Western
blots of cell lysates were prepared from xenografts, and cell lines were probed
with anti-STEAP antibodies. The samples were normalized with anti-Grb-2
probing of the Western blots (data not shown).

Table 1. Immunohistochemical staining of human tissues with
anti-STEAP antibodies
Staining
intensity

Tissues*

None

Cerebellum, cerebral cortex, spinal cord, heart, skeletal
muscle (2), artery, thymus, spleen (4), bone marrow,
lymph node (3), lung (3), liver (4), ileum, kidney (2),
testis (2), ovary, placenta, breast, adrenal gland (2),
thyroid gland (2), skin (2)
Light
Ureter, bladder cancer, colon (4兾7), colon cancer (4兾7),
cytoplasmic
fallopian tubes (2兾2), pituitary gland, pancreas,
stomach (1兾2), uterus (1兾2)
Moderate to Prostate (6兾6), BPH (5兾5), bladder (2兾5), prostate
cancer† (15兾15)
strong
membrane
*In cases where more than one sample was analyzed per tissue, the number in
parentheses indicate how many samples showed positive staining兾total
analyzed.
†Prostate cancer grades ranged from Gleason grades 3 to 5 (40).

metastatic sites. Therefore, it is possible that the difference in
STEAP expression is related to the stage and grade of the
disease.
STEAP Localizes to the Cell Surface of Cancer Cells. Immunohisto-

Fig. 4. Immunohistochemical analysis of patient samples with anti-STEAP
antibodies. Samples include: LNCaP cells probed in the presence of aminoterminal STEAP peptide 1 (a), LNCaP plus nonspecific peptide 2 (b), normal
prostate tissue (c), grade 3 prostate carcinoma (d), grade 4 prostate carcinoma
(e), LAPC-9 AD xenograft ( f), normal bladder (g), and normal colon (h). (⫻400.)

Immunohistochemical staining of normal nonprostate tissues
showed no detectable STEAP expression in 21 of 30 tissues
(Table 1). Low levels of cell-surface staining were detected in the
transitional epithelium of two of five normal bladder specimens
(Table 1; Fig. 4g). Seven additional normal tissues, ureter,
fallopian tubes, uterus, pituitary, pancreas, stomach, and colon,
showed a diffuse type of light cytoplasmic staining (Table 1). The
staining intensities did not correlate with RNA expression,
because pituitary, pancreas, and stomach, for instance, show
little to no RNA expression for STEAP (Fig. 2 and data not
shown). The staining in these tissues also appeared sporadic,
because not all samples tested exhibited specific staining. This
result is in contrast to the prostate tissues, which consistently
showed very clear membrane-associated staining. These findings
suggest that some nonprostate tissues may express STEAP
protein at low levels in the cytoplasm.
Light, diffuse cytoplasmic staining was also observed for
primary colon and bladder cancer specimens (Table 1), indicating a low level of expression. This finding is in contrast to colon
and bladder cancer cell lines, some of which showed high
expression (see Fig. 3). The primary colon and bladder cancers
came from localized disease and were generally well to moderately differentiated, although the cell lines were derived from
14526 兩 www.pnas.org

chemical analysis and secondary-structure prediction of STEAP
suggest that it localizes to the plasma membrane. To analyze the
subcellular localization of STEAP protein, the full-length cDNA
was cloned into an expression vector that provides a 6-His tag at
the carboxyl terminus. The construct was transfected into 293T
cells, which were analyzed by flow cytometry using anti-His and
anti-STEAP antibodies. Staining of cells was performed on
intact cells as well as permeabilized cells. The results indicated
that only permeabilized cells stained with both antibodies (data
not shown). This result suggested that both termini are localized
intracellularly, raising the possibility that the protein may be
associated with intracellular organelles rather than the plasma
membrane.
To determine whether STEAP protein is indeed expressed at
the cell surface, intact cells were labeled with a water-soluble
biotinylation reagent that is excluded from live cells. STEAP was
immunoprecipitated from cell extracts by using anti-His and
anti-STEAP antibodies. Simian virus 40 large T antigen, an
intracellular protein that is expressed at high levels in 293T cells,
and the endogenous cell-surface transferrin receptor were immunoprecipitated as controls. After immunoprecipitation, the
proteins were transferred to a membrane and visualized with
horseradish peroxidase-conjugated streptavidin. The results
demonstrate that the transferrin receptor and STEAP were
labeled with biotin, whereas the large T antigen was not measurably
labeled (Fig. 5). Because only cell-surface proteins are labeled with
this technique, we can conclude that STEAP is a cell-surface
marker with intracellular amino and carboxyl termini.
To examine cell-surface expression in prostate, bladder, and
colon cancer cells, biotinylated cell-surface proteins were affinity-purified with streptavidin-Sepharose and probed with antiSTEAP antibodies. Western blotting of streptavidin-purified
proteins clearly shows cell-surface biotinylation of endogenous
STEAP in all prostate, bladder, and colon cancer cells tested,
and in NIH 3T3 cells infected with a STEAP-encoding retrovirus, but not in nonexpressing NIH 3T3 cells (Fig. 5). In additional
controls, STEAP protein was not detected in streptavidin precipitates from nonbiotinylated STEAP-expressing cells (Fig. 5).
Our data combined with sequence analysis led us to predict
STEAP to be a type IIIa membrane protein with a molecular
topology of six potential transmembrane domains, three extraHubert et al.

cellular loops, two intracellular loops, and two intracellular
termini.
Localization of STEAP Gene to the Telomeric Region of Chromosome
7. To investigate possible mechanisms of STEAP up-regulation in

cancer, chromosomal mapping was performed by using radiation
hybrid analysis. STEAP localized to chromosome 7p22.3, a
region close to the telomere. This region is within a large region
of allelic gain reported for both primary and recurrent prostate
cancer (18, 19). However, Southern blot analysis of genomic
DNA derived from the xenografts, LNCaP, PC-3, and DU145,
and normal human cells showed no evidence of amplification or
rearrangement of STEAP (data not shown).
Discussion
Our objective was to identify novel markers and therapeutic
targets for prostate cancer by using advanced metastatic cancer
as a source of genetic material. The LAPC xenografts represent
a unique source of tissue, because they were derived from
metastatic disease and recapitulate different stages of prostate
cancer. The LAPC-4 xenograft was derived from a lymph-node
metastasis of prostate cancer (9), whereas the LAPC-9 xenograft
was derived from a bone metastasis (13). Our strategy led to the
identification of STEAP, which was chosen for further study
because of its singularity, strong expression in prostate cancer
specimens, restricted expression pattern in normal tissues, and
cell-surface localization.
STEAP shows no homology to any known proteins, but
biochemical analysis and secondary-structure prediction suggest
that it is a cell-surface molecule with six transmembrane domains. Cell-surface molecules that contain six transmembrane
domains are often ion channels (20) or water channels (aquaHubert et al.
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Fig. 5. Cell-surface biotinylation of STEAP in transfected cells and in cancer
cell lines. (A) Cell-surface biotinylation of 293T cells transfected with vector
alone or with vector containing cDNA encoding 6-His-tagged STEAP. Cell
lysates were immunoprecipitated with specific antibodies, transferred to a
membrane, and probed with horseradish peroxidase-conjugated streptavidin. Lanes 1– 4 and 6 correspond to immunoprecipitates from lysates prepared
from STEAP-expressing 293T cells. Lanes 5 and 7 are immunoprecipitates from
vector-transfected cells. The immunoprecipitations were performed using the
following antibodies: 1, sheep nonimmune; 2, anti-Large T antigen; 3, antiCD71 (transferrin receptor); 4, anti-His; 5, anti-His; 6, anti-STEAP; and 7,
anti-STEAP. (B) Prostate cancer (LNCaP, DU145, PC-3), bladder cancer (UMUC-3, TCCSUP), and colon cancer (LOVO, COLO) cell lines were either biotinylated (⫹) or not (⫺) before lysis. Western blots of streptavidin-purified
proteins were probed with anti-STEAP antibodies. Molecular mass markers are
indicated in kDa.

porins) (21). Structural studies show that both types of molecules
assemble into tetrameric complexes to form functional channels
(22–24). Immunohistochemical staining of STEAP in the prostate gland seems to be concentrated at the cell–cell boundaries,
with less staining detected at the luminal side of the epithelia. It
seems possible that STEAP may perform a function as a channel
in tight junctions, in gap junctions, or in cell adhesion. Ion
channels have been implicated in the proliferation and invasiveness of prostate cancer cells (25). Both rat and human prostate
cancer cells have been shown to contain subpopulations of cells
with higher expression levels of sodium channels and a more
invasive phenotype in vitro (26). The specific blockade of sodium
channels inhibited the invasiveness of PC-3 cells in vitro (27),
whereas the inhibition of potassium channels in LNCaP cells
decreased cell proliferation (28). Although the function of
STEAP remains to be determined, its expression pattern in
advanced metastatic disease and its structural prediction as a
potential channel or transporter protein support STEAP as a
potential drug target in cancer therapy.
STEAP is localized to the cell surface in prostate cancer,
making it also a potential target for monoclonal antibodymediated therapy and diagnosis. Antibody-mediated therapies
toward cell-surface antigens such as CD20 and HER2兾neu are
being used as treatments for non-Hodgkin’s lymphoma (29, 30)
and metastatic breast cancer (31), respectively. Antigens suitable
for antibody-mediated therapy should be highly expressed in
cancer tissue, and ideally expressed only in normal tissues that
are dispensable for life. STEAP meets these criteria, as it is
strongly expressed in prostate cancer, whereas cell-surface expression in normal tissues is restricted to the prostate, a dispensable organ, and the bladder, a tissue with high regenerative
capacity.
STEAP belongs to a small ‘‘family’’ of cell-surface antigens
that are expressed in prostate cancer and are thought to be
potential targets for antibody-mediated therapy and diagnosis.
These include PSM (10), PCTA-1 (11), and PSCA (12). PSM, a
type II transmembrane protein with hydrolase activity and 85%
identity to a rat neuropeptidase (32, 33), is also expressed in the
small intestine and the brain (34) and may have a potential role
in neuropeptide catabolism in the brain (32). Anti-PSM antibodies are currently used to detect metastatic disease as the
Prostascint scan (35) and are being evaluated for prostate cancer
treatment (36–38). However, in a study looking at bone metastasis of prostate cancer, only 8 of 18 specimens expressed PSM,
indicating that other prostate-specific cell-surface markers may
be needed to manage metastatic disease (39). PCTA-1, a galectin
that is highly expressed in prostate cancer, is largely secreted into
the media of expressing cells and may be more promising as a
diagnostic serum marker for prostate cancer (11). PSCA, a
member of the Thy-1兾Ly-6 family of glycosylphosphatidylinositol-anchored cell-surface antigens, is unique in that it is expressed primarily in basal cells of normal prostate tissue, suggesting that it is a potential stem-cell marker (12). PSCA
expression is up-regulated in cancer epithelia and is detected in
80% of prostate cancer cases analyzed (12).
STEAP is unique among this group of cell-surface antigens
because of its secondary-structure prediction as a potential
channel or transport protein. STEAP is highly expressed at all
stages of prostate cancer and does not seem to be modulated by
hormones, a property that is beneficial when managing hormone-refractory prostate cancer or during anti-androgen therapy for advanced metastatic disease. STEAP is also expressed in
multiple cancers while showing restricted expression in normal
human tissues. Combined, these features suggest that STEAP is
a suitable target for a variety of clinical applications that include
antibody therapy, cancer-vaccine therapy, small-molecule therapy, and diagnostic imaging.
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