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A promising avenue toward the development of more se-
lective anticancer drugs consists in the targeted delivery
of bioactive molecules to the tumor environment by
means of binding molecules specific to tumor-associated
markers. We have used a chemical proteomics approach
based on the ex vivo perfusion and biotinylation of acces-
sible structures within surgically resected human kidneys
with tumor to gain information about accessible and
abundant antigens that are overexpressed in human can-
cer. This procedure led to the selective labeling with biotin
of vascular structures. Biotinylated proteins were purified
on streptavidin resin and identified using mass spectro-
metric methodologies, revealing 637 proteins, 184 of
which were only found in tumor specimens and 223 of
which were only found in portions of normal kidneys.
Immunohistochemical and PCR analysis confirmed that
several of the putative cancer antigens identified in this
study are indeed preferentially expressed in tumors. In
conclusion, we have developed a methodology that al-
lows the identification of accessible biomarkers in human
tissues. The tumor-associated antigens identified in this
study may be suitable targets for antibody-based antican-
cer therapies. The experimental approach described here
should be applicable to other surgical specimens and to
other pathologies as well as to the study of basic physi-
ological and immunological processes. Molecular &
Cellular Proteomics 5:2083–2091, 2006.

A promising avenue toward the development of more selec-
tive, better anticancer drugs consists in the targeted delivery of
bioactive molecules (e.g. cytokines, radionuclides, antibody
constant regions, drugs, photosensitizers, procoagulant fac-
tors, etc.) to the tumor environment by means of binding mol-
ecules (such as recombinant human antibodies and their frag-
ments) specific to tumor-associated markers (1–4). This
strategy crucially relies on the availability of good quality tumor
antigens and suitable high affinity ligands (e.g. human mono-
clonal antibodies). Target proteins located around tumor blood

vessels and in the stroma are particularly suited for targeted
anticancer strategies in view of their accessibility for intrave-
nously administered biopharmaceuticals (5). Recent strategies
for the identification of tumor-associated endothelial markers
include global profiling of gene transcripts (6), bioinformatics
analysis of expressed sequence tags (7), in vivo peptide phage
biopanning (8, 9) and the silica bead-based stripping of mem-
brane proteins followed by proteomics analysis (10).

Chemical proteomics, i.e. the use of chemical modification
of proteins for sampling of subproteomes, has been used for
the reduction of sample complexity prior to mass spectromet-
ric identification (11) and for activity-based protein profiling
(12). In principle, chemical modification strategies could also
be applied to identify markers of pathology that are accessible
from the bloodstream and thus ideally suited for ligand-based
biomedical strategies. We have recently described a method
for the identification of accessible antigens in murine organs
and tumors based on the terminal perfusion of tumor-bearing
mice with reactive ester derivatives of biotin (13). This meth-
odology allows the efficient biotinylation of accessible pro-
teins on the membrane of endothelial cells and other struc-
tures (e.g. extracellular matrix components) that are readily
accessible from the bloodstream. The purification of biotiny-
lated proteins from organ lysates on streptavidin resin fol-
lowed by a comparative proteomics analysis based on mass
spectrometry permitted the identification of hundreds of ac-
cessible proteins, some of which were found to be differen-
tially expressed in organs and in tumors. The identification of
human tumor markers is of fundamental importance for the
treatment of cancer patients. For this reason we have now
developed a procedure that allows the biotinylation of acces-
sible antigens in human surgical specimens.

EXPERIMENTAL PROCEDURES

Patients—This study was started upon approval by the ethical
committee of the University Hospital of Liège (Belgium). Criteria
adopted for patient selection were as follows: 1) diagnosis of a tumor
highly compatible with a clear cell carcinoma of the kidney as as-
sessed by routine ultrasound and abdomen computed tomography
scan, 2) a therapeutic indication for a total nephrectomy, and 3) a
tumor size and localization that allowed healthy portions of the kidney
to be to clearly distinguished to be used as normal controls. Immu-
nohistochemical procedures compatible with the detection of specific
proteins without biotin interference were adopted for the diagnostic
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histopathological analysis. Patient’s informed consent was obtained,
and serology for negativity to human immunodeficiency virus and
hepatitis A, B, and C was performed. For specific information about
the patients see Supplemental Table 1.

Ex Vivo Vascular Perfusion—Surgery was performed according to a
standard procedure, which includes the ligation and section of renal
artery, vein, and ureter and subsequent nephrectomy. The renal artery
carried a longer suture for immediate identification in the perfusion
step. Within 2 min after nephrectomy, the renal artery was cannulated,
the renal vein was opened (by removing the suture) to allow outflow of
the perfusate, and perfusion via the renal artery was started. Kidneys
were first perfused for 7–9 min with 500 ml of a 1 mg/ml solution of
sulfo-NHS-LC-biotin (NHS is N-hydroxysuccinimide) in PBS, washing
away blood components and labeling accessible primary amine-
containing structures with biotin. Immediately afterward, a second
perfusion step with 450 ml of PBS containing a 50 mM solution of the
primary amine Tris was performed for 8–9 min to quench unreacted
biotinylation reagent. All perfusion solutions contained 10% dextran
40 as a plasma expander and were prewarmed to 40 °C. Both per-
fusion steps were performed with a pressure of 100–150 mm Hg.
Successful perfusion was indicated by the wash out of blood during
the first minutes of perfusion and subsequent flow of clear perfusate
out of the renal vein. After perfusion, the organs were washed with 50
mM Tris in PBS, dried, rubbed with black ink to allow the later
pathologic investigation of surgical margins, and cut in half along the
sagittal axis. Successful perfusion resulted in a whitish color of the
tissue. Specimens from the tumor and from the normal kidney tissue
(unaffected by the tumor) were excised (from well perfused, whitish
parts) and immediately snap-frozen for proteomics and histochemical
analyses or paraformaldehyde-fixed and paraffin-embedded for his-
tochemical analyses. As negative controls, unperfused organs after
nephrectomy were cut in half, and specimens were taken as de-
scribed above from the tumor and from normal kidney tissue. For
specific information about the examined organs see Supplemental
Table 1.

Histochemical Staining of Tissue Sections with Avidin-Biotinylated
Peroxidase Complex—Sections from paraformaldehyde-fixed, paraf-
fin-embedded tissue specimens were stained with avidin-biotin-per-
oxidase complex using the Vectastain Elite ABC kit (Vector Labora-
tories, Burlingame, CA).

Preparation of Protein Extracts for Proteomics Analysis—Speci-
mens were resuspended in lysis buffer (2% SDS, 50 mM Tris, 10 mM

EDTA, Complete EDTA-free protease inhibitor cocktail (Roche Diag-
nostics) in PBS, pH 7.4) at 40 �l/mg of tissue and homogenized using
an Ultra-Turrax T8 disperser (IKA-Werke, Staufen, Germany). Homo-
genates were sonicated using a Vibra-Cell (Sonics, New Town, CT)
followed by 15-min incubation at 99 °C and 20-min centrifugation at
15,000 � g. The supernatant was used as total protein extract.
Protein concentration was determined using the BCA protein assay
reagent kit (Pierce).

Purification of Biotinylated Proteins—For each sample, 960 �l of
streptavidin-Sepharose (Amersham Biosciences) slurry were washed
three times in buffer A (1% Nonidet P-40, 0.1% SDS in PBS), pelleted,
and mixed with 15 mg of total protein extract. Capture of biotinylated
proteins was allowed to proceed for 2 h at room temperature in a
revolving mixer. The supernatant was removed, and the resin was
washed three times with buffer A, two times with buffer B (0.1%
Nonidet P-40, 1 M NaCl in PBS), and once with 50 mM ammonium
bicarbonate. Finally the resin was resuspended in 400 �l of a 50 mM

solution of ammonium bicarbonate, and 20 �l of sequencing grade
modified porcine trypsin (stock solution of 40 ng/�l in 50 mM ammo-
nium bicarbonate) (Promega, Madison, WI) were added. Protease
digestion was carried out overnight at 37 °C under constant agitation.
Peptides were desalted, purified, and concentrated with C18 micro-

columns (ZipTip C18, Millipore, Billerica, MA). After lyophilization pep-
tides were stored at �20 °C.

Nanocapillary HPLC with Automated On-line Fraction Spotting
onto MALDI Target Plates—Tryptic peptides were separated by re-
verse phase HPLC using an UltiMate nanoscale LC system and a
FAMOS microautosampler (LC Packings, Amsterdam, The Nether-
lands) controlled by Chromeleon software (Dionex, Sunnyvale, CA).
Mobile phase A consisted of 2% acetonitrile and 0.1% TFA in water;
mobile phase B was 80% acetonitrile and 0.1% TFA in water. The
flow rate was 300 nl/min. Lyophilized peptides derived from the
digestion of biotinylated proteins affinity-purified from 1.5 mg of total
protein were dissolved in 5 �l of buffer A and loaded on the column
(inner diameter, 75 �m; length, 15 cm; filled with C18 PepMap 100;
3-�m, 100-Å beads; LC Packings). The peptides were eluted with a
gradient of 0–30% B for 7 min, 30–80% B for 67 min, 80–100% B for
3 min, and 100% B for 5 min; the column was equilibrated with 100%
A for 20 min before analyzing the next sample. Eluting fractions were
mixed with a solution of 3 mg/ml �-cyano-4-hydroxycinnamic acid,
277 pmol/ml neurotensin (internal standard), 0.1% TFA, and 70%
acetonitrile in water and deposed on a 192-well MALDI target plate
using an on-line Probot system (Dionex). The flow of the MALDI matrix
solution was set to 1.083 �l/min. Thus, each fraction collected during
20 s contained 361 nl of MALDI matrix solution and 100 nl of sample.
The end concentration of neurotensin was 100 fmol/well.

MALDI-TOF/TOF Mass Spectrometry—MALDI-TOF/TOF mass
spectrometric analysis was carried out with the 4700 Proteomics
Analyzer (Applied Biosystems, Framingham, MA). For precursor ion
selection, all fractions were measured in MS mode before MS/MS
was performed. A maximum of 15 precursors per sample spot were
selected for subsequent fragmentation by collision-induced dissoci-
ation. Spectra were processed and analyzed by the Global Protein
Server Workstation (Applied Biosystems), which uses internal MAS-
COT (Matrix Science, London, UK) software for matching MS and
MS/MS data against databases of in silico digested proteins. The
data obtained were screened against a human database downloaded
from the National Center for Biotechnology Information (NCBI) (ww-
w.ncbi.nlm.nih.gov/). Protein identifications, performed by means of
the MASCOT software, were considered to be correct calls within the
95% confidence interval for the best peptide ion. Selected hits within
the confidence interval between 90 and 95% were verified by manual
inspection of the spectra.

Antibodies—The immunoaffinity-purified rabbit polyclonal anti-
periostin antibody was purchased from Biovendor (Heidelberg,
Germany), and the monoclonal anti-versican antibody (clone 12C5)
was from the Developmental Studies Hybridoma Bank (University of
Iowa, Ames, IA).

Antibodies in the single chain Fv format against recombinant frag-
ments of melanoma-associated antigen MG50 and of annexin A4
were selected from the ETH-2-Gold phage display library according
to the procedure reported in Ref. 14. As antigens for the biopanning
experiments, recombinant protein domains corresponding to se-
quences 539–632 of melanoma-associated antigen MG50 and 1–318
of annexin A4 were used. These proteins were expressed in Esche-
richia coli using the pQE12 vector (Qiagen, Hilden, Germany). The
corresponding gene segments were PCR-amplified using primers
5�-ACTGGATCCAGAGTCACCCCAGTGTTTG-3� and 5�-ACTGGATC-
CGTCAGGAACGTTCACACTGAG-3� for melanoma-associated anti-
gen MG50 and 5�-ATCGGATCCATGGCAACCAAAGGAGGTACTGT-
CAAA-3� and 5�-TAATTAAGCTTAGTGATGGTGATGGTGATGATCAT-
CTCCTCCACAGGAACAAGCAG-3� for annexin A4 and cloned into
the BamHI and BamHI/HindIII sites of pQE12, respectively. Proteins
were purified from E. coli lysates using nickel-nitrilotriacetic acid col-
umns (Qiagen).

Immunohistochemical Staining—Anti-periostin and anti-versican
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antibodies were used in a dilution of 1:500 to stain sections from
paraformaldehyde-fixed, paraffin-embedded tissue specimens and
were detected by the immunoperoxidase technique (Vectastain Elite
ABC kit, Vector Laboratories) according to standard procedures.
Immunohistochemical staining using single chain Fv preparations on
sections of freshly frozen tissue samples was performed as described
in Refs. 14 and 15 using the alkaline phosphatase/Fast Red TR
detection system and counterstaining with hematoxylin.

PCR Analysis—A human kidney tumor cDNA panel containing
cDNAs from clear cell carcinoma, granular cell carcinoma, transitional
cell carcinoma, normal adult, and fetal kidney was purchased from
BioChain (Hayward, CA). PCR was performed using the Hot Start Taq
polymerase kit (Qiagen). PCR conditions were as follows: denatur-
ation at 95 °C for 15 min followed by 35 cycles of denaturation at
94 °C for 1 min, annealing at 54 °C for 1 min, and elongation at 72 °C
for 1 min. A final step of elongation at 72 °C for 10 min was performed.
Primer sequences are available upon request. The products of the
PCR were analyzed by 2% agarose gel electrophoresis, stained by
ethidium bromide, and imaged using the BioDoc-It imaging system
(UVP, Upland, CA).

RESULTS

Ex Vivo Biotinylation of Surgically Resected Kidneys—Three
kidneys were surgically resected from patients with renal cell
carcinoma (for detailed information about the patients see
Supplemental Table 1). Immediately after nephrectomy, the
organs were perfused ex vivo according to the scheme pro-
vided in Fig. 1A. Perfusion with biotinylation reagent lasted
7–9 min and was followed by an additional perfusion step
with a primary amine-containing solution (Tris) to quench
excessive, unreacted biotinylation reagent. The procedure
allowed efficient and selective labeling of vascular struc-
tures in the tumor portions (Fig. 1C), whereas both vascular
and tubular structures were labeled in the normal kidney
portions (Fig. 1D).

Proteomics Analysis of Biotinylated Specimens—After ex
vivo biotinylation, multiple specimens were excised from var-
ious areas of the normal kidney portion and the tumor of each
organ and analyzed independently. Samples were homoge-

nized in the presence of SDS and loaded onto streptavidin
resin, thus enriching for biotinylated proteins. A subsequent
proteolytic digestion followed by nanocapillary HPLC peptide
separation and MALDI-TOF/TOF mass spectrometric analysis
permitted the identification of 637 proteins cumulated in all
specimens (a complete list of proteins identified in all 38
specimens from the three biotinylated organs and in addi-
tional control samples from two unperfused organs is pro-
vided in Supplemental Table 2).

Table I shows a selection of proteins that were identified
either only in normal kidney portions, only in tumor speci-
mens, or in both. As expected, abundant proteins observed in
both normal and neoplastic specimens included components
of the extracellular matrix such as collagens, laminin, perle-
can, lumican, vitronectin, fibronectin, and tenascin. Proteins
found exclusively in the normal kidney portions included the
kidney-specific cadherin 16, several transporters, apolipopro-
tein E, and uromodulin. A number of proteins were found
exclusively in the tumor specimens.

Target Validation—Because the detection of a protein in the
tumor specimens might, in principle, reflect not only a prefer-
ential pattern of expression but also a differential accessibility
to the biotinylation reagent, we further studied selected pro-
tein candidates both by immunohistochemistry and by PCR
analysis of cDNA libraries.

Some of the putative tumor-associated antigens were
found to be present in cDNA libraries of both tumor and
normal kidney (Fig. 2), including fibulins, tumor suppressor
candidate 3 (N33 protein), and the hypothetical protein
DKFZp686K0275. By contrast, a number of interesting mark-
ers yielded substantially stronger PCR bands in fetal and
tumor specimens, including periostin, versican, carbonic an-
hydrase IX, TEM-4, melanoma-associated antigen MG50, in-
tegrin �1, thrombospondin 2, putative G-protein-coupled re-
ceptor 42, aggrecan, probable G-protein-coupled receptor

FIG. 1. Ex vivo biotinylation of human
tumor-bearing kidneys. A, schematic rep-
resentation of the ex vivo kidney perfusion
procedure. Within 2 min after nephrectomy,
the tumor-bearing kidney is perfused with a
reactive ester derivative of biotin, thus
washing away blood components and bi-
otinylating accessible proteins. Biotinylated
tissue specimens can be cut and pro-
cessed separately for the purification of bio-
tinylated proteins, yielding tryptic peptides
that are separated by nano-HPLC and
MALDI-TOF/TOF mass spectrometry. B,
tumor-bearing kidney, cut in half, after ex
vivo perfusion. Biotinylated structures in
tissue sections were detected in the tumor
portion (C) and in the normal kidney portion
(D) using avidin-horseradish peroxidase-
based staining protocols. Vascular struc-
tures are preferentially biotinylated in the
neoplastic mass. Scale bars, 100 �m.
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TABLE I
Selection of putative membrane proteins and extracellular matrix proteins identified

Numbers indicate in how many of the three patients, whose kidneys were biotinylated ex vivo, the protein was identified in specimens from
the normal kidney portion or the tumor, respectively. For a description of the patients see Supplemental Table 1. A complete list of proteins
identified in all 38 specimens from the three biotinylated organs and in additional control samples from two unperfused organs is provided in
Supplemental Table 2.

Accession no. Protein name
No. of patients (total � 3)

Normal kidney Tumor

P02452 Collagen �1(I) chain 3 3
P02461 Collagen �1(III) chain 3 3
P12109 Collagen �1(VI) chain 3 3
P12111 Collagen �3(VI) chain 3 3
P55268 Laminin �-2 chain 3 3
P98160 Perlecan 3 3
P12110 Collagen �2(VI) chain 3 2
Q5VZA9 Collagen, type IV, �2 3 2
P04004 Vitronectin 3 2
P21810 Biglycan 2 3
P51884 Lumican 2 3
Q8IV28 Nidogen-2 2 3
P51888 Prolargin 2 3
P24821 Tenascin 2 3
P07996 Thrombospondin 1 2 3
P02751 Fibronectin 1 3
P02649 Apolipoprotein E 3 0
Q7RTX0 Taste receptor type 1 member 3 3 0
Q9Y6C2 EMILIN-1 2 0
O75309 Kidney-specific cadherin 2 0
Q9H262 Sodium bicarbonate cotransporter 2 0
P05026 Sodium/potassium-transporting ATPase �-1 chain 2 0
Q5VUJ0 Tubulointerstitial nephritis antigen 2 0
P07911 Uromodulin 2 0
P50993 Sodium/potassium-transporting ATPase �-2 chain 1 0
Q15063 Periostin 0 3
P16112 Aggrecan core protein 0 2
Q9NS88 �1A voltage-dependent calcium channel 0 2
P09525 Annexin A4 0 2
Q16790 Carbonic anhydrase IX 0 2
O14638 Ectonucleotide pyrophosphatase/phosphodiesterase 3 0 2
Q8N5L1 EMILIN-2 0 2
P35556 Fibrillin-2 0 2
Q12805 Fibulin-3 0 2
Q8IYD2 FLJ10748 protein 0 2
P56199 Integrin �1 0 2
Q9NPH3 Interleukin-1 receptor accessory protein 0 2
Q5SZG8 Laminin, �4 0 2
P21980 Protein-glutamine �-glutamyltransferase 0 2
Q8TDU0 Putative G-protein-coupled receptor 0 2
O15529 Putative G-protein-coupled receptor 42 0 2
P11166 Solute carrier family 2, facilitated glucose transporter, member 1 0 2
Q96PE2 Tumor endothelial marker 4 0 2
P13611 Versican core protein 0 2
Q8IV47 Fibromodulin 0 1
Q8IUI0 Fibulin-2 0 1
Q86TV4 Similar to fibulin-5 0 1
Q7Z3A1 Hypothetical protein DKFZp686K0275 0 1
Q8N4L2 Hypothetical protein TMEM55A 0 1
Q6IN99 IGLC2 protein 0 1
Q96T75 Malignant melanoma-associated protein 1 0 1
Q92626 Melanoma-associated antigen MG50 0 1
P43146 Netrin receptor DCC 0 1
Q86X47 Neural cell adhesion molecule 1 0 1
Q5DID0 Olfactorin long isoform 0 1
O15354 Probable G-protein-coupled receptor 37 0 1
Q8IZF5 Probable G-protein-coupled receptor 113 0 1
Q96GP6 Scavenger receptor class F member 2 0 1
Q8TEN9 Sidekick homolog 1 0 1
Q9UGT4 Sushi domain-containing 2 0 1
Q5RI52 Thrombospondin 2 0 1
Q13454 Tumor suppressor candidate 3 0 1
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37, fibromodulin, solute carrier family 2 member 1, and
FLJ00154 (Fig. 2).

Periostin was the most abundant tumor-associated antigen
in our analysis (Table I). The existence of five different splice
isoforms of periostin in humans has been reported (16), but
sequences of only three isoforms have been published
(Swiss-Prot/TrEMBL and NCBI protein databases). We iden-
tified six isoform sequences in the PCR analysis of cDNA
libraries with different relative abundance in normal, fetal, and
tumor kidneys (Fig. 2; see also Supplemental Figs. 1 and 2).
An immunohistochemical analysis of normal kidney and clear
cell carcinoma specimens exhibited low background staining
in the normal kidney samples but revealed a striking overex-
pression of periostin in eight of eight tumors investigated with

FIG. 3. Target validation by immunohistochemistry. Immunohis-
tochemical analysis of normal kidney and tumor sections (formalde-
hyde-fixed, paraffin-embedded) with antibodies specific to periostin
(A) and versican (B) is shown. Staining with anti-periostin antibody
exhibited low background staining in the normal kidney samples but
revealed a strong overexpression in tumor specimens. Versican was
strongly overexpressed in tumor samples but did not stain normal
kidneys and other normal tissues. Staining reactions were absent in
negative control experiments where the primary antibodies were
omitted. Scale bars, 100 �m.

FIG. 2. Target validation by semiquantitative PCR analysis of
cDNA libraries. �, unlike other proteins, confidence of the assign-
ment of CEACAM3 with the MASCOT software was below 95% for
the best peptide ion and is not unambiguous even after visual inspec-
tion of the MS-MS spectra.
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a prominent vascular and stromal pattern of staining (Figs. 3A
and 4A). Similarly, versican was found to be more abundant in
fetal and tumor specimens both by PCR (Fig. 2) and by
immunohistochemical analysis. Versican was strongly over-
expressed in six of eight tumors but did not stain normal
kidneys and other normal tissues (see Figs. 3B and 4B). A
tissue microarray analysis of 50 kidney tumors and 23 normal
kidney specimens confirmed the preferential expression of
these antigens in kidney cancer (data not shown).

For most proteins identified in our proteomics analysis,
monoclonal antibodies were not commercially available. We
produced human monoclonal antibodies to melanoma-asso-
ciated antigen MG50 and annexin A4 using antibody phage
technology (14, 17) with recombinant protein preparations of
these antigens. Although the annexin A4 antibody exhibited a
diffuse staining pattern not only on vascular structures but
also on cancer cells, the MG50-specific antibody preferen-
tially stained vascular structures in cryostat sections of renal
cell carcinomas (Fig. 5).

DISCUSSION

Cancer chemotherapy relies on the expectation that anti-
cancer drugs will preferentially kill rapidly dividing tumor cells
rather than normal cells. Because a large portion of the tumor
cells has to be killed to obtain and maintain a complete
remission, large doses of drugs are typically used, resulting in
significant toxicity toward proliferating non-malignant cells.
Indeed, the majority of pharmacological approaches for the
treatment of solid tumors suffers from poor selectivity, which
imposes limits on dose escalation (i.e. the doses of drug that
are required to kill tumor cells cause unacceptable toxicity to
normal tissue). A number of antibody-based fusion proteins
are currently in clinical development, including the human
antibody L19, which is specific to the extra domain B of

FIG. 4. Immunohistochemical detection of identified targets in
several patients with renal clear cell carcinoma. Immunohisto-
chemical staining revealed a strong overexpression of periostin (A) in
eight of eight tumors investigated and of versican (B) in six of eight
tumors. Scale bars, 100 �m in A and 25 �m in B.

FIG. 5. Different localization of identified antigens within the
tumor tissue. Immunohistochemical staining of acetone-fixed tissue
sections from freshly frozen kidney tumor specimens revealed a
vascular and stromal pattern of staining for melanoma-associated
antigen MG50 and a more diffuse staining of cancer cells for annexin
A4 (ANX4). Scale bars, 100 �m.
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fibronectin (a marker of angiogenesis) (18–20). L19 is being
tested in patients with cancer both as radioconjugate with
iodine-131 (21, 22) and as a recombinant fusion protein with
human interleukin-2 (23–25). The discovery of novel accessi-
ble and abundant tumor-associated antigens, such as those
identified in this study, will facilitate the development of more
selective anticancer agents based on the targeted delivery of
bioactive molecules to the tumor environment. Furthermore
antigens expressed in accessible structures are more likely to
be released in circulation upon tissue remodeling and may be
detected in the serum (26) or urine of patients with kidney
cancer (e.g. for periostin, elevated serum levels in cancer
patients have been reported (27)).

Using the ex vivo perfusion of surgically resected human
kidneys with clear cell carcinoma with an active ester deriva-
tive of biotin we were able to identify an unprecedented
number of kidney tumor markers. Biotinylated, accessible
proteins, mainly lining vascular structures in the normal kidney
and in the solid tumor mass, were purified on streptavidin
resin and identified using nano-HPLC and MALDI-TOF/TOF
methodologies, revealing 637 proteins, 184 of which were
only found in tumor specimens. Our methodology opens the
possibility to study human surgical specimens, leading to the
identification of marker proteins that are overexpressed
around vascular structures. Such antigens accessible from
the vasculature are likely to be suitable targets for ligand-
based tumor targeting applications.

Indeed, some of the proteins only found in the tumor in this
study had previously been reported to be overexpressed in
certain neoplastic structures (e.g. carbonic anhydrase IX (28),
TEM-4 (6), melanoma-associated antigen MG50 (29), malig-
nant melanoma-associated protein 1 (30), integrin �1 (31, 32),
and ectonucleotide pyrophosphatase/phosphodiesterase 3
(33)). However, the majority of the tumor antigens identified in
our analysis represent novel tumor target candidates. Only a
small portion (e.g. netrin receptor DCC, solute carrier family 2
member 1, and neural cell adhesion molecule 1) have so far
been reported in the “Human Protein Atlas,” a genome-wide
initiative for the characterization of protein expression pat-
terns in normal tissues and cancer (34).

The protein most abundantly identified exclusively in the
tumor was periostin. Periostin represents a particularly inter-
esting marker having been found previously to be up-regu-
lated in epithelial ovarian tumors (35), in breast cancer (36), at
the periphery of lung carcinomas (37), and in colorectal can-
cers and their liver metastases (38). The immunohistochemi-
cal analysis with anti-periostin antibody demonstrates that
periostin was indeed highly overexpressed in the tumor
stroma of renal clear cell carcinoma compared with normal
kidney tissue. Thus, periostin is likely to be a useful target for
ligand-based tumor targeting strategies. Additionally our PCR
data suggest that certain periostin splice variants might rep-
resent even more specifically expressed tumor targets.

Another promising target candidate we identified and fur-

ther validated is versican. Up-regulation of versican protein
expression has been reported previously in human pharyn-
geal squamous cell carcinoma (39), ovarian cancer (40), and
node-negative breast cancer (41) and was related to higher
tumor recurrence rate and more advanced disease in non-
small cell lung cancer (42). In a recent proteomics approach,
versican was found to be released by pancreatic cancer cells
(43). Our analysis for the first time demonstrates overexpres-
sion of versican in kidney cancer and suggests versican to be
an accessible target for ligand-based therapy and imaging.

Interestingly our method was capable of identifying differ-
ent classes of targets for ligand-based targeting of tumors.
Although periostin and versican exhibited a stromal expres-
sion profile, melanoma-associated antigen MG50 was found
to be located around tumor blood vessels, and annexin A4
was found to be on the tumor cells. Until recently, most
targeting approaches relied on targets expressed directly on
the surface of the cancer cells (see e.g. Ref. 44) to bring toxic
payloads in a close proximity to kill the tumor cells. Our group
has mainly focused its research activity on vascular and stro-
mal tumor antigens (such as oncofetal isoforms of fibronectin
(5, 45) and oncofetal isoforms of tenascin C (14, 15, 46))
because of the accessibility, specificity, stability, and abun-
dance of many antigens belonging to this class.

Among the 637 proteins identified in this analysis, �20%
corresponded to intracellular proteins (see Supplemental Ta-
ble 2). Although some more abundant intracellular proteins
(e.g. actin, tubulin, keratin, and histones) could be recovered
either by stickiness to the streptavidin resin or by biotinylating
necrotic structures ex vivo, some intracellular proteins have
been reported to become accessible on the surface of prolif-
erating endothelial cells (10, 47).

It will take generation of monoclonal antibodies, careful
immunofluorescence analysis, and biodistribution studies in
appropriate animal tumor models to reveal the real potential of
more of the 184 putative tumor-associated antigens identified
in this study (see Supplemental Table 2). Interestingly �20%
of these antigens are hypothetical proteins that are mostly
completely uncharacterized. The work presented here with
the human antibodies specific to melanoma-associated anti-
gen MG50 and annexin A4 indicates that antibody phage
technology may represent an ideal avenue for complementing
the high throughput information arising from ex vivo proteom-
ics investigations (14, 17, 48). Finally, it is worth mentioning
that the experimental approach described here should be
applicable to several other pathologies (e.g. atherosclerosis,
aneurisms, and chronic inflammatory conditions) as well as to
the study of basic physiological and immunological
processes.
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Gebert-Rüf Foundation, and ETH Zurich. The costs of publication of
this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.
mcponline.org) contains supplemental material.

§ Both authors contributed equally to this work.
� To whom correspondence may be addressed: ETH Zurich, Inst. of

Pharmaceutical Sciences, HCI G390, Wolfgang-Pauli-Strasse 10, 8093
Zurich, Switzerland. Tel.: 41-44-63-37354; Fax: 41-44-63-31358;
E-mail: jascha.rybak@pharma.ethz.ch.

** To whom correspondence may be addressed: ETH Zurich, Inst.
of Pharmaceutical Sciences, HCI G 396, Wolfgang-Pauli-Strasse 10,
8093 Zurich, Switzerland. Tel.: 41-44-63-37401; Fax: 41-44-63-
31358; E-mail: neri@pharma.ethz.ch.

REFERENCES

1. Huang, X., Molema, G., King, S., Watkins, L., Edgington, T. S., and Thorpe,
P. E. (1997) Tumor infarction in mice by antibody-directed targeting of
tissue factor to tumor vasculature. Science 275, 547–550

2. Wu, A. M., and Senter, P. D. (2005) Arming antibodies: prospects and
challenges for immunoconjugates. Nat. Biotechnol. 23, 1137–1146

3. Adams, G. P., and Weiner, L. M. (2005) Monoclonal antibody therapy of
cancer. Nat. Biotechnol. 23, 1147–1157

4. Carter, P. (2001) Improving the efficacy of antibody-based cancer thera-
pies. Nat. Rev. Cancer 1, 118–129

5. Neri, D., and Bicknell, R. (2005) Tumour vascular targeting. Nat. Rev.
Cancer 5, 436–446

6. St Croix, B., Rago, C., Velculescu, V., Traverso, G., Romans, K. E., Mont-
gomery, E., Lal, A., Riggins, G. J., Lengauer, C., Vogelstein, B., and
Kinzler, K. W. (2000) Genes expressed in human tumor endothelium.
Science 289, 1197–1202

7. Huminiecki, L., and Bicknell, R. (2000) In silico cloning of novel endothelial-
specific genes. Genome Res. 10, 1796–1806

8. Pasqualini, R., and Ruoslahti, E. (1996) Organ targeting in vivo using phage
display peptide libraries. Nature 380, 364–366

9. Arap, W., Pasqualini, R., and Ruoslahti, E. (1998) Cancer treatment by
targeted drug delivery to tumor vasculature in a mouse model. Science
279, 377–380

10. Oh, P., Li, Y., Yu, J., Durr, E., Krasinska, K. M., Carver, L. A., Testa, J. E.,
and Schnitzer, J. E. (2004) Subtractive proteomic mapping of the endo-
thelial surface in lung and solid tumours for tissue-specific therapy.
Nature 429, 629–635

11. Gygi, S. P., Rist, B., Gerber, S. A., Turecek, F., Gelb, M. H., and Aebersold,
R. (1999) Quantitative analysis of complex protein mixtures using iso-
tope-coded affinity tags. Nat. Biotechnol. 17, 994–999

12. Saghatelian, A., and Cravatt, B. F. (2005) Assignment of protein function in
the postgenomic era. Nat. Chem. Biol. 1, 130–142

13. Rybak, J. N., Ettorre, A., Kaissling, B., Giavazzi, R., Neri, D., and Elia, G.
(2005) In vivo protein biotinylation for identification of organ-specific
antigens accessible from the vasculature. Nat. Methods 2, 291–298

14. Silacci, M., Brack, S., Schirru, G., Marlind, J., Ettorre, A., Merlo, A., Viti, F.,
and Neri, D. (2005) Design, construction, and characterization of a large
synthetic human antibody phage display library. Proteomics 5,
2340–2350

15. Brack, S. S., Silacci, M., Birchler, M., and Neri, D. (2006) Tumor-targeting
properties of novel antibodies specific to the large isoform of tenascin-C.
Clin. Cancer Res. 12, 3200–3208

16. Takeshita, S., Kikuno, R., Tezuka, K., and Amann, E. (1993) Osteoblast-
specific factor 2: cloning of a putative bone adhesion protein with ho-
mology with the insect protein fasciclin I. Biochem. J. 294, 271–278

17. Winter, G., Griffiths, A. D., Hawkins, R. E., and Hoogenboom, H. R. (1994)
Making antibodies by phage display technology. Annu. Rev. Immunol.
12, 433–455

18. Zardi, L., Carnemolla, B., Siri, A., Petersen, T. E., Paolella, G., Sebastio, G.,
and Baralle, F. E. (1987) Transformed human cells produce a new fi-

bronectin isoform by preferential alternative splicing of a previously
unobserved exon. EMBO J. 6, 2337–2342

19. Pini, A., Viti, F., Santucci, A., Carnemolla, B., Zardi, L., Neri, P., and Neri, D.
(1998) Design and use of a phage display library. Human antibodies with
subnanomolar affinity against a marker of angiogenesis eluted from a
two-dimensional gel. J. Biol. Chem. 273, 21769–21776

20. Castellani, P., Borsi, L., Carnemolla, B., Biro, A., Dorcaratto, A., Viale, G. L.,
Neri, D., and Zardi, L. (2002) Differentiation between high- and low-grade
astrocytoma using a human recombinant antibody to the extra domain-B
of fibronectin. Am. J. Pathol. 161, 1695–1700

21. Borsi, L., Balza, E., Bestagno, M., Castellani, P., Carnemolla, B., Biro, A.,
Leprini, A., Sepulveda, J., Burrone, O., Neri, D., and Zardi, L. (2002)
Selective targeting of tumoral vasculature: comparison of different for-
mats of an antibody (L19) to the ED-B domain of fibronectin. Int. J.
Cancer 102, 75–85

22. Berndorff, D., Borkowski, S., Sieger, S., Rother, A., Friebe, M., Viti, F.,
Hilger, C. S., Cyr, J. E., and Dinkelborg, L. M. (2005) Radioimmuno-
therapy of solid tumors by targeting extra domain B fibronectin: identi-
fication of the best-suited radioimmunoconjugate. Clin. Cancer Res. 11,
7053s-7063s

23. Carnemolla, B., Borsi, L., Balza, E., Castellani, P., Meazza, R., Berndt, A.,
Ferrini, S., Kosmehl, H., Neri, D., and Zardi, L. (2002) Enhancement of the
antitumor properties of interleukin-2 by its targeted delivery to the tumor
blood vessel extracellular matrix. Blood 99, 1659–1665

24. Ebbinghaus, C., Ronca, R., Kaspar, M., Grabulovski, D., Berndt, A., Kos-
mehl, H., Zardi, L., and Neri, D. (2005) Engineered vascular-targeting
antibody-interferon-gamma fusion protein for cancer therapy. Int. J.
Cancer 116, 304–313

25. Menrad, A., and Menssen, H. D. (2005) ED-B fibronectin as a target for
antibody-based cancer treatments. Expert Opin. Ther. Targets 9,
491–500

26. Anderson, N. L., and Anderson, N. G. (2002) The human plasma proteome:
history, character, and diagnostic prospects. Mol. Cell. Proteomics 1,
845–867

27. Sasaki, H., Yu, C. Y., Dai, M., Tam, C., Loda, M., Auclair, D., Chen, L. B.,
and Elias, A. (2003) Elevated serum periostin levels in patients with bone
metastases from breast but not lung cancer. Breast Cancer Res. Treat.
77, 245–252

28. Dorai, T., Sawczuk, I. S., Pastorek, J., Wiernik, P. H., and Dutcher, J. P.
(2005) The role of carbonic anhydrase IX overexpression in kidney can-
cer. Eur. J. Cancer 41, 2935–2947

29. Mitchell, M. S., Kan-Mitchell, J., Minev, B., Edman, C., and Deans, R. J.
(2000) A novel melanoma gene (MG50) encoding the interleukin 1 recep-
tor antagonist and six epitopes recognized by human cytolytic T lym-
phocytes. Cancer Res. 60, 6448–6456

30. de Wit, N. J., Weidle, U. H., Ruiter, D. J., and van Muijen, G. N. (2002)
Expression profiling of MMA-1a and splice variant MMA-1b: new cancer/
testis antigens identified in human melanoma. Int. J. Cancer 98, 547–553

31. Fabbri, M., Castellani, P., Gotwals, P. J., Kotelianski, V., Zardi, L., and
Zocchi, M. R. (1996) A functional monoclonal antibody recognizing the
human �1-integrin I-domain. Tissue Antigens 48, 47–51

32. Senger, D. R., Perruzzi, C. A., Streit, M., Koteliansky, V. E., de Fougerolles,
A. R., and Detmar, M. (2002) The �(1)�(1) and �(2)�(1) integrins provide
critical support for vascular endothelial growth factor signaling, endo-
thelial cell migration, and tumor angiogenesis. Am. J. Pathol. 160,
195–204

33. Yano, Y., Hayashi, Y., Sano, K., Nagano, H., Nakaji, M., Seo, Y., Ninomiya,
T., Yoon, S., Yokozaki, H., and Kasuga, M. (2004) Expression and local-
ization of ecto-nucleotide pyrophosphatase/phosphodiesterase I-1 (E-
NPP1/PC-1) and -3 (E-NPP3/CD203c/PD-I�/B10/gp130(RB13–6)) in in-
flammatory and neoplastic bile duct diseases. Cancer Lett. 207,
139–147

34. Uhlen, M., Bjorling, E., Agaton, C., Szigyarto, C. A., Amini, B., Andersen, E.,
Andersson, A. C., Angelidou, P., Asplund, A., Asplund, C., et al. (2005) A
human protein atlas for normal and cancer tissues based on antibody
proteomics. Mol. Cell. Proteomics 4, 1920–1932

35. Ismail, R. S., Baldwin, R. L., Fang, J., Browning, D., Karlan, B. Y., Gasson,
J. C., and Chang, D. D. (2000) Differential gene expression between
normal and tumor-derived ovarian epithelial cells. Cancer Res. 60,
6744–6749

36. Shao, R., Bao, S., Bai, X., Blanchette, C., Anderson, R. M., Dang, T.,

Identification of Accessible Antigens in Human Kidney Cancer

2090 Molecular & Cellular Proteomics 5.11



Gishizky, M. L., Marks, J. R., and Wang, X. F. (2004) Acquired expression
of periostin by human breast cancers promotes tumor angiogenesis
through up-regulation of vascular endothelial growth factor receptor 2
expression. Mol. Cell. Biol. 24, 3992–4003

37. Sasaki, H., Lo, K. M., Chen, L. B., Auclair, D., Nakashima, Y., Moriyama, S.,
Fukai, I., Tam, C., Loda, M., and Fujii, Y. (2001) Expression of Periostin,
homologous with an insect cell adhesion molecule, as a prognostic
marker in non-small cell lung cancers. Jpn. J. Cancer Res. 92, 869–873

38. Tai, I. T., Dai, M., and Chen, L. B. (2005) Periostin induction in tumor cell line
explants and inhibition of in vitro cell growth by anti-periostin antibodies.
Carcinogenesis 26, 908–915

39. Pukkila, M. J., Kosunen, A. S., Virtaniemi, J. A., Kumpulainen, E. J., Johan-
sson, R. T., Kellokoski, J. K., Nuutinen, J., and Kosma, V. M. (2004)
Versican expression in pharyngeal squamous cell carcinoma: an immu-
nohistochemical study. J. Clin. Pathol. 57, 735–739

40. Voutilainen, K., Anttila, M., Sillanpaa, S., Tammi, R., Tammi, M., Saarikoski,
S., and Kosma, V. M. (2003) Versican in epithelial ovarian cancer: relation
to hyaluronan, clinicopathologic factors and prognosis. Int. J. Cancer
107, 359–364

41. Suwiwat, S., Ricciardelli, C., Tammi, R., Tammi, M., Auvinen, P., Kosma,
V. M., LeBaron, R. G., Raymond, W. A., Tilley, W. D., and Horsfall, D. J.
(2004) Expression of extracellular matrix components versican, chon-
droitin sulfate, tenascin, and hyaluronan, and their association with dis-
ease outcome in node-negative breast cancer. Clin. Cancer Res. 10,

2491–2498
42. Pirinen, R., Leinonen, T., Bohm, J., Johansson, R., Ropponen, K., Kumpu-

lainen, E., and Kosma, V. M. (2005) Versican in nonsmall cell lung cancer:
relation to hyaluronan, clinicopathologic factors, and prognosis. Hum.
Pathol. 36, 44–50

43. Mauri, P., Scarpa, A., Nascimbeni, A. C., Benazzi, L., Parmagnani, E.,
Mafficini, A., Della Peruta, M., Bassi, C., Miyazaki, K., and Sorio, C.
(2005) Identification of proteins released by pancreatic cancer cells by
multidimensional protein identification technology: a strategy for identi-
fication of novel cancer markers. FASEB J. 19, 1125–1127

44. Lambert, J. M. (2005) Drug-conjugated monoclonal antibodies for the treat-
ment of cancer. Curr. Opin. Pharmacol. 5, 543–549

45. Kaspar, M., Zardi, L., and Neri, D. (2006) Fibronectin as target for tumor
therapy. Int. J. Cancer 118, 1331–1339

46. Silacci, M., Brack, S. S., Spaeth, N., Buck, A., Hillinger, S., Arni, S., Weder,
W., Zardi, L., and Neri, D. (2006) Human monoclonal antibodies to
domain C of tenascin-C selectively target solid tumors in vivo. Protein
Eng. Des. Sel., in press

47. Christian, S., Pilch, J., Akerman, M. E., Porkka, K., Laakkonen, P., and
Ruoslahti, E. (2003) Nucleolin expressed at the cell surface is a marker of
endothelial cells in angiogenic blood vessels. J. Cell Biol. 163, 871–878

48. Warford, A., Howat, W., and McCafferty, J. (2004) Expression profiling by
high-throughput immunohistochemistry. J. Immunol. Methods 290,
81–92

Identification of Accessible Antigens in Human Kidney Cancer

Molecular & Cellular Proteomics 5.11 2091


	A Chemical Proteomics Approach for the Identification of Accessible Antigens Expressed in Human Kidney Cancer*S
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES




