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Abstract. Background: Early detection would be one of the most effective means to improve the outcome of renal cell carcinoma
(RCC). We searched for a new plasma marker for RCC using a label-free quantitative shotgun proteomics method.

Methods: Plasma proteins were digested by trypsin, and the resulting peptides were analyzed by 2-Dimensional Image Converted
Analysis of Liquid chromatography mass spectrometry (2DICAL). An identified biomarker candidate was subjected to validation
using the Amplified Luminescent Proximity Homogeneous Assay (AlphalLISA).

Results: Among a total of 23,407 independent MS peaks, we found that the mean intensity of 59 peaks significantly differed
between 20 clear cell RCC patients and 20 healthy controls. MS/MS spectra from 16 of the 59 peaks matched the amino acid
sequences of the fibronectin 1 (FNI) gene product. The increased plasma level of FN1 in RCC patients was validated in a cohort
of in 77 patients and 130 healthy controls (p < 0.0001).

Conclusions: The FNI1 is considered to be a promising biomarker candidate for clear cell RCC. Furthermore, AlphalLISA is an
alternate to the conventional enzyme-linked immunosorbent assay and should prove useful for the rapid validation of biomarker

candidates.
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1. Introduction

The incidence of renal cell carcinoma (RCC) has
been increasing since 1980s in western countries as
well as Japan and is now the third most common malig-
nancy of the urinary tract following prostate and blad-
der cancers [1]. Although early detection and treat-
ment are considered to be the most effective methods to
improve the outcome of patients with any cancer, RCC
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patients often do not manifest clinical symptoms and
receive medical attention until their tumors progress to
advanced stages [2-4]. Recently, ultrasound and CT
scan can detect smaller renal tumors. However, we
do need an effective plasma biomarker for differentiat-
ing the malignant from the benign when a patient was
found with a small renal mass, which cannot be easily
judged from ultrasound or CT scan [5]. Therefore, it
is necessary to identify the tumor marker better than
neither ultrasound test nor CT scan in diagnosing small
renal mass. If a sensitive but non-invasive blood as-
say that can detect early-stage RCC were available, it
would greatly improve the curative rate of RCC.
Shotgun proteomics is an established technique in
which whole proteins are enzymatically digested in-
to a large array of small peptide fragments followed
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by direct analysis by liquid chromatography and mass
spectrometry (LC-MS). We previously developed soft-
ware named 2DICAL that can provide a quantitative
dimension to shotgun proteomics [6]. 2DICAL can ac-
curately align different LC-MS data and compare the
protein content of a theoretically unlimited number of
samples without isotope labeling [7]. 2DICAL is high-
ly advantageous methods in clinical studies that require
the comparison of a statistically sufficient number of
patient samples [8]. Using 2DICAL, we were able
to identify diagnostic biomarkers for endometrial and
pancreatic cancers [7,8] and predictive biomarkers for
hematologic toxicities and therapeutic efficacy of gem-
citabine treatment to patients with advanced pancreatic
cancer [9].

In this study we compared the plasma proteome be-
tween RCC patients and healthy controls using 2DI-
CAL with the aim to identify a new diagnostic biomark-
er that can be used for a blood test. RCC consists of
clear cell (75%), papillary (10%), chromophobe (5%)
and other subtypes [10], and we first focused on clear
cell carcinoma, the most common subtype of RCC. We
discovered a significant increase of circulating plasma
FNI in patients with RCC and confirmed its signifi-
cance in a larger patient cohort using a newly estab-
lished measurement system.

2. Materials and methods
2.1. Plasma samples

Plasma samples were prospectively collected from
RCC patients, prostate cancer patients and healthy vol-
unteers at the Department of Urology, Kyushu Univer-
sity Hospital (Fukuoka, Japan) between October 2000
and January 2008. To exclude sampling bias, all the
patients’ whole blood (7 ml) was collected in the same
tube (EDTA-2Na tube, Venoject I1, Terumo, Japan) be-
fore the surgery or first treatment. These blood samples
were stored in 4°C for 1 hour and plasma was sepa-
rated after centrifugation, aliquoted into 1 ml samples
in 1.5 ml eppendorf tubes, and stored at —80°C. The
control samples were collected and stored under the
same condition. All the samples had the only one cycle
of freeze-and-thaw. As we excluded the non-clear cell
subtype and benign kidney tumors, the plasma from
77 histopathologically proven clear cell cancer patients
were used for the analysis. Control plasma samples
were randomly selected from 20 patients with prostate
cancer and 130 healthy individuals after adjusting the

age and gender. The clinical stage of each patient was
classified according to the 7th edition UICC TNM clas-
sification [11]. Twenty RCC patients (excluding those
in stage IV) were selected for analysis using 2DICAL
in an effort to detect early stage biomarkers (Table 1).

2.2. Ethics

All individuals provided written informed consent
authorizing the collection and use of their samples for
research purposes. The protocol was reviewed and ap-
proved by the institutional ethics committee boards of
the National Cancer Center Research Institute (Tokyo,
Japan) and the Kyushu University (Fukuoka, Japan).

2.3. LC-MS

The 20 most abundant plasma proteins including al-
bumin and immunoglobulin were removed using Prot-
Prep 20 Plasma Immunodepletion Kit (Sigma-Aldrich,
St. Louis, MO) following the manufacturer’s instruc-
tions. The depleted plasma samples were then digest-
ed with trypsin (Promega, Madison, WI) overnight
at 37°C. The resulting peptides were randomized and
measured in triplicate by LC-MS. LC separation in a
linear gradient of 0 to 80% acetonitrile in 0.1% formic
acid at a speed of 200 nL/minute for 60 minutes was
conducted using a splitless nano-flow HPLC system
(Hitachi High-technologies, Tokyo, Japan). MS da-
ta were acquired every second for 60 minutes by an
electrospray ionization mass spectrometer (Q-TOF Ul-
tima; Waters, Milford, MC) directly linked to an LC in
the range of 250-1600 m/z. MS peaks were detected,
normalized, and quantified using the in-house 2DICAL
software package as described previously [7]. A serial
ID number was applied to each of the MS peaks de-
tected (ID 1 to 23,407) [9]. The stability of LC-MS
was monitored by calculating the correlation coefficient
(CC) and coefficient of variance (CV) values among
triplicate measurements.

2.4. Protein identification by tandem mass
spectrometry (MS/MS)

Peak lists were generated using the Mass Navigator
software package (version 1.2) (Mitsui Knowledge In-
dustry, Tokyo, Japan) and searched against the Swis-
sProt database (SwissProt_57.6.fast) using the Mas-
cot software package (version 2.2.06) (Matrix Science,
London, UK). The search parameters used were as
follows: A database of human proteins was selected.
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Table 1

Clinicopathological characteristics of individuals examined in this study

Cases anlyzed by AlphaLISA (n =227)

Cases analyzed by 2DICAL (1 = 60)

RCC (n =77) PCa (n=20) Healthy (n = 130) RCC (n =20)  Healthy (» =20)

Age (mean=+ SD) 61.2+11.0 64.8+6.9 65.4+10.5 63.8+8.5 66.0+7.9
Gender

Male 57 20 113 20 20

Female 20 17 0 0
Clinical stage™

I 56 9 17

I1 3 11 2

I 3 1

v 9 0

Unknown 6
Tumor side

Right 38 11

Left 39 9
Histologic type

Clear cell 77 20

Chromophobe 0 0

Papillary 0 0

Unclassified 0 0

*according to TNM Classification of Malignantu Tumors (International Union Against Cancer), 7th Edition
RCC, renal cell carcinome; PCa, prostate cancer; Alphal.ISA, amplified luminescence proximity homogeneous assay; 2DICAL, two-dimensional image convert

Trypsin was designated as the enzyme, and up to one
missed cleavage was allowed. Mass tolerances for pre-
cursor and fragment ions were £ 0.2 Da and £ 0.8 Da,
respectively. The score threshold was set to the val-
ue over 20 for peptide search. If a peptide matched
to multiple proteins, the protein name with the highest
Mascot score was selected.

2.5. Western blot analysis

Plasma samples were fractionated with SDS-PAGE
and electroblotted onto a polyvinylidene difluoride
membrane (Millipore, Billerica, MA), as described pre-
viously [9,12]. Primary antibodies used were mouse
monoclonal anti-FN1 antibody (R&D Systems, Min-
neapolis, MN) and mouse monoclonal antibody against
human complement C3b-a (PROGEN, Heidelberg,
Germany) [8]. The membrane was then incubated
with the primary antibody and subsequently with the
relevant horseradish peroxidase-conjugated anti-mouse
IgG as described previously. Blots were developed us-
ing an enhanced chemiluminescence (ECL plus) detec-
tion system (GE Healthcare, Buckinghamshire, UK).

2.6. AlphalISA

An assay for measuring soluble FN1 was constructed
using the AlphaLLISA system (PerkinElmer, MA) which
is a bead-bead nonradioactive technology. In brief,
when a biological interaction brings the beads into close

proximity, a cascade of chemical reactions is induced
resulting in a greatly amplified signal, then a photosen-
sitizer present in the beads converts ambient oxygen
to a more excited singlet state upon laser excitation.
Biotinylated rabbit polyclonal anti-FN1 antibody and
mouse polyclonal anti-FN1 antibody were purchased
from Abcam (Cambridge, UK). The AlphalLISA proce-
dure was carried out according to the protocol provided
by the manufacturer.

2.7. Statistical methods

The Mann-Whitney U-test was employed for statis-
tical analysis of the correlation between RCC patients
and controls as well as the plasma values of FN1 and
clinicopathological parameters. Welch’s ¢-test was em-
ployed for 2DICAL analysis. Kaplan—Meier analysis
was used to examine the correlation of the plasma value
of FN1, cancer-specific survival and overall survival.
The area under the curve (AUC) of the receiver operat-
ing characteristic (ROC) was calculated to evaluate its
diagnostic significance.

3. Results

3.1. Identification of plasma proteins significantly
increased in RCC patients

Plasma proteins of 20 patients with RCC and
20 healthy individuals were digested by trypsin, and
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Fig. 1. (a) Two-dimensional display of all the MS peaks in 2DICAL.
The 59 MS peaks whose mean intensity significantly differed in renal
cell carcinoma patients from healthy controls (p < 0.05, Welch’s
t-test) are highlighted in red. (b) Two representative MS peaks with
the smallest p-value. RT; retention time. (c) Detection of plasma
FN1 and complement C3b-« (loading control) by immunoblotting.

the resulting peptides were subjected to LC-MS. A to-
tal of 23,407 MS peaks per sample were detected in
the range of 250-1,600 m/z and 25-65 minutes across
the 40 plasma samples, and their relative mass inten-
sity was calculated using 2DICAL. The mean CC and
CV values of the 23,407 MS peaks were over 0.95
and under 0.15, respectively, confirming the high re-
producibility of LC-MS. Among the 23,407 MS peaks
we found that the mean intensity of 59 peaks (in trip-
licate) significantly differed between 20 RCC patients
and 20 healthy controls (p < 0.05, Welch’s t-test).
Thirty six peaks were increased and 23 peaks were de-
creased in RCC patients and the statistical significance
was confirmed by calculating the false discovery rate
(FDR) values [13] (data not shown). Figure la shows
a representative 2-dimensional view in which all the
~23,000 MS peaks were displayed with the m/z along

the X axis and the RT of LC along the Y axis and the
59 MS peaks are highlighted in red. Figure 1b shows a
representative MS peak that increased in the plasma of
RCC patients.

3.2. Protein identification by MS/MS

Fifty seven MS/MS spectra acquired from the 59 MS
peaks matched to 21 peptide sequences deposited in
the human protein database (Table 2). Remarkably, 16
of the 21 peptides were found to be derived from the
amino acid sequence of FNI gene product (Supportive
information Figs S1 and S2). The identification and
differential expression of FN1 protein were confirmed
by immunoblotting (Fig. 1c).

3.3. Verification by AlphaLISA

To validate the increased level of plasma FN1, we
constructed a new assay that can quantify the amount
of FN1. The AlphalLISA showed high reproducibility
with a median CV value of 0.08 among triplicates and
linearity in the range of 50-800 pg/ml.

The plasma concentration of FN1 was measured in
77 RCC patients, 20 prostate cancer (PCa) patients,
and 130 healthy individuals by AlphalLISA. There was
a significant difference between RCC patients (405 +
153 pig/ml) and healthy individuals (294 + 102 pg/ml)
with a p-value of 1.8 x 1077 (Mann-Whitney U test)
(Fig. 2a). The plasma concentration of FN1 was not ele-
vated in PCa patients (306 =+ 81 pg/ml). The AUC value
of ROC for plasma FN1 concentration of RCC patients
to healthy individuals was calculated to be 0.71 for all
stages, stage I and Il and stage [T and IV (Fig. 2b). The
optimum diagnostic cut-off point of FNI was identified
at 377 ug/ml by the AUC curve. At this point, sensitivi-
ty, specificity, PPV and NPV were 53%, 82%, 64% and
75% respectively. And the fibronectin concentration in
each clinical stage was shown in Fig. 2c.

3.4. Correlation of plasma concentration of FNI and
clinicopathological parameters

The statistical analyses were performed to detect the
correlation of plasma concentration of FN1 and clini-
cal stage (Fig. 2c), but there were no significant differ-
ences. Also, there were no significant correlations be-
tween concentration of FN1 and the other clinicopatho-
logical parameters, such as tumor size, tumor grade and
vascular involvement (data not shown). Furthermore,
Kaplan—Meier analysis, used to analyze the correlation
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Table 2
Summary of protein identification by tandem mass spectrometry

Control RCC

Mascot Score

Peptide sequence Protein description

ID m/z RT  Charge (mean + SD) | (mean £ SD) P Values**
2411 799.3815 36.479 3 15+6 25+13 5.09E-03
3454 622.3328 39.679 3 144 208 8.59E-03
3948 647.3662  49.283 2 13£2 177 9.54E-03
2039 978.5337 47.716 2 16+£7 30420 6.08E-03
750 706.3586  44.432 2 10145 73+28 2.34E-02
2614 815.4614 46.26 2 11x4 18£12 1.61E-02
2068 646379  52.817 2 177 2615 1.96E-02
2854 997.5346  53.967 2 18+5 2311 4.61E-02
1231 675.3681  45.847 2 28+11 52+34 4.38E-03
1816 772.8941 45207 2 17+7 32420 5.88E-03
2439 6383344 38.15 2 22+7 3013 1.54E-02
2569 555.8103  40.153 2 16+5 25£13 6.00E-03
1155 772.419 45.123 2 4314 64+34 1.27E-02
2771 701.8697 39.773 2 1345 22413 6.58E-03
2611 592.8548 43.895 2 26411 1946 1.87E-02
1371 511785  35.131 2 44£12 5517 1.82E-02
1826 867.5129 50.364 2 20+7 36+22 3.48E-03
1813 701.366 = 39.859 2 28+7 42£18 4.02E-03
2417 576.8117 42.453 2 16+5 26+15 5.75E-03
1794 964.0527 58.428 2 23+8 34420 2.61E-02
1377 629.36  53.672 2 39+23 24+9 7.97E-03

8446  RPGGEPSPEGTTGQSYNQYSQR Fibronectin
7578 HTSVQTTSSGSGPFTDVR Fibronectin
5492  DLQFVEVTDVK Fibronectin
5345  EESPLLIGQQSTVSDVPR Fibronectin
51.41 KWQEEMELYR Apolipoprotein A-I
5073  VDVIPVNLPGEHGQR Fibronectin
4643  GATYNIIVEALK Fibronectin
4128  NTFAEVTGLSPGVTYYFK Fibronectin
4093  WLPSSSPVTGYR Fibronectin
3557  SYTITGLQPGTDYK Fibronectin
3264  HVVPNEVVVQR Gelsolin
3226 STTPDITGYR Fibronectin

31.79 SYTITGLQPGTDYK
30.7 HYQINQQWER

30.31 IQNILTEEPK

29.99 ATVVYQGER

29.17 NLQPASEYTVSLVAIK

Fibronectin
Fibronectin

Serum paraoxonase
Beta-2-glycoprotein 1
Fibronectin

27.25 HYQINQQWER Fibronectin
26.67 FINIGPDTMR Fibronectin
23.59 VTWAPPPSIDLTNFLVR Fibronectin

21.25 DLAVVDAKDAIK EXOCI_HUMAN

RT. retention time; RCC, renal cell carcinoma
**Welch's t-test.
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Fig. 2. (a) Concentration of plasma FN1 in each group. The FN1 concentration of renal cell carcinoma patients (n = 77), healthy individuals
(n = 130) and prostate cancer patients (n = 20) was measured by AlphaL.ISA. There were significant differences in renal cell carcinoma patients
compared to healthy individuals and prostate cancer patients, but not between healthy individuals and prostate cancer patients (Mann-Whitney
U test). Horizontal lines represent the average concentration. (b) Receiver operating characteristic (ROC) curve for plasma FN1 concentration.
AUC value of ROC for plasma FN1 concentration of RCC patients to healthy individuals was calculated to be 0.71 for all stages, stage I and II
and stage III and IV. Similar AUC value of earlier stage to advanced stage suggested the possibility of early detection of renal cell carcinoma by
plasma FNI1. (c) The plasma FN1 concentration in each clinical stage. HC; healthy control.

of serum value of FN1, cancer-specific survival and
overall survival, failed to prove any statistical signifi-
cant differences with a median follow up of 47.6 months
after surgery (data not shown).

4. Discussion

FN1 is a high-molecular-weight extracellular ma-
trix protein that plays an important role in cellular at-

tachment and cell spread [14,15]. FN1 can be solu-
ble or insoluble, is produced by hepatocytes and vari-
ous cell types and is bound to integrins [16]. Altered
expression of FNI is known to change the morphol-
ogy of several tumor cell lines [17]. In several stud-
ies of different RCC cell lines, FN1 was shown to be
secreted into the culture medium and suggested to in-
fluence the movement and invasion of these cells [18—
20]. Another study showed FN1 plasma levels signif-
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icantly elevated in localized and metastatic RCC pa-
tients compared to a control group [21]. According to
“THE HUMAN PROTEIN ATLAS” (http://www. pro-
teinatlas.org/ENSG00000115414), FN1 is expressed
in extracellular matrix and stromal cell. FNI1 is ex-
pressed weakly in normal kidney and relatively higher
expressed in kidney cancer. It could be considerable
that higher plasma levels of FN1 is secreted from these
extracellular matrix and stromal cell in kidney cancer.
A recent study suggested that FN1 mRNA expression
was higher in RCC compared to normal renal tissue
and correlated with advanced disease, suggesting that
FN1 mRNA expression might serve as a marker for
RCC aggressiveness [22]. Although the researchers
failed to measure the plasma concentration of FN1, this
study supports the results described herein obtained by
proteome based screening.

The results of plasma FN1 from 2DICAL analysis
were validated in a hundreds-scale cohort using a dif-
ferent methodology. AlphalLISA confirmed that the
plasma level of FN1 was up-regulated in the early stage
of RCC, which suggested that the FN1 plasma levels
might be a tool for screening and diagnosis of RCC.
Howeyver, there a limitation to introduce FN1 for screen-
ing of RCC, because plasma concentrations between
patients and controls were overlapped extensively, and
FNI1 was not examined in benign renal tumors.

RCC comprises five histologically distinct subtypes
classified by morphologic and pathologic features in-
cluding clear cell (75%), papillary (10-15%), chromo-
phobe (5-10%), collecting duct, and unclassified sub-
types. We have previously reported that each RCC sub-
type has a totally different genetic profile by whole
genome SNP array [10]. Therefore, each subtype
should have a specific biomarker. In this study, we fo-
cused on clear cell RCC because it is the most abundant
subtype of RCC and hence should be a first target of
screening. Our comprehensive study of proteomics led
to the possibility that monitoring the level of plasma
FN1 could be clinically useful for the screening and
diagnosis of RCC patients. The most of the patients we
analyze were clinical stage I (56 cases / total 77 cases),
and they had no symptoms such as febrile and showed
normal range of C-reactive protein. Therefore, we be-
lieve that FN1 was not derived from acute phase reac-
tion. Reports of the elevation of the plasma level of
FN1 in RCC exist in the literature [21], but its clini-
cal usage has not yet been described. One of the rea-
sons may be the lack of applicable clinical test such as
ELISA for FN1. The assessment of plasma FN1 levels
must be determined for a large scale clinical cohort, but
the construction of an easy clinical test such as ELISA
will be needed for its completion.
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Supplemental material

MS/MS Fragmentation of RPGGEPSPEGTTGQSYNQYSQR

Found in FINC_HUMAN, Fibronectin OS=Homo sapiens GN=FN1 PE=1 SV=3
Match to Query 1: 2395.118583 from(799.380137,3+)
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Monoisotopic mass of neutral peptide Mr(calc): 2395.0789
Tons Score: 84 Expect: 6.3e-008
Matches (Bold Red): 41/252 fragment ions using 78 most intense peaks
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Fig. S1. Mascot report of one representative fragment of FN1.
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Fig. S2. Peptide hits in the FN1 sequence indicated in red.
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