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Table 1 List of lung cancer biomarker candidates screened by label-free MALD! MS and their verification result on

MRM.
MALDI MS MRM
Uniprot  Protein Name Peptide Sequence t-test ' Log2 t-test * Log2 Correlation
ID (LC/Control) (LC/Control)  Coefficient
P04217  Alpha-1B-glycoprotein CEGPIPDVIFELLREGETKAVK : 067 - -
FALVREDR 3.8E-03 -0.38 013 0.24 0315
PO101T  Alpha-1-antichymotrypsin EQLSLLDRFTEDAK 14E-03 0.80 0.077 0.33 0.106
FTEDAKRLYGSEAFATDFQDSAAAK  4.6E-03 0.58 - - -
PQDTHQSR 5.6E-03 084 - -
P43652  Afamin DGLKYHYLIR 1.1£-03 -093 - -
P02746  Complement Ciqg GNLCVNLMR 6.58-03 087 -
subcomponent subunit B
PO0736  Complement Clir CLPVCGKPYNPVEQR - 042 - -
subcomponent
DYHATCK 6.98-03 0.49 015 0.14 -0.238
PO0450  Ceruloplasmin YTVNQCR 0017 1.1 3.1E-04 0.29 0411
P10909  Clusterin YVNKEIQNAVNGVK 0.01 033 0.19 -0.87 -0015
PO6681  Complement C2 TAVDHIREILNINQK 27E-03 14 0.051 023 N/A
P01024  Complement C3 AGDFLEANYMNLQR 59E-05 -14 38E-04 -13 06907
ILLQGTPYAQMTEDAVDAER 21804 -13 0.019 -0.87 0.448*
KGYTQQLAFR 2.8E-03 -1 39E-05 -1.3 0.800%*
QPSSAFAAFVKR 6.76-03 -13 20E-03 0.24 -0455
WLNEQR 25E-03 -1.0 7.8E-06 -15 05217
PO1031  Complement C5 FWKDNLOHKDSSYPNTGTAR 0012 067 - - -
TLRWPEGVKR 0.066 0.80 -
P13671  Complement component C6  IEEADCKNKFR 001 1.2 - -
P10643  Complement component C7  VIFSGDGKDFYR 9.5E-03 081 - - -
P0O2748  Complement Component C9  FTPTETNKAEQCCEETASSISLHGK 24E-04 14 6.1£-03 049 0.472%
QYTgISYDPELTESSGSASHIDCR 1.9£-03 1.1 38E-03 057 0.769**
P22792  Carboxypeptidase N SQCTYSNPEGTWLACDQAQCR 14E-03 0.56 0.062 0.16 0372
subunit 2
P00748  Coagulation factor Xif CTHKGRPGPQPWCATTPNFDQDQR  4.3E-03 1.2 -
QUUGMS  Fetuin-B MSPPQLALNPSALLSR 3.0E-03 062 003 058 0.189
P02751  Fibronectin AQITGYR 11E-03 -047 0077 -0.18 0.774%*
GFNCESKPEAEETCFDKYTGNTYR 1.9E-03 -0.69 042 -0.11 0.146
IGFKLGVRPSQGGEAPR 5.7E-03 -0.90 - - :
P26927  Hepatocyte growth factor-like  RYDRLDQR 6.1£-03 -0.57 0013 038 -0.128
protein
P18065  Insulin-like growth factor- LAACGPPPVAPPAAVAAVAGGAR 256-03 067 - -
binding protein 2
Q06033 Inter-alpha-trypsin inhibitor  EHLVOATPENLQEAR 4.6E-03 097 36E-03 0.65 0.578%
heavy chain H3
Q14624 Inter-alpha-trypsin inhibitor EKNGIDIYSLTVDSR 4.7E-04 0.65 0.062 040 0.368
heavy chain H4
ETLFSVMPGLK - 0.09 0.01 042 0.331
MNFRPGVLSSR 9.8£-03 0.40 1.0E-03 0.63 0413*
SPEQQETVLDGNLIRYDVDR 0.013 1.2 - -
P0O3952  Plasma kallikrein CQFFTYSLLPEDCKEEKCK - -0.32 - -
P01042  Kininogen-1 RPPGFSPF 20E-04 -20 5.1E-04 -1.74 0.876**
P27918  Properdin TCNHPYPQHGGPFCAGDATR 7.2E-04 -052 - - -
Q13103 Secreted phosphoprotein 24 DSGEDPATCAFQR 3.7E-03 -0.53 - -

o

indicates candidate screened by present/absent search,

$ " indicates no MRM data obtained, *: P < 0.05, *: P < 0.01,

g: indicates site of O-linked glycosylation.
N/A: valid value too small for calculation of correlation threshold.
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Figure 5 Dot plots showing the relative quantifications in 10 controls, 10 early stage and 10 advanced stage lung cancer cases of the
10 candidate peptides, subtitled with SwissProt IDs and amino acid numbers in parenthesis. Diamond dots aligned to the left represent
quantification by MALDI MS, and circular dots aligned to the right by MRM, normalized and plotted on the same scale. The P-values presented
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39 kDa subunit of C3 protein was strongly suppressed
in early-stage patients (Figure 6A). Since this subunit
was also detected by the monoclonal antibody raised
against C3d fragment (Figure S-2 Additional File 1), the
39 kDa subunit was assigned to be C3dg fragment [17].
This fragment encompasses all of the four C3 peptide
candidates identified by LC-MALDI screening, and
semi-quantitative analysis of the immunoblot (Figure
6B) almost exactly reproduced the screening result.
Moreover, C3dg fragment was shown to escape immu-
nodepletion by MARS-Hul4 column (Figure S-2).
Therefore, the apparent difference in complement C3
abundance observed in the screening was reflecting the
degree of proteolytic degradation associated with lung
cancer.

Finally, the benefit of deglycosylation in this biomarker
screening was assessed by mining the candidate peptides
from the control experiment (comparing deglycosylated
and untreated serum) and verifying whether or not
deglycosylation facilitated biomarker identification. Fig-
ure 7 shows the levels of complement component C9
peptides in the control experiment, which were clearly
overrepresented by deglycosylation. Notably, the signal
intensity of non-glycopeptide (243-267) was doubled,
reiterating the observation that non-glycopeptide was

A M  Normal
40kDa [ we S e o -~ J«c3dg
M Lung cancer stage- |, |l
40 kDa g I4—C3dg
M Lung cancer stage- llIb, IV
B 0.6 -
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Figure 6 Immunoblot verification of complement C3dg serum
levels in the study subjects. (A) Detection of 39 kDa (3dg
fragment from 0.02 pL of crude serum using anti-C3 antibody.
Lanes represent 10 subjects each of normal control, early stage lung
cancer (stage-l/ll) and advanced stage lung cancer (stage-liib/IV). (8)
Dot plot of the data shown in (A), quantified as the ratio of C3dg
detection level to the normalization lane M, a 40 kDa size marker

that has cross-reactivity with the secondary antibody.
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Figure 7 Bar chart representing the signal intensities of
complement component C9 peptides detected from the tryptic
digest of deglycosylated serum (filled bars) and untreated serum
(open bars), n = 6. The numbers in parenthesis are amino acid
numbers: 243-267 corresponds 0 ,43F TPTETNKAEQCCEETASSISLHG 07K
and 22-44 corresponds to 5y QYTGTSYDPELTESSGSASHIDC 4R, where
“g" represents the site of O-linked glycan attachment, Error bars are
one standard deviation.

also subject of signal enhancement by deglycosylation.
Moreover, the signal intensity of peptide (22-44) was
increased by 10-fold. Since this peptide was identified as
O-linked glycopeptide (attachment of N-acetylgalactosa-
mine and galactose as predicted from the m/z shift), the
addition of sialidase probably contributed to reduction
of glycan complexity and increased ionization efficiency.
The sialylated counterpart was not detected in the
untreated control.

Discussion
The aim of this study was to introduce deglycosylation
as a facile and universal sample preparation step in
shotgun proteomic analysis because we expected that
the undermining effect exerted by the large proportion
of glycopeptides was more extensive than previously
considered. Therefore, for the first time, we have per-
formed a direct comparison between deglycosylated and
untreated serum samples, and showed that deglycosyla-
tion actually results in improvement of the shotgun
peak profile. This was observed in terms of both acquisi-
tion of unique peaks and enhancement of existing peaks.
The acquisition of unique peaks by deglycosylation
was expected, as it is widely recognized that deglycosy-
lated peptides have much higher ionization efficiency
than the corresponding glycopeptides [18,19]. It is well
established that deglycosylation results in the detection
of “new” peaks and increases the depth of information
acquired by shotgun analysis [20,21]. However, this
study revisited the same phenomenon from different
perspective. Our novel finding was that signal enhance-
ment by deglycosylation extended up to 8% of existing
non-glycopeptide peaks (Figure 3). This result strongly
suggested that there was notable ionization suppression
effect exerted by glycopeptides on co-existing analytes,
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and that signal intensities were enhanced through alle-
viation of suppression in deglycosylated sample. Incor-
poration of '*0 into the site of deglycosylation by
H,"®0 was utilized to facilitate the identification of gly-
copeptides. The potential pitfalls of this approach as
pointed out by Angel et al. [22] was circumvented by
performing deglycosylation before tryptic digestion, and
our data showed that 73% of identified glycopeptides
fulfilied the biological consensus NxT/S. This strategy
helped to confirm that only a small proportion of peaks
that were enhanced by deglycosylation were actually gly-
cosylated. We further demonstrated the evidence that
deglycosylation improves the reproducibility of replicate
measurements to some extent (Figure 4). The level of
technical variability, median CV of 31%, was comparable
to previously reported label-free quantification methods
based on LC-ESI-MS [8] or LC-MALDI MS [16].

Unfortunately, previous studies on ionization suppres-
sion effects had mainly focused on selective detection of
glycopeptides in mixtures of peptides [23], and cannot
explain the phenomenon addressed here. Separate inves-
tigation needs to be conducted in order to elucidate the
mechanism and the extent to which glycopeptides inter-
fere with the ionization of co-existing peptides.

Serum deglycosylation coupled with label-free quanti-
fication was applied to biomarker screening for lung
cancer and led to the identification of unique biomarker
candidates including the fragmentation state of comple-
ment C3, complement component C9 peptide with
novel O-linked carbohydrate and Kininogen-1 peptide
with C-terminal Phe [24]. The benefit of deglycosylation
in the biomarker screening was demonstrated by
enhanced detectability of the complement component
C9 peptides, particularly for O-linked glycopeptide
whose intact form with sialic acid was hardly detected.
Since many O-linked glycans contain sialic acid, the
data presented here demonstrates a high potential of
sialidase usage for comprehensive analysis of O-linked
glycans.

As with other label-free quantitative proteomics, more
proteins were quantified by single peptide than those
quantified by multiple peptides [25] due to the high
technical variability associated with label-free shotgun
analysis. Therefore, we employed MRM to complement
the screening by MALDI MS with the aim of eliminat-
ing false-positive results. This approach successfully
ruled out many candidates while retaining confident
candidates, as verified by western blotting experiment of
complement C3.

Complement C3 is the major component of the classi-
cal complement pathway. Upon antigenic stimulation,
C3 convertase cleaves C3 into C3a and C3b, which sub-
sequently triggers reaction cascade leading to the forma-
tion of membrane attack complex, by either the classical
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or alternative pathway [17]. C3a contains a multiply
interacting motif known as anaphylatoxin {26]. Recently,
a number of proteomic studies have identified C3a as
biomarker candidates for colon cancer [27], chronic
hepatitis C and related hepatocellular carcinoma [28],
insulin resistance/type-2 diabetes [29] and chronic lym-
phoid malignancies [30]. While upregulation of C3a is
widely reported and interpreted as an indicator of pri-
mary inflammatory response, there is limited association
reported between C3dg and cancer. C3dg is known as
the ligand of complement receptor 2 [31] and may be
critically involved in cancer recognition. The mechanism
by which the production of C3dg is suppressed in
response to the onset of lung cancer requires further
investigation.

In the Expressionist label-free quantification platform
employed here, peptide peak clusters are defined by
retention time-m/z coordinate on the 2D-map, enabling
quantitative analysis without MS/MS information that
were essential in other platforms [32-35]. The feature
that provides the ground for this concept is perfect
alignment of mass chromatograms in the retention time
dimension because slight drift is unavoidable even in
well-optimized separation system. In this respect,
Expressionist demonstrated spectacular computational
strength. The range of retention time drift in the 30 LC-
MALDI analyses performed in this study was from -5
minutes to +5 minutes, a maximum of 10 minutes
deviation, but the software was still capable of good
alignment without any obvious retention time mismatch
(data not shown). Therefore, variation in experimental
conditions, such as changing the analytical column lot,
should easily be tolerated. This feature enables integra-
tion of several, even retrospective, analyses, which is
needed for the continuous pursuit for biomarker identi-
fication and validation.

Moreover, being a server-based module, Expressionist
has greater data processing capability than other stand-
alone software. This is another advantageous feature
because, in general, attempts to increase proteome cov-
erage involve vast increase in data amount, whether it
be a multi-dimensional fractionation strategy [36,37] or
an extremely long gradient separation [38]. Importantly,
considering the fact that low-abundance analytes are
more prone to ionization suppression [39], we speculate
that the benefits of sample deglycosylation we addressed
here would take greater effect with increasing dynamic
range of detection. Such in-depth label-free analysis is
currently not available, however, we demonstrated
herein that current technology is already capable of
large-scale label-free analysis, and we addressed its
potentiality as a biomarker discovery platform. Taken
together, we believe that sample deglycosylation will
prove to be a valuable sample preparation protocol in
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shotgun proteomic analysis in near future for analyzing
glycoprotein-rich samples.

Conclusions

The studies described herein demonstrated that serum
deglycosylation has positive effect on both data content
and reproducibility through production of deglycosy-
lated peptides and possibly through alleviation of ioniza-
tion suppression by intact glycopeptides. The results
therefore suggested the role of deglycosylation as a sim-
ple, indispensible method to improve the general perfor-
mance of label-free quantification. Its first application to
serum proteomic profiling by label-free LC-MALDI MS
demonstrated that this strategy could lead to the identi-
fication of unique candidates, which could be effectively
applied to any samples with high glycoprotein contents,
such as other clinical body fluids, membrane proteomics
or secretome analysis.

Methods

Reagents

Trizma base pH 8.3, iodoacetamide, ammonium bicar-
bonate, ammonium citrate, formic acid were purchased
from Sigma (Saint Louis, MO). PlusOne grade SDS and
dithiothreitol (DTT) were purchased from GE Health-
care (Uppsala, Sweden). CHAPS was purchased from
Chemical Dojin (Kumamoto, Japan). N-glycosidase F
was purchased from Roche (Basel, Switzerland). o2-
3,6,8,9-neuraminidase was purchased from Merck
(Darmstadt, Germany). Trypsin Gold was purchased
from Promega (Madison, WI). H,"®O was supplied from
Cambridge Isotope Laboratories Inc. (Andover, MA).
Alpha-cyano-4-hydroxycinnamic acid (CHCA) was pur-
chased from Shimadzu-GLC (Kyoto, Japan). LC/MS
grade acetonitrile and 25% trifluoroacetic acid (TFA)
were purchased from Wako Pure Chemicals (Osaka,
Japan).

Serum Samples

Archived human serum samples were obtained with
informed consent from 20 patients with lung adenocar-
cinoma and at Hiroshima University Hospital. Serum
samples as normal controls were also obtained with
informed consent from 13 healthy volunteers who
received medical checkup at Hiroshima University Hos-
pital (Table S-1, Additional File 1). Serum was collected
using standard protocol from whole blood by centrifuga-
tion at 1500 x g for 10 min and stored at -150°C. This
study was approved by individual institutional ethical
committees.

Immunodepletion
20 pL serum aliquots obtained from healthy volunteer
were subjected to Multiple Affinity Removal System
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(Hu-14, 4.6 mm x 100 mm, Agilent Technologies, Santa
Clara, CA) according to the manufacturer’s protocol
using a conventional HPLC system (Shimadzu Corp.,
Kyoto, Japan). The flow-through fraction was desalted
with a protein separation column (mRP-C18, 4.6 mm x
50 mm, Agilent Technologies). Desalted serum proteins
were dried with a SpeedVac evaporator.

Deglycosylation

All solutions in the following deglycosylation step were
freshly prepared with H,'®O. Protein aliquots were dis-
solved in 12.5 pL of 2% SDS, 20 mM DTT, 20 mM
Trizma-base pH 8.3 and heated to 100°C for 5 minutes.
After cooling, 25 uL of 10% CHAPS, 83.4 uL 20 mM
Trizma-base pH 8.3, 1 uL N-glycosidase F and 0.6 pL
o2-3,6,8,9-neuraminidase were added in the written
order with thorough mixing. H,'®0 was added in place
of the enzymes for “untreated” samples. The reaction
mixture was incubated at 37°C overnight.

Tryptic digestion

Deglycosylated proteins were reduced by 10 mM DTT
and incubated at 56°C for 15 minutes, followed by alky-
lation by 50 mM iodoacetamide at ambient temperature
for 45 minutes in dark. 20% of the total reaction mix-
ture was purified by SDS-PAGE, applying voltage until
all of the proteins had entered the separating gel. Whole
lanes were cut out and subjected to in-gel tryptic diges-
tion. Briefly, gel slices were cut into small pieces and
were washed 3 times in 30% acetonitrile 50 mM ammo-
nium bicarbonate before digesting with 200 ng of tryp-
sin in 100 pL 50 mM ammonium bicarbonate at 37°C
overnight. Peptides were extracted by 2 rounds of 50%
acetonitrile and 100% acetonitrile washes. Recovered
peptides were dried in SpeedVac and reconstituted in 10
nL of 2% acetonitrile 0.1% TFA for LC-MALDI analysis.

LC-MALDI Analysis

Serum tryptic digest with or without deglycosylation was
separated using DiNa nano-HPLC system (KYA Tech-
nologies, Tokyo, Japan). Solvent A was 2% acetonitrile
and 0.1% TFA in water and solvent B was 70% acetoni-
trile and 0.1% TFA in water. 2 pL sample, a final
amount equivalent to 0.4 pL serum, was injected onto a
trap column (L-column ODS, 5 um, 0.3 x 5 mm, CERI,
Saitama, Japan) and loaded by 8 pL/min flow of solvent
A. At 5 min, valve was switched and the peptides were
separated by an in-house packed analytical column (L-
column ODS, 3 um, in 0.1 mm x 200 mm capillary) at
200 nL/min flow rate using the following gradient: 5
min, 2% solvent B; 6 min, 10% solvent B; 90 min, 55%
solvent B; 95 min, 100% solvent B; and 110 min, 100%
solvent B. The column end was connected directly to
the spotting tip of DINA MAP target plate spotting
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device (KYA Technologies). CHCA matrix solution was
prepared at 1.5 mg/mL concentration in 70% acetoni-
trile, 0.1% TFA and 0.03 mg/mL ammonium citrate,
which was pumped to the spotting tip at 2.2 pL/min
flow rate and therein mixed with column elution. The
mixture was deposited onto a 1536-well pFocusing plate
(Hudson Surface Technologies Inc., Newark, NJ) every
15 seconds between 20.0 to 109.75 minutes for a total
of 360 spot fractions. Mass spectrometric analysis was
performed using 4800 Plus MALDI TOF/TOF Analyzer
(AB Sciex, Foster City, CA) operated on 4000 Series
Explorer software version 3.5. For each fraction spot,
data was accumulated from 1000 laser shots in a rando-
mized raster of 400 pum diameter over mass range m/z
800-4000. The laser repeat rate was 200 Hz and the
laser power was fixed at 3500 units throughout the
experiment. 5 calibration spots comprising 6 standard
peptides were used for external calibration.

Data analysis

Individual MALDI MS raw data was exported as t2d file,
ordered in chromatographic order and imported into
Expressionist Refiner MS system (Genedata AG, Basel,
Switzerland), where they were combined and displayed
as mass chromatograms. Default processing parameters
were applied unless otherwise specified. The chromato-
gram data was first simplified by subtracting the back-
ground noise by using the following criteria: 0.3 min RT
window, 40% quantile subtraction, 0.15 point RT
smoothing. After subtraction, all data points below
threshold intensity of “100” were clipped to zero. A set
of chromatograms were then aligned in the RT direction
by nonlinear transformation, mapping the original time
onto a common universal retention time, to ensure that
equal RT values correspond to the elution of the same
compounds. The following parameters were applied: RT
transformation window, 5 min; RT search interval, 30
min; m/z window, 0.2 Da; gap penalty, 1. Peak signals
were detected by summed peak detection algorithm,
which computes a temporary averaged chromatogram
over all input chromatograms, thereby allowing them to
share the matching set of peaks with identical bound-
aries. Here, the summation windows of 0.2 Da in the m/
z direction and 1 minute in the RT direction were
selected. The detected peaks were grouped into isotopic
clusters of individual compounds by summed isotope
clustering activity, using the following parameters: mini-
mum charge, 1; maximum charge, 2; maximum missing
peaks, 1; first allowed gap position, 3; RT window, 1
min; peptide isotope shaping tolerance, 0.8.

Statistical analysis
The cluster information generated by Refiner MS was
imported into Genedata Expressionist Analyst software
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for statistical analysis. The clusters were first filtered by
a valid value proportion of 100% (i.e. signal was detected
in all of the experimental replicates). All of these clus-
ters were subjected to t-test for extracting differentially
expressed clusters between the experimental groups,
where P < 0.01 was considered to be significant. Pre-
sent/absent search was performed to select for clusters
with 0 or 1 counterpart detection, which were omitted
by t-test.

Protein identification

As an exhaustive study, full MS/MS analysis was per-
formed on three of the replicate runs. Precursor peaks
were selected according to the software interpretation
algorithm, while limiting the maximum number of acqui-
sition to 10 per spot. Precursor peaks were measured in
descending order of intensity. Precursor ions were iso-
lated at 150 FWHM resolution, fragmentation was
induced without the use of collision gas at 6 kV and frag-
ment ions were further accelerated at 15 kV. Laser power
of 4200 units was used, and the acquisition was summed
over 2000 laser shots or until 4 fragment peaks exceeded
S/N 100. Protein Pilot software version 2.0 was used to
generate MS/MS peak lists for searching by MASCOT
[32] version 2.2.03 (Matrix Science, London, U.K.)
against 20345 human sequences of SwissProt version
57.14. Prior to search, a custom +3 Da modification on
asparagine residue resulting from deglycosylation in
H,'®0 was defined. The search parameters were as fol-
lows: enzyme, trypsin (allow up to 2 missed cleavages);
fixed modification, carbamidomethyl; variable modifica-
tions, '*O-deglycosylation (Asn); peptide tolerance, 300
ppm; MSMS tolerance, 0.5 Da. lon expectation score of
0.05 was used for the cut-off line for identification. For
candidate biomarker peptides that were not identified by
this method, searching was iteratively repeated in differ-
ent search parameters, such as “semitrypsin” enzyme
restriction, “N-terminal pyroglutamic acid” and “+365 Da
modification on Thr” (corresponding to O-linked N-acet-
ylhexosamine and hexose attached to a threonine resi-
due) as variable modifications.

Multiple reaction monitoring

2 L of the serum tryptic digest analyzed by LC-MALDI
was diluted by adding 6 uL of solvent A and 4 uL of tBSA
proteomic standard (KYA Technologies) dissolved at 50
fmol/pL. 1 uL of this mixture was injected for a single ana-
lysis. Paradigm nano-HPLC system with PAL autoinjector
was used for separation. Solvent A was 2% ACN in 0.1%
formic acid, solvent B was 90% ACN in 0.1% formic acid,
and sample was loaded with 2% ACN in 0.1% TFA. The
trap column was L-column ODS, 5 um, 0.3 x 5 mm, and
the analytical column was L-column ODS loaded in-house
directly into a sprayer tip (GL Science, Tokyo, Japan).
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MRM was performed using 4000QTRAP mass spectro-
meter (AB Sciex) during a 13 minutes gradient (2-55% sol-
vent B) at 200 nL/min flow rate. 70 ions were monitored
simultaneously for 30 minutes, each transition with 20 ms
dwell time with 5 ms interval, taking a total of 1.75 s per
scan. Transitions were selected from series of pilot experi-
ment in which in-silico developed transitions for each pep-
tide were tested for signal intensity and specificity.
Transitions were considered as the derivative of target
peptide only when all of them responded simultaneously
and the retention time of detection matched that of LC-
MALDI data. Instrument settings were as follows: declus-
tering potential, 70; entrance potential, 10; curtain gas, 10;
collision gas, 4; ion spray voltage, 2100; ion source gas, 10;
interphase heater temperature, 150°C. Peak areas were
integrated using MultiQuant software version 1.1.0.26.
Raw data was normalized to the total signal acquired,
which includes two spiked-in BSA fragments detected at
highest intensity.

Immunoblot analysis

For the verification study, crude serum samples from fresh
aliquots for all screening sample set (except for 3 normal
controls N-3, 4, and 10, which were substituted by N-11,
12, and 13, respectively) were analyzed. 0.5 pL of crude
serum was diluted 100-fold with SDS-PAGE sample buf-
fer, boiled and 20 pL was used for immunoblot analysis.
SDS-PAGE was performed using NuPAGE Bis-Tris 4-12%
acrylamide gel with 2-morpholinoethanesulfonic acid buf-
fer system, and electroblotted onto a PVDF membrane.
The blots were probed with anti-C3 polyclonal antibody
(Sigma, product code GW20073F) diluted 5000-fold in 5%
skim milk, followed by incubation with horseradish perox-
idise-conjugated secondary antibody (Sigma, product code
A9046) diluted 10000-fold in 2% BSA. The reactivity was
visualized on X-ray films using ECL detection kit (GE
Healthcare). Immunoblot was also performed with anti-
C3d monoclonal antibody {(Abbiotec, San Diego, CA) and
horseradish peroxidise-conjugated secondary antibody
(GE Healthcare) to confirm specificity of the polyclonal
antibody (Figure S-2).

Additional material

Additional file 1: Supplementary Information. This PDF file contains
the following material: Figure S-1, a histogram and summary of the
number of reproducible peaks. Figure $-2, an immunoblot showing the
specificity of antibodies used. Table S-1, the list of serum samples. Table
S5-2, the list of glycopeptides identified in this study. Table S-3, the detail
of MRM transitions used for verification analysis.
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Abstract ; : ; : e
~ The mass spectrometry-based peptidomics approaches have proven its usefulness in several areas such as the discovery of
‘physiologically active peptides or biomarker candidates derived from various biological fluids including blood and
 cerebrospinal fluid. However, to identify biomarkers that are reproducible and clinically applicable, development of a novel
technology, which enables rapid, sensitive, and quantitative analysis using hundreds of clinical specimens, has been eagerly
_awaited. Here we report an integrative peptidomic approach for identification of lung car cer-specific serum peptide
biomarkers. It is based on the one-step effective enrichment of peptidome fractions (molecular weight of 1,000-5,000) with
size exclusion chromatography in combination with the precise label-free quantification analysis of nano-LC/MS/MS data set
- using Expressionist proteome server platform. We applied this method to 92 serum samples well-managed with our SOP
(standard operating procedure) (30 healthy controls and 62 lung adenocarcinoma patients), and quantitatively assessed the
detected 3,537 peptide signals. Among them, 118 peptides showed significantly altered serum levels between the control
:and lung cancer groups (p<0.01 and fold change >5.0). Subsequently we identified peptide sequences by MS/MS analysis
and further assessed the reproducibility of Expressionist-based quantification results and their diagnostic powers by MRM-
based relative-quantification analysis for 96 independently prepared serum samples and found that APOA4 273-283, FIBA
5-16, and LBN 306-313 should be clinically useful biomarkers for both early detection and tumor staging of lung cancer.
Our peptidome profiling technology can provide simple, high-throughput, and reliable quantification of a large number of
clinical samples, which is applicable for diverse peptidome-targeting biomarker discoveries using any types of biclogical
specimens. : ‘ : , . '
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Introduction

Lung cancer is the leading cause of cancer death worldwide [1].
Smoking is still the leading risk factor for lung cancer, but recently
the proportion of never smoker-related lung cancer is significantly
increasing, although its cause or other risk factor(s) is unknown |2].
Lung cancer patients show the poor prognosis with an overall 5-
year survival rate of only 15% [3]. One of the reasons for this
dismal prognosis is no effective tools to detect it at an early stage
and in fact only 16% of patients are diagnosed at their early stage
of the disease [3]. Current screening methods such as chest X-ray
or cytological examination of sputum have not yet shown their
effectiveness in the improvement of mortality of lung cancer,

whereas low dose helical C'1' have been proved to possess a
potential to detect early-stage lung cancer and demonstrate 20%
lower lung cancer mortality rate compared to chest X-ray
screening [4]. On the other hand, serum biomarkers for lung
cancer have been investigated to achieve early detection of the
disease and improve clinical management of patients |[5].
Nonetheless, their present clinical usefulness remains limited
[6,7]. CEA (carcinoembryonic antigen) and CYFRA (cytokeratin
19 fragment) are elevated in sera in a subset of lung cancer
patients, and are clinically applied to monitor the disease status
and evaluate the response to treatments. However, they are not
recommended to use in clinical diagnosis and screening [8]
because they are also elevated in certain non-cancerous conditions
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such as smoking and lung inflammation as well as in patients with
other types of cancers. It is obvious that CEA and CYFRA do not
have the sufficient power to apply for the screening of early-stage
lung cancer. Hence, development of novel serum/plasma
biomarkers applicable for lung cancer diagnosis is urgently
required.

Recently monitoring the protein expression pattern in clinical
specimens by proteomics technologies has offered great opportu-
nities to discover potentially new biomarkers for cancer diagnosis.
Various proteomic tools such as 2D-DIGE, SELDI-TOF-MS,
protein arrays, ICAT, iITRAQ and MudPI'l' have been used for
differential analysis of biological samples including cell lysates and
blood to better understand the molecular basis of cancer
pathogenesis and the characterization of disease-associated
proteins [9}. In order to explore putative biomarkers in
complicated biological samples, focused proteomics or targeted
proteomics technologies have been utilized such as; phosphopro-
tein enrichment technologies IMAC [10], the cell-surface-
capturing (CSC) technology [11,12], glycan structure-specific
quantification technology 1GEL [13]. Most recently, to identify
novel lung cancer biomarkers, Ostroff ef al. reported the aptamer-
based proteomic technology targeting 813 known proteins. Finally
they selected 12 proteins which discriminated NSCLC from
controls with 89% sensitivity and 83% specificity |14]. Thus
targeted proteomics technologies such as the aptamer method
would be applicable for the measurement of already known
proteins, however could not be applied for the discovery of
biomarkers targeting unknown proteins, post translational modi-
fications, or biologically-processed polypeptides.

These methods can circumvent the technological limitations
that currently prohibit the sensitive and high-throughput profiling
of, in particular, blood proteome samples because of its high
complexity and large dynamic range of proteins. ‘The peptidome
profiling technology addressed in the present study is one of the
focused proteomics approaches targeting on biosynthetic frag-
ments of proteins/peptides in blood, involving bioactive peptides
and those non-specifically degraded by proteases or peptidases
[15,16].

So far more than 500 proteases/peptidases are known to be
expressed in human cells [17,18]. They function at almost all
locations in the body including intracellular region, extracellular
matrices, and in blood, involved in activation of other protein
functions, degradation of cellular proteins, and notably tumor
progression or suppression [19,20,21]. Indeed many matrix
metalloproteases are overexpressed in various types of tumor cells,
that facilitate construction of favorable micro-environment for
tumor cells or promotion of metastasis|21]. Definitely these
protease/peptidase activities should result in the production of
digested peptide fragments well reflecting the tumor progression or
tumor-associated responses. Thus peptidomic profiling of human
serum or plasma is a promising tool for the discovery of novel
tumor markers.

In this article, we extracted peptidome fractions (molecular
weight <5,000 Da) from 92 individuals using the well-established
and reproducible one-step peptidome enrichment method based
on size exclusion chromatography (SEC) [22,23] and provided
them to the label-free mass spectrometric quantification analysis
combined with the statistical analyses on Lxpressionist proteome
server platform. Our rapid and simple peptidome enrichment
procedure can circumvent both less reproducible peptidome
extraction by such as ultrafiltration spin filters and prolonged
sample preparation including immuno-depletion column chroma-
tography, denaturing proteins, buffer exchange, ultrafiltration, and
so on |16]. After quantitative comparison of 3,537 serum peptides
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among 92 cases in the lung cancer biomarker discovery, we further
evaluated the accuracy of quantification results by another more
reliable quantification method MRM (multiple reaction monitor-
ing) technology using independently prepared 96 serum samples.

Materials and Methods

Serum samples

All human serum samples were obtained with informed consent
from 122 patients with lung adenocarcinoma (stage 1 to 1V) at
Hiroshima University Hospital at the examination on admission.
Serum samples as normal controls were also obtained with
informed consent from 30 healthy volunteers who received
medical checkup at Hiroshima N'1"I" Hospital and 36 from Kochi
University Hospital. Each consent above was given in writing. 'T'o
circumvent undesirable degradation of proteins and peptides, all
serum samples were collected and stored under unified SOP.
Briefly, all venous blood specimens were collected with vacuum
blood collection tubes TERUMO VP-PO70K (I'ERUMO, Lokyo,

Japan). After staying upright at ambient temperature for 60

minutes, serum fractions were separated with centrifugation at
1500 x g for 15 min (4°C) and immediately stored at —80 °C. One
freeze-and-thaw procedure was permitted for any serum samples
used in the present study. ‘This study was approved by individual
institutional ethical committees; The LEthical Committee of
Yokohama Institute, RIKEN (Approval code: Yokohama H20-
12), 'The Ethical Committee of Hiroshima University Hospital,
and The Ethical Committee of Kochi University Hospital.

Heat inactivation of sera and subsequent peptidome
enrichment

All serum samples were freezed and thawed once and
immediately incubated at 100 °C for 10 minutes after 4 times
dilution with proteomics grade water. Following filtration with
Spin-X 0.45 pm spin filters (Corning Incorporated, Corning, NY,
USA), samples were loaded into 10/300 Superdex peptide column
(GE Healthcare UK Ltd., Buckinghamshire, England) coupled
with Prominence HPLC system (Shimadzu Corporation, Kyoto,

Japan). The peptidome fraction was collected from 22 to 34

minutes in the constant flow of 100 mM ammonium acetate at
0.5 ml/min flow rate. ‘T'he collected fractions were dried-up with
Vacuum Spin Drier (FAITEC Co., Ltd., Saitama, Japan).

LC/MS/MS analysis for the screening study

"The dried peptide samples were resuspended in 2% acetonitrile
with 0.1% trifluoroacetic acid and analyzed by QS TAR-Elite mass
spectrometer (AB Sciex, Foster City, CA, USA) combined with
UltiMate 3000 nano-flow HPLC system (DIONEX Corporation,
Sunnyvale, CA, USA). Samples were separated on the
100 pm x200 mm tip-column (GL Sciences Inc., 'Tokyo, Japan),
i which L-Column beads (Chemicals Evaluation and Research
Institute, 'l'okyo, Japan) were manually loaded, using solvent A
[0.1% formic acid, 2% acetonitrile] and solvent B [0.1% formic
acid, 70% acetonitrile] with the multistep linear gradient of solvent
B 5 to 55% for 95 minutes and 55 to 95% for 10 minutes at a flow
rate 200 nl/min. ‘The elute was directly analyzed with the 1
second MS survey (m/z 400 1800) followed by three MS/MS
measurements on the most intense parent ions (30 counts
threshold, +2 - +4 charge state, and m/z range 50 2000), using
the “smart exit” setting (SIDA =3.0, max accumulation time
=2.0 sec.). Previously targeted parent ions were excluded from
repetitive. MS/MS acquisition for 40 seconds (100 mDa mass
tolerance). ‘The other parameters on QS TAR-Elite were shown as
follows: DP =60, FP =265, DP2 =15, CAD =5, IRD =6,
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IRW =35, Curtain gas = 20, and lon spray voltage = 1600 V. T'he
mass of each run was calibrated using three typical polysiloxane-
derived background peaks: m/z =445.12003, 519.13882, and
667.17640. "The resolution of mass spectra was around 20,000 at
m/z =400. The primary data files (formatted as wiff and
wifl.scan) from 92 clinical samples are available in a public
repository site Proteome Commons (https://proteomecommons.
org/). The MASCOT database search was performed on the
Analyst QS 2.0 software (AB Sciex, Foster City, CA, USA). The
MS/MS data was searched against the human protein database
from SwissProt 57.4 (20,400 sequences) using the search
parameters: ‘l'axonomy = Homo sapiense, Enzyme = None,
Fixed modifications = None, Variable modifications = Oxida-
tion (Met), MS tolerance =50 ppm, and MS/MS tolerance =
0.1 Da, with Mascot Automatic Decoy Search. Although Matrix
Science recommends to use the Homology threshold for less-
stringent criteria or Identity threshold providing almost same
protein identification numbers with the criteria Expectation value
<0.05  (http://www.matrixscience.com/help/interpretation_-
help.html), we accepted peptide identifications that satisfied both
the false discovery rate (FDR) of peptide matches above identity
threshold less than 5% and the Expectation value <<0.05 in order
to obtain more reliable identification of individual peptides than
that from Mascot default criteria.

Alignment of MS chromatogram planes and peak
detection on Expressionist RefinerMS

The raw data files from QSTAR-Elite (wiff and wiff.scan
formatted) were directly loaded onto the Genedata Expressionist
modules (Genedata AG, Basel, Switzerland). Genedata Expression-
ist worked on the in-house server system HP-DL380-G5 (Hewlett-
Packard Development Company, Palo Alto, CA, USA) equipped
with 16 GB memory, (72 GBx2) + (146 GBx25) RAID 0+1 hard
disks, and SUSE Linux Enterprise Server 10 SP2 operating system,
installed with Oracle 10 g ver. 10.2.0.4. software (Oracle Corpo-
ration, Redwood Shores, CA, USA). All MS chromatograms were
smoothed with R'T" Window =3 scans in the Chromatogram
Chemical Noise Subtraction Activity. Lo remove the background
noise, a peak intensity is defined as follows.

Intensn}@ubtmctcd =

max(Intensity i — Quantile — Threshold,0)

Here, values Quantile =50%, Intensity Threshold =15 cps
were used. Furthermore signals satisfying at least one of the
following criteria were considered as noise peaks and subtracted:
Rl Window >50 scans, Minimum Rl Length =4 scans, or
Minimum m/z Length =8 data points. Then MS chromatogram
planes derived from 92 serum samples were accurately aligned using
parameters: m/z Window = 0.1 Da, Rl Window = 0.2 min, Gap
Penalty =1, and R'I' Search Interval =5 min in the Chromato-
gram R'I" Alignment Activity. Next, the Summed Peak Detection
Activity detected the peaks on a temporary averaged chromatogram
with parameters as follows: Summation Window =5 scans,
Overlap =50, Minimum Peak Size =4 scans, Maximum Merge
Distance =10 data points, Gap/Peak Ratio =1, Method =
curvature-based peak detection, Peak Refinement Threshold =35,
Consistency Filter Threshold = 0.8, Signal/Noise T'hreshold = 1.
Finally the two steps Summed Isotope Clustering Activity identified
isotope patterns among 2D peaks, in which peaks identified as
belonging to the same isotope pattern of a molecule were grouped
into peak clusters. The first clustering was performed with the
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following criteria: Minimum Charge = 1, Maximum Charge = 10,
Maximum Missing Peaks =0, First Allowed Gap Position =3,
lonization = protonation, R'I' Tolerance =0.1 min, m/z L'oler-
ance =0.05 Da, Isotope Shape Tolerance =10.0, and Minimum
Cluster Size Ratio = 1.2. The second clustering was performed with
the same setting above, except for Minimum Cluster Size Ratio
=0.6 and Reuse Existing Clusters = true. The information of all
detected cluster peaks, including m/z, retention time, and intensity,
was exported as ABS files.

Label-free quantification and statistical analysis on
Expressionist Analyst

‘I'he ABS files were loaded on the Expressionist Analyst module
(Genedata AG, Basel, Switzerland). The peak intensity variation
among 32 samples was normalized by fixing the median intensity
of each sample at 10,000. Using the normalized intensity data,
Student’s t-test was performed between the normal group (n = 30)
and lung cancer patients group (n = 62). 'The candidate biomarker
peaks were extracted which showed p<<0.01 and fold-change >5.0
between two groups. The candidates were further selected by
Absent/Present Search to identify peaks with all-or-nothing
detection pattern, which were detectable in 15 or all of 16 samples
in one group and 1 or none of 16 samples in another group.

Multiple Reaction Monitoring

Serum samples were processed with Superdex peptide column
chromatography as described above before mass spectrometric
analyses. The dried peptide samples were resuspended with 1
fimol/pl BSA tryptic digest solution in 2% acetonitrile, 0.1%
trifluoroacetic acid and analyzed by 4000 QIRAP mass
spectrometer (AB Sciex, Foster City, CA, USA) combined with
Paradigm MS4 PAL nano-flow HPLC system (AMR Inc., 'I'okyo,

Japan). Peptides were separated on the 100 pmx100 mm tip-

column (GL Sciences Inc., T'okyo, Japan), in which L-Column
ODS beads (Chemicals Evaluation and Research Institute,
Saitama, Japan) were manually loaded. Using solvent A [0.1%
formic acid, 2% acetonitrile] and solvent B [0.1% formic acid,
90% acetonitrile], the linear gradient of solvent B 2 to 100% for 10
minutes was configured at a flow rate 200 nl/min. 19 targeted
peptide ions and 5 BSA-derived peptide jons were simultaneously
monitored by the MRM mode in Analyst 1.5 software (AB Sciex,
Foster City, CA, USA) in duplicate. The MRM transitions are
shown in Table 84. The acquired MRM chromatograms were
then smoothened and quantified with MultiQuant software (AB
Sciex, Foster City, CA, USA). MRM peak areas in each sample
were normalized as follows:

AfeaNormaIized =

AredRyw gawa/(summed area of 5 BSA standards) x 1000

Box plot analysis and ROC curve analysis

"I'he averaged area of the duplicated MRM chromatogram peak
corresponding to 19 candidate biomarker peptides was used to
create box plot with R algorithm. For each study the box represents
the middle half of the distribution of the data points stretching from
the 25" percentile to the 75™ percentile. 'The line across the box
represents the median. The lengths of the lines above and below the
box are defined by the maximum and minimum datapoint values,
respectively, that lie within 1.5 times the spread of the box. Results
of Student’s t-test were included on the box plot. ROC curves were
also depicted by R. The cut-off value was set at the point whose
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distance from the (sensitivity, specificity) = (1, 1) reached the
minimum. ‘The sensitivity (Sens), specificity (Spec), positive
predictive value (PV+), negative predictive value (PV-), and are
under the curve (AUC) were shown on each graph.

Results

The efficient enrichment of peptidome fractions from
sera

Since reproducible and accurate separation of the peptidome
fraction from serum was essential for the effective screening of
biomarkers, we optimized a simple gel filtration chromatography
method (Iig. 1) and evaluated the peptide recovery. l'o avoid
uncontrolled degradation of serum components arising from intact
proteases and peptidases, all serum samples were immediately heated
at 100 °C for 10 min after only one freeze-thaw procedure. Four-fold
dilution of serum with water could eliminate the protein aggregation
during heat inactivation even though the samples appeared slightly

Screening Phase

Label-free quantification analysis
(Expressionist RefinerMS®)

Statistical analysis

(Expressionist Analyst®)

MRM-based relative quantification analysis

>
r g

Peptidome Profiling for Lung Tumormarker Discovery

cloudy. IFigure 24 shows the merged gel filtration HPLC chromato-
grams from 16 individual serum samples using the Superdex Peptide
107300 column. 'The spectra illustrated highly reproducible separa-
tion of serum proteins and peptides. Then, the accuracy of size
exclusion chromatography was assessed by analyzing 10 fractions
(2 min each from retention time for the period of 14 34 min, lig. 25
with the MALDI-T'OF-TOF mass spectrometer (Fig. 2C). As shown
by the continuous MS spectra in Figure 2C, our gel filtration
chromatography procedure allowed precise separation of serum
proteins and peptides based on their molecular weights. Consequent-
ly we defined the fraction numbers 5 to 10 (corresponding to
molecular weight 1,000 to 5,000) that should be focused in the further
biomarker screening and validation studies.

Label-free quantification-based peptide biomarker
screening for lung cancer

"To explore serum peptides which could be applied for early
detection of lung cancer, we acquired quantitative peptidome

92 Heat-inactivated Sera

i

%

(new 96 serum samples) }
I1 ;

fELLE

W l;ﬂ,‘mwyj.«

Validation Phase

&
<

Statistical assessment of biomarkers

Figure 1. Schematic view of peptidome biomarker development workflow. In the screening phase, 92 serum samples were initially heat
inactivated. The peptidome fractions enriched with gel filtration chromatography were analyzed with QSTAR-Elite LC/MS/MS. Following LC/MS data
processing and label-free quantification analysis on the Expressionist RefinerMS module, candidate biomarkers were statistically extracted by the
Expressionist Analyst module. In the validation phase, MRM experiments were performed to assess the applicability of 19 biomarker candidates using
additional 96 serum samples.

doi:10.1371/journal.pone.0018567.g001
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Figure 2. Simple and efficient enrichment of serum peptidome fractions by gel filtration chromatography. (4) The merged display of
16 independent spectra of gel filtration chromatography (280 nm UV absorbance). 10 pl each of serum sample was loaded. The upper right box
shows the magnified view of the retention time range from 20 to 50 minutes. (B)(C) To evaluate the fractionation efficacy of Superdex Peptide 10/300
column, the elute was separated into 10 fractions and analyzed with MALDI-TOF mass spectrometer. The numbers of fractions in B correspond to the

spectra numbers in C.
doi:10.1371/journal.pone.0018567.g002

profiles from 92 individuals (Table 81) including 62 lung cancer
patients that consisted of 32 patients with an operable lung cancer
(stage-I: n= 10, stage-1l: n=10, stage-llla: n=12) and 30 lung
cancer patients at an advanced stage (stage-111b: n =15, stage-1V:
n=15) to identify candidate serum biomarkers for lung cancer.
The serum samples were purified using gel filtration chromatog-
raphy as described above and individually subjected to LC/MS/
MS analyses using QSTAR-Elite mass spectrometer (Iig. 1).
Subsequently 92 MS raw data were loaded and processed on the
Expressionist RefinerMS module (Fig. 34). Genedata Expressionist
is an enterprise system for omics data management comprised of
integrated software modules, which support the complete R&D
processes involving data processing, statistical analysis, data
management and result reporting. The technology-dependent
modules for microarray data (Refiner Array), mass spectrometry
(Refiner MS, used in the present study) and genomic profiling
(Refiner Genome) allow highly-sophisticated data processing,
quantification, visualization, and result exporting in any general-
ly-used formats. Once all data are quantified and summarized,
they can be seamlessly analyzed with the Genedata Analyst
module employing various statistical analyses. 'I'his system initially
made the MS chromatogram planes as shown in Figure 3C, and
subtracted the instrument specific noises and chemical noises

@ PLoS ONE | www.plosone.org

effectively. At the fourth step of the workflow in Figure 34, the
retention time (R'1) grids on each MS chromatogram plane were
perfectly aligned among these 92 samples (Iig. 38), which allowed
the solid quantification analysis of multiple samples. Subsequently,
peaks were detected from temporarily averaged m/z-R'1’ planes by
the Chromatogram Summed Peak Detection Activity in order to
avoid missing peak-location information even if the peaks were not
detectable in particular planes. The detected isotopic peaks
belonging to the same peptide signals were grouped into individual
clusters that are displayed as colored rectangles in Figure 3C. A
total of 12,396 non-redundant isotopic peak clusters with charge
state +1 to +10 were detected from 92 serum samples. We then
utilized 3,537 clusters with charge stage +2 to +10 for further
statistical considerations in the Expressionist Analyst module, since
singly-charged ions might include substantial proportion of non-
peptide components such as chemicals.

Student’s t-test was applied to investigate the differences in their
serum levels between the normal group (n = 30) and the lung cancer
group (n=062) (IFig. 44). This analysis identified 118 candidate
biomarker peptides (p<<0.01 and fold-change of >5.0). Since the
criteria of t-test were variable for the purpose of candidate selection,
we used the threshold above just in order to define the highest
priority group. The intensity distributions of these peptides were

April 2011 | Volume 6 | Issue 4 | ¢18567
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Figure 3. Rapid and accurate data processing for label-free quantification on the Expressionist RefinerMS module. (4) The total
workflow used in the Expressionist RefinerMS module. Only 3 hours were needed to complete entire steps in this workflow on 92 LC/MS/MS data
(each with 120 minutes LC gradient). (B) The representative area of m/z - retention time planes after RT alignment of 92 LC/MS/MS data. In each
panel, three isotopic clusters and grid lines were displayed, showing highly exact alignments. (C) The MS chromatogram plane in which all data
processing were completed. Finally, isotopic clusters derived from a single peptide were grouped into a colored cluster as shown in the middie panel.
The far right panel shows the MS spectrum corresponding to the horizontal section view of a representative cluster.

doi:10.1371/journal.pone.0018567.g003

visualized with bar charts in Figure S1. The subsequent principal
component analysis demonstrated that the values of 118 candidate
biomarker peptides could explicitly separate control and lung
cancer groups on the 3D plot using principal component 1, 2, and 3
(¥ig. 4B). "The proportion of variance described by the principal
component 1, 2, or 3 was 66.9%, 15.0%, or 4.4%, respectively,
indicating that illustrated components 1 to 3 could reflect 86.3%
(the cumulative proportion) of quantitative information in this mass
spectrometric screening analysis.

‘:@: PLoS ONE | www.plosone.org

Identification of peptide sequences by LC/MS/MS
Alongside the label-free quantification-based biomarker
screening described above, the comprehensive peptide sequenc-
ing was performed by a combination of QSTAR-Elite LC/MS/
MS analysis and MASCO'L" database search. Among 230,657
MS/MS queries from 92 serum samples, 5,382 peptides were
successfully sequenced with MASCO'L" expectation value <0.05
(DR of peptide matches above Identity threshold was 1.49%).
After examining redundancy, 424 unique peptides were
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Figure 4. Statistical identification of candidate biomarkers for lung cancer. (4) The hierarchy chart of clusters (peptides) according to
Student’s t-test p-values (normal group vs. lung cancer group). 118 peptides satisfied the criteria of p<0.01 and fold change >5.0. (B) Principal
component analysis using the values of 118 candidate biomarker peptides showed clear separation between control and lung cancer groups on the
3D plot. The proportion of variance described by the principal component 1, 2, or 3 was 66.9%, 15.0%, or 4.4%, respectively.

doi:10.1371/journal.pone.0018567.g004

identified that corresponded to 106 proteins (Table S$2).
Regarding the 118 candidate peptides, 19 peptides were
uniquely identified; 12 of them were found to be derivatives
from fibrinogen alpha chain (FIBA), 4 from apolipoprotein A-
IV (APOA4), and the remaining three peptides were turned out
to be a fragment of amiloride-sensitive cation channel 4
(ACCN4), apolipoprotein £ (APOL), and limbin (LBN)
(Table 1).

MRM-based validation experiment for 19 candidate
biomarker peptides

To assess the quantitative reproducibility of the label-free
quantification results in our single-run screening analysis, as well as
the clinical usefulness of the 19 candidate biomarkers, we
conducted further validation studies by multiple reaction moni-
toring (MRM) technology using 96 additional serum samples
(Table S1). For designing the optimum MRM transitions specific
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@ PLoS ONE | www.plosone.org 7 April 2011 | Volume 6 | Issue 4 | 18567



Peptidome Profiling for Lung Tumormarker Discovery

MASCOT #

CPSLGRAEGGGV

ACCN4 613 624
APOA4 271 283 ELGGHLDQQUEEF
APOAG 268 284 GGHLDQQVEEF
APOA4 260 284 GNTEGLOKSLAELGG
APOAG 288 304 SLAELGGHLDQQVEEFR
PO 214 TVGSLAGQPLQERAQAWGERL
FIBA 1 16 ADSGEGDFLAEGGGVR
CEBA g 15 | DFLAEGGGV
FIBA 7 16 DFLAEGGGVR
RBA 2 16 DSGEGDFLAEGGGVR
FIBA 5 15 EGDFLAEGGGY
FIBA 5 16 EGDFLAEGGGVR
FIBA 6 15 GDFLAEGGGV
FBA 6 16 GDFLAEGGGVR
FIBA 4 15 GEGDFLAEGGGY
FIBA- 4 16 GEGDFLAEGGGVR
FIBA 3 15 SGEGDFLAEGGGV
FIBA 3 16 SGEGDFLAEGGGVR
LBN 306 313 FLLSLVLT

to the 19 candidate peptides, the m/z values of precursor ions
detected in the screening phase were set as Q1 channels and those
of four most intense fragment ions were selected from each MS/
MS spectrum for Q3 channels (Fig. S2 and Table S3). Hence, a
total of 76 MRM transitions were simultaneously monitored by
4000 Q' I'RAP mass spectrometry using a serum peptidome sample
(Fig. 5). We then determined the specific eluting retention time for
cach candidate peptide and selected the optimum MRM
transitions showing the highest MRM chromatogram peak out
of four transitions for each peptide (lable S4). In our
observations, only two peptides (FIBA 3 16 and FIBA 5 16)
showed the identical orders of fragment ion intensities between
QSTAR-Llite and 4000 QI'RAP systems as shown in Figure 5.
We further performed MRM-based relative quantification
analysis using 36 normal controls and 60 lung cancer samples
in duplicated experiments. ‘The serum levels of 19 candidate
biomarker peptides were calculated on the basis of normalized
and averaged MRM chromatogram peak areas and displayed
with box plots (Iig. 64). Lo evaluate the efficacy of these
candidates for early detection of lung cancer, we compared the
earlier-stage lung cancer group (stage-l, 1, and Illa) with the
normal group by Student’s t-test. 'T'he results revealed that 15 out
of 19 candidate peptides showed significant differences in their
serum levels between the two groups, while 4 peptides (FIBA 4

15, FIBA 5 15, FIBA 7 15, and FIBA 7 16) showed no
significant differences. Concerning the comparison between the
normal group and the advanced-stage lung cancer group (stage-
Hib and 1V), similarly 4 peptides (APOA4 268 284, APOA4
271 283, FIBA 5 15, and APOL 194 214) did not satisfy the

@ PLoS ONE | www.plosone.org

Table 1. 19 lung cancer biomarker candidates.
Expressionist 7

Cluster_3187 551.8 64.1 2 1.54E-15
Cuserssss 708 e03 2 7mseos
Cluster_3444 629.8 522 2 9.41E-07

- 3661 o 6898 753 2 '":j‘a_',syzE«)s;* '
Cluster_3498 643.3 65.7 2 6.08E~d§
Cluster 2454 7564 656 3 20303
Cluster_248 768.8 53.0 2 6.41E-23
Cluster 126 4327 66 2 307%ER
Cluster_1 5§ 510.7 49.9 2 5.75E-25
Cluster 240 7333 365 2 380E15
Cluster_166 525.7 62.8 2 2.99E-25
Cluster 3342 6038 507 2 B17E27
Cluster_2872 461.2 61.8 2 3.31E12
Cluster 174 533 523 2 410E1s
Cluster_180 554.2 63.5 2 5.37E-22
Cluster207 6323 521 2 qesEn
Cluster_196 597.8 63.2 2 4.44E-24
Cluster 221~ 6758 523 2 222622
Cluster_135 453.2 39.0 2 2.81E-24
“Information acquired from the Expressionist RefinerMS or the Analyst module.
bInformation acquired from MASCOT database search.

“Each ID corresponds to that in the bar chart (Fig. S1).

“Shown is the p-value of t-test between normal group and lung cancer group.
UniProt Accession Number.

doi:10.1371/journal.pone.0018567.t001

criterion of p<<0.05. Hence, we considered that the remaining 12
peptides are likely to be more promising biomarkers for lung
cancer diagnosis. We next assessed the sensitivity and specificity
of the 19 biomarkers for lung cancer diagnosis by ROC curve
analysis (Fig. 68 and Fig. S3). The cut-off value was set at the
point whose distance from the (sensitivity, specificity) = (1, 1)
reached the minimum. Given the value of sensitivity to detect
lung cancer at an earlier stage, FIBA 6 15 (87.1%), APOA4 273

283 (61.3%), FIBA 5 16 (58.1%), and LBN 306 313 (58.1%)
appeared to be the good biomarker candidates. However
although the specificity of APOA4 273 283, FIBA 5 16, and
LBN 306 313 were remarkably higher (88.9%, 94.4%, and
100%, respectively, Fig. 65), FIBA 6 15 showed relatively lower
specificity (44.4%) and the area under the curve (0.641). By
integrating the results from t-test and ROC curve analysis, the 3
candidates shown in Iigure 68 were considered as the most
promising peptide biomarkers for early detection of lung cancer.

Discussion

Even though recent mass spectrometry instruments have
allowed measurements of peptide mixtures at high sensitivity
[24], enrichment of targeted proteins/peptides is still indispensable
to achieving detection and identification of serum components in
limited amounts of biological materials. In this sense, the
methodology to purify preanalytical samples without loss of
targeted components is crucial. Irom this point of view, the
previous peptidome profiling technologies, such as SELDI-TOF-
MS coupled with ProteinChip arrays or MALDI-TOF-MS
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Figure 5. Selection and confirmation of the optimum MRM transitions for 19 candidates. Four pairs of precursor m/z and fragment m/z
(Q1/Q3 channels) were set as MRM transitions for each peptide. The blue, red, green, or gray MRM chromatogram monitored the fragment ion which
showed the 1%, 2™, 3, or 4™ most intense peaks in QSTAR-Elite LC/MS/MS analysis, respectively.

doi:10.1371/journal.pone.0018567.g005

analysis of ClinProt magnetic beads-purified samples, covered only
limited spectra of serum peptidome. Most of studies utilizing ion-
exchange selection or reversed phase extraction of peptidome on
ProteinChip arrays [25,26,27] or magnetic beads |28,29] allowed
at most 200 peak detections within the mass range 1,000 to
20,000. Meanwhile our peptidome profiling technology consisting
of gel-filtration chromatography, custom-made high resolution
C18 tip-column, QSTAR-Elite mass spectrometer, and Expres-
sionist proteome server platform analysis enabled us to detect
12,396 non-redundant molecules with charge state of +1 to +10.
‘The number of detected peaks here denoted the enormous
advantage of our methodology for the analytical comprehensive-
ness compared to other existing methods. Although we focused on
serum peptides involved in 3,537 clusters with charge stage of +2
to +6 in this study, 12,396 clusters might include non-peptide
serum components such as metabolites, which should be also
valuable for biomarker screening. Additionally, regarding the
capacity of sample numbers to be analyzed simultaneously, the
Expressionist server platform has a potential to handle a larger

@ PLoS ONE | www.plosone.org

number of clinical samples. Because we in fact needed only less
than an hour to process 92 LC/MS/MS data in the Refiner MS
module (Fig. 14), a comprehensive analysis of up to 1,000 cases
would be feasible in a day. Hence our peptidome profiling
technology provides the outstanding features of data comprehen-
siveness and quantitative performance, which absolutely fit the in-
depth screening of novel biomarkers from clinical samples such as
serum and plasma compared to previous technologies described
above, whereas estimating actual dynamic range of detected
peptide concentrations would be needed by,for instance, MRM-
based absolute quantification analysis in the future. It could be
tailored to many diagnostic and pharmaco-dynamic purposes as
comprehensive interpretations of catalytic and metabolic activities
in body fluids or tissues.

By using this technology, we finally identified 19 serum peptides
as candidate lung cancer biomarkers (L'able 1). The subsequent
MRM-based validation experiments and t-test resulted in the
confirmation of 12 candidates as reliable lung cancer biomarkers
(¥ig. 64). Eight of them were fragments derived from fibrinopep-
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Figure 6. Statistical assessment of MRM-based validation experiments. (4) Box plots representing the stage-dependent distributions of
serum levels of the 19 candidate biomarkers. The p-values from t-test between “normal group (n=36) and lung cancer stage-I, Il, and llia (n=30)" or
“normal group (n=36) and lung cancer stage-llib and IV {n=30)" are shown. The p-values that did not show significant differences were provided in
parentheses. N: normal group, |, Il, llla, llb, and IV: lung cancer stage-l, 1, llla, llib, and IV group, respectively. (B) ROC curves for APOA4 206-284, FIBA
2-16, and LBN 306-313 were depicted by R. The green or blue graph shows comparison of “normal group (n = 36) and lung cancer stage-|, ll, and llla
(n=30)" or “normal group (n=36) and lung cancer stage-liib and IV (n=30)", respectively. The cut-off value was set at the point whose distance from
the (sensitivity, specificity) = (1, 1) reached the minimum. The sensitivity (Sens), specificity (Spec), positive predictive value (PV+), negative predictive
value (PV-), and area under the curve (AUC) were shown on each graph.

doi:10.1371/journal.pone.0018567.g006

tide A (FPA) which is N terminally cleaved product from
fibrinogen o (FIBA). In fact, both our screening and validation
results suggested that all of these eight FPA fragments were
potential lung cancer-associated biomarkers showing the signifi-
cant increase of concentrations in lung cancer patients’ sera.
However, since anomalous turnover of FPA was previously
reported in several other diseases including gastric cancer [30],
diabetic nephropathy |31], coronary heart disease [32], and
others, these 8 I'PA fragments could not be defined as lung cancer-
specific biomarkers. The other two candidates were generated
from apolipoprotein A-1IV (APOA4). APOA4 protein itself was
already identified as an up-regulated biomarker for ovarian cancer
[33], whereas this was also known to be regulated by nutritional
and metabolic stress |34]. But both quantitative information and
physiological functions of endogenously-processed APOA4 pep-
tides in human serum were still unknown. Interestingly, the
APOA4 273 283 fragment demonstrated pathological stage-
dependent up-regulation in lung cancer patients’ sera, while the
two-residue longer fragment APOA4 271 283 was significantly
decreased in lung cancer samples (Fig. 64). This indicates the
existence of lung cancer-associated endo- or exopeptidases
responsible for the cleavage at the C-terminus of APOA4 a.a.
272. Additional two candidate biomarkers, LBN 306 313 and
ACCN4 613 624, derived from limbin (LBN) and amiloride-
sensitive cation channel 4 (ACCN4) proteins, were reported as
cellular membrane proteins. LBN is also known as Ellis-van
Creveld syndrome 2 (EVC2) that is expressed in the heart,
placenta, lung, liver, skeletal muscle, kidney and pancreas. Defects
in LBN (EVC2) are a cause of acrofacial dysostosis Weyers type
(WAD, also known as Curry-Hall syndrome) [35]. ACCN4 is a
newly identified member of the acid-sensing ion channel family
expressed in pituitary gland and weakly in brain [36]. Neither of
them was detected in serum previously. Since our study provided
the first evidence of LBN 306 313 and ACCN4 613 624 detection
in human serum, further analysis of physiological functions and
measurement in other diseases should be required for the proper use
in clinical lung cancer diagnosis. Hence, the three candidate
biomarkers illustrated in Figure 63 (APOA4 273 283, FIBA 5 16,
and LBN 306 313) were individually considered as clinically useful
biomarkers for both early detection and tumor staging of lung
cancer, however, integrative measurement of biomarkers such as
Figure 48 would provide more accurate diagnosis, that could be
achievable by MRM-based diagnostic approaches in the future.
Consequently the sensitivity of these biomarkers was higher than the
currently-used screening biomarker CEA especially at even stage-1
or 11]8], indicating that new biomarkers addressed in this study had
great potential to realize the early detection system for lung cancer.
However further validation experiments using high risk groups of
lung cancer as the controls (such as heavy smokers or COPD
patients) will be necessary to prove the specificity and clinical
usefulness of our biomarkers because more practical target
population of the early diagnosis of lung cancer should be them
rather than healthy individuals.

Finally we grasped the birds-eye view of human peptidome as a
snapshot of the specific disease state. We are recently willing to use
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our peptidome profiling technology to establish an in-house
quantitative serum/plasma peptidome database and contribute to
the worldwide efforts such as Peptide Adas (http://www.
peptideatlas.org/). 'This framework would represent a new insight
of protease/peptidase activities reflecting a clinical status at a
specific time-point of disease and provide essential resources for
next-generation extracorporeal diagnostic systems based on mass
spectrometry. We therefore hope that researchers at global sites
would utilize the peptidome profiling method addressed here and
share data to construct mutually beneficial networks and databases
which could contribute to the development of future diagnostic
technologies worldwide.

Supporting Information

Figure 81 'T'he bar charts illustrating the quantitative screening
results for 19 candidates. The normalized peak intensities of 118
candidate biomarker peptides were calculated from 92 serum
samples and displayed with bar charts.

(11L)

Figure 82 MS/MS spectra used for the construction of MRM
transitions and peptide identification. All MS/MS spectra were
acquired with QSTAR-Elite mass spectrometer in the screening
phase (the upper panels). The 1%, 2™, 3™ or 4" most intense
peaks in each MS/MS spectrum were used for the optimization of
MRM transitions (Iig. 5) The middle and the lower panels show
the identified fragment ions in MASCO'I' database search. 'The
ion scores and Expectation values were also indicated in the lower
panels.

(I1F)

Figure 83 ROC curves for 19 lung cancer biomarker candidates
were depicted by R. "The green or blue graph shows comparison of
“normal group (n=36) and lung cancer stage-l, 1I, and llla
{n=30)" or “normal group (n = 36) and lung cancer stage-111b and
IV (n=30)", respectively. The cut-off value was set at the point
whose distance from the (sensitivity, specificity) = (1, 1) reached
the minimum. The sensitivity (Sens), specificity (Spec), positive
predictive value (PV+), negative predictive value (PV-), and area
under the curve (AUC) were shown on each graph.
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