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We previously reported the develop of an integrated p
platform, ly 2-Di | Image Converted Analysl; nf quuid
chmmmography and mass spectrometry (2DICAL), for g

not a method for quantification, and several attempts have been
made to provide a quantitative dimension to nano-LC-MS/MS.
Semi-guant ification is possible to some extent by counting the

comparison of large peptide datasets generated by nano-flow
liquid chromatography (LC) and mass spectrometry (MS). The key
technology of 2DICAL was the precise adjustment of the retention
time of LC by dynamic programming. In order to apply 2DICAL to
clinical studies that require ison of a large number of pati
samples we further refined the calculation algorithm and increased
the accuracy and speed of the peptide peak alignment using a
greedy algorithm, which had been used for fast DNA sequence
alignment. The peptide peaks of each sample with the same m/z
were extracted every 1 m/z and displayed with along the horizontal
axis. Here we report a precise comparison of more than 150 000
typtic peptide ion peaks derived from 70 serum samples (40 patients
with uterine endometrial cancer and 30 controls). The levels of 49
MS peaks were found to differ significantly between cancer patients
and controls (P < 0.01, Welch’s t-test and interquartile range [IQR] of
>40), and the differential expression and identification of selected
three p was validated i blotting. 2DICAL was is
highly advantageous for large-scale clinical proteomics because of
its simple procedure, high throughput, and quantification accuracy.
(Cancer Sci 2009; 100: 514-518)

he incidence and morbidity of endometrial cancer have been

rising in Western countries and Japan. In 1970, endometrial
cancer constituted only 3% of all uterine cancers, but the
proportion had increased to 40% by 1998." The contemporary
human lifestyle is characterized by excessive fat consumption,
obesity, physical inactivity, high energy intake, hypertension,
and a high serum glucose concentration, which are risk factors
for endometrial cancer,”™ and therefore its incidence is
predicted to increase further. Abnormal uterine bleeding is the
most frequent initial symptom of endometrial cancer, but many
other disorders including endometriosis, metroptosis, myoma uteri,
and uterine sarcoma can also produce this symptom. Endometrial
cancer is usually diagnosed by histological examination of
endometrial tissue. However, endometrial biopsy is often associated
with complications such as infection, bleeding and perforation
of the uterus, and the development of an alternative safe test is
therefore necessary for diagnosis of endometrial cancer.

The circulating serum proteome holds great promise as a
reservoir of information that will be applicable for diagnosis of
various diseases. Various gel-based and MS-based quantitative
analyses of plasma/serum proteins have been conducted actively
to identify serum biomarkers that can be applied to blood
tests,”'"" HPLC with a flow rate of the nanoliter-per-minute
order coupled with high-speed MS/MS scanning has especially
attracted considerable attention because of its comprehensive
protein identification capacity.""'? However, MS/MS is essentially

CancerSci | March2009 | vol 100 | no.3 | 514-51%

number of peptides sequenced.'"*'" To achieve more accurate
quantification, several labeling methods have been developed,'™"
but the number of samples that can be compared with these isotope
labeling methods is limited, and the efficacy of labeling cannot
be controlled from one experiment to another. Furthermore,
the long-term stability of nano-LC-MS can be troublesome. The
sensitivity, resolution, and profile of MS instruments change over
time, and more seriously the flow condition of LC may fluctuate
even from sample to sample. All of these factors prevent the use
of nano-LC-MS/MS for quantitative clinical studies in which
comparison of a large number of samples is necessary.

We previously developed a labeling-free MS-based quantitative
proteome platform known as 2DICAL.™ Unlabeled protein samples
were digested with trypsin and separated by nano-flow (200 nL/min)
HPLC. MS spectra were obtained every 1s (3600 scans/h) by
using the fast scan mode of quadrupole time-of-flight (QTOF)-
MS. Because we eliminated time-consuming MS/MS in the
biomarker discovery phase, 60 000-160 000 MS peaks could
be detected and quantified during a 1-h run of LC-MS. Using
2DICAL we reported comprehensive analyses of proteins that were
expressed differently in non-clinical samples between metastatic
and non-metastatic cancer cell lines. In order to apply 2DICAL
to clinical studies that require the comparison of a large number
of patient samples, we further refined the calculation algorithm
and improved the accuracy and speed of the peak alignment of
2DICAL (Ono er al. manuscript in preparation). In this short
technical report, we describe a large-scale quantitative comparison
of the serum proteome of endometrial cancer patients using
2DICAL. This method can be applied to clinical studies of any kind,
especially those in which isotope labeling is not applicable.

Materials and Methods

Clinical samples. Serum samples (n = 70) were collected at the
National Hospital Organization Hokkaido Cancer Center Hospital
(Sapporo, Japan) between 2000 and 2004 with the informed
consent of the donors, ™" The subjects included 40 patients with
untreated endometnial cancer (age 54.0 + 10.6 years) and 30 controls
(50.3 £ 16.3 years) comprising healthy volunteers (n= 15) and
patients with metroptosis (n= 15). The samples were collected

*To whom cor dh should be add d. E-malil: tyamada@ncc.go.jp

Abt i 20DICAL, 2-di ional image converted analysis of liquid chro-
matography and mass spectrometry; CC, correlation coefficient; HPLC, high-
performance liquid chromatography; IHRP, inter-a-trypsin inhibitor family heavy
chain-related protein; IQR, interquartile range; LC-MS, liquid chromatography and
mass spe try; MS/MS, 1 mass spectrometry; m/z (WZ), mass-to-charge
ratio; nano-E5I, nanc-electrospray QTOF-MS, quadruple time-of-flight
mass spectrometry; RT, retention t|rne
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in glass tubes, and after allowing them to clot, the serum was

and cryopreserved at —80°C until analysis. The protocol
of the study was reviewed and approved by the ethics committees
of the National Hospital Organization Hokkaido Cancer Center
(Sapporo, Japan) and the National Cancer Center (Tokyo, Japan).

Sample preparation. Twelve highly abundant serum proteins
(albumin, IgG, acl-antitrypsin, IgA. IgM, transferrin, haptoglobin,
al-acid glycoprotein, a2-macroglobulin, apolipoprotein A-1,
apolipoprotein A-I1, and fibrinogen) that constitute ~95% of the
total protein mass of human serum, were depleted using an
1gY-12 spin column (Beckman Coulter, Fullerton, CA, USA) as
instructed by the supplier. Briefly, a 10-uL serum sample was
diluted with 490 pL dilution buffer (1:50 dilution) and applied
to an IgY-12 spin column. After 15 min of incubation with
constant rotation on an end-to-end rotator, the flow-through
fraction was recovered into 2-mL microcentrifuge tubes by
centrifugation at 300 g for | min, The half volume (250 uL) was
precipitated with 250 pL of acetonitrile, dried with a SpeedVac
concentrator (ThermoFisher Scientific, Waltham, MA, USA),
and dissolved in 30 uL of milliQ water, to which 10 uL of 5 M
urea, "Sp.Lofl M NH_,HCO,, and 3.3 pg of Sequencing Grade
Modified trypsin (Promega, Madison, W1, USA) were added.
After 20 h of digestion at 37°C, peptides were precipitated with
50-pL acetonitrile, dried with a SpeedVac concentrator, and then
dissolved in 80 uL of 0.1% formic acid.

LC-MS. LC-MS and data acquisition were performed as reported
previously,” Briefly, the peptide samples were separated in
triplicate with a linear gradient from 0 to 80% acetonitrile in
0.1% formic acid at a § of 200 nl/min for 60 min using a
splitless nano-flow HPLC system (DiNa; KYA Technologies,
Tokyo, Japan, or NanoFrontier; Hitachi High-technologies, Tokyo,
Japan). MS spectrn were acquired with a nano-ESI-QTOF-MS
(QTOF Ultima; Waters, Milford, MA, USA) every second for
60 min in the 250-1600 m/z range.

Peak display and statistical analyses. MS peaks of each sample
with the same m/z were extracted every | m/z and aligned with
the retention time of LC along the horizontal axis. A proper
identification (ID) number was applied to each MS peak.
Statistically significant differences were detected using Welch's
t-test and IQR. The statistical tests were performed using tools
available in the R statistical package (Version 2.0.1) (http://
www.r-project.org/).

Protein identification by MS/MS. Peak lists were created using the
MassNavigator software package (Version 1.2; Mitsui Knowledge
Industry, Tokyo, Japan). Target MS/MS data acquisition for
candidate peaks was performed on the same samples. MS/MS
data were aligned with the reference data, and the target peak was
extracted with a tolerance of #0.5 m/z and 0.4 min of RT. The
MS/MS data were analyzed with the Mascot software package
(Version 2.2.1; Matrix Sciences, London, UK) against the NCBlnr
database (NCBInr_20070419.fast) using the following parameters.
Initial peptide tolerances in MS and MS/MS modes were
40.05 Da and £0.1 Da, respectively. Trypsin was designated as
the enzyme, and up to one missed cleavage was allowed. The score
threshold to achieve P < 0.05 is set by the Mascot algorithm,
and is based on the size of the database used in the search.

Immunoblot Anti-human apolipoprotein A-IV mouse
monoclonal antibody (A4-18A3) was purchased from BML (Saitama,
Japan). Anti-complement component C3 mouse monoclonal
antibody (GAU 017-01) and anticomplement component C4A
mouse monoclonal antibody (HYB 162-02) were purchased from
AntibodyShop (Gentofte, Denmark). Anti-human o2-macroglobulin
mouse monoclonal antibody was purchased from R&D Systems
(Minneapolis, MN, USA) and used as a loading control.

Serum samples were separated by sodium dodecylsulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted
onto polyvinylidene difluoride (PVDF) membranes. The blots
were incubated with one of the above primary antibodies and
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relevant horseradish peroxidase-conj secondary antibody and
detected using an enhanced chemiluminescence kit.®*

Results

High-throughput LC-MS analysis of dinical samples. Seventy serum
samples (from 40 uterine endometrial cancer patients and 30
controls) were blinded, randomized, and measured in triplicate.
We performed an average of 10.5 LC-MS runs every day (3.5
samples/day), and the entire 210 rans were finished in a month
without any serious problems. Fig. 1(a) is a plot depicting the
difference of RT in the 209 runs from a reference run selected
at random. The new nano-flow HPLC system with a degassing
function showed much smaller RT jittering (0.32 min on average)
than our previous HPLC system (1.68 min). However, if MS spectra
of particular m/z were displayed along the RT, there was still
significant time jittering among runs (before alignment, Fig. Ib).
However, the small RT jittening was readily adjustable (after

(a)

RT (min)

alignment

After
alignment

Fig. 1. Fine alignment of mass spectrometry (M5) peaks by retention
time IRT) adjustment of 210 LC-MS runs. (a) Comparison of RT (in the
ranga 30.0-70.0 min) between a re‘l'm ﬁquld dwmtography and

(LC-MS) run (| 1 on the | tal axis) and the
othet 209 LC-MS runs l‘.plumd on the vertical uls) Sﬂenty serum
samples (from 40 uterine endometrial cancer patients and 30 controls)
were run In triplicate. One of the 210 LC-MS runs was selected at
random as the reference. M5 peaks having the same m/z but different
LC-flows were selected using a greedy algorithm and aligned by
adjustment of RT.* The differences of RT from the reference run could
be d by the deviation from the | 45-degree line, but no
significance RT difference was apparent among the 210 LC-MS runs. (b)
622.0 (621.5-6225)-m/z M5 peaks of the 210 runs (70 samples In
triplicate) displayed with RT (39.5-50.5 min) along the horizontal axes.
Although no significant RT variation was observed in the global
analysis (a}. it was dlfﬁcul‘l to compare MS$ peaks among runs due to
small variations of RT RT (top). A comparison became
possible only after RT adjustment (bottom).
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Fig. 2. Location of the selected 49 peaks on the 2-dimensional gel-like
view. (a) Two-dimensional display of >150 000 mass spectrometry (MS)
peaks of a representative sample with the m/z-values (250-1600 m/z)
along the horizontal axis and retention time (RT) (20.0-70.0 min) along
the vertical axis, 49 MS peaks whose mean Intensity differed
significantly bety 40 end ial cancer pati and 30 controls
(P <0.01, Welch's t-test and interquartile range (IQR) of »40) are
highlighted In red. (b, ) A representative peak differentially expressed
between a healthy control (U301) (b) and an endometrial cancer
patient (U078) (c) is highlighted by red arrows.

alignment, Fig, 1b). The CC value for the entire MS peaks of
triplicate runs was at least 0.96 throughout the experiment
(Supporting Fig. Sla—c). We also ran a standard serum mixture
at least once a week to ensure consistency of the LC-MS during
the same period (Supporting Fig. S1d).

After RT alignment, a total of 154 992 MS peaks were detected
across the 70 serum samples in the 250 m/z to 1600 m/z and
20-70 min range, and these were numbered serially from ID 1 to
1D 154992. The entire MS peaks detected in a representative run
are displayed in Fig. 2(a), with m/z-values along the horizontal
axis and RT along the vertical axis.

Difference between uterine endometrial cancer patients and
controls. After normalizing to the total ion intensity of all of the
peaks, the maximum intensity of each peak was averaged. To
eliminate peaks that had litle or no variation across samples
(peaks that were not working well), we selected 1043 peaks whose
intensity had an IQR of >40 across the 70 samples. There were
49 MS peaks showing a statstically significant difference
between the cancer patients and controls (P < 0.01, Welch’s r-test)
(highlighted in red, Fig. 2a). Fig. 2(b.c) depicts a representative
MS peak (indicated by an arrow) differentially expressed between
a cancer patient (Fig. 2b) and a control (Fig. 2¢).

Validation of differential expression. The 49 MS peaks were
subjected to MS/MS for protein identification. A database search
revealed that the MS/MS spectra of 11 peaks matched the amino
acid sequences of proteins deposited in the NCBInr database
(NCBInr_20070419.fast) with significant confidence (P < 0.05),
including apolipoprotein A-IV, IHRP, and complement components
C3, C4A, and C4B (Table 1 and Supporting Figs. S2-5). It is
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Table 1. Detected peptides that differed between patients with uterine endometrial cancer and controls

Pvalues*

(n = 30)
138.1 £ 58.6
142.3 £ 55.6

B8B.7 +44.8

Average peak intensity
Cancer Control
=40)

{n

101.3+41

Mascot
score

Protein description Peptide sequence

Accession
number

0.005815
0.002147

0.002911

204.4 £ 1026
131.3+ 686

76.09
51.60
51.33

IDQTVEELR
VGDTLNLNLR
GPDVLTATVSGK

ITI heavy chain-related

protein (internal fragment)

Apolipoprotein A-IV precursor
Complement component C4A

GP120, IHRP

gi[178757
qi[179674

gi[1041907

2
 :
2

552
558
573

8627
9150
10500

0.002124
0.006617
0.001617
0.008078
0.009756
0.003440
0.003940

0.009564

157.4 £45.8
1234310
68.7 £ 21.0
1279+813
93.5+38.6
405.6 + 1853
348.2 41223

2257771

201.1£87.2
155.0 £50.1
90.6 £42.0
7151449
301.4+ 1476
1342 +839
582.2 + 293.0
4772+ 2285

40.95
49.85
37.50
59.77
48.54
47.75
749
89.65

TQVNTQAEQLR
MRPSTDTITVMVENSHGLR
AEMADQAAAWLTR
IPIEDGSGEVVLSR
EELVYELNPLDHR

YYTYLIMNK
ETLFSVMPGLK
KYVLPNFEVK

Complement C48-human (fragment)
Complement component C3

heavy chain-related protein (IHRP)
Complement component C4A

Inter-c-trypsin inhibitor family
Complement component C4A

Complement component C4A

Complement component C3
Apolipoprotein A-IV precursor

gi|179665
qi[1483187
qgil179674
gi[178757
gij179674
gilg7191
gi[179665
gil179674

N NN Mo NN
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Fig.3. Confirmation of differential expression. $ I3 t
(a) Confirmation of differential expression of i : »
polipoprotein AV, compl 1t comg H g -
C4A, and complement component C3 in serum 3 t s
samples from five endometrial cancer patients - 2
and five controls by immunoblotting. (b) Gel-like SITTTT IS TIY -« ¥ TTTTTITTEIY & g ———

view with retention time (RT) along the
horizontal axis (top) and distribution of peak
Intensity (bottom) of apolipoprotein A-IV (left), -
complement component C4A  (middle), and Bl
complement component C3 (right) in 40 cancer T
patients (red) and 30 controls (blue).

noteworthy that apolipoprotein A-IV, complement component
C4A, complement component C3, and [HRP were repeatedly
detected two, four, two, and two times, respectively (Table ).
The identification and differential expression were confirmed by
immunoblotting using sera from five endometrial cancer
patients and five healthy controls (Fig. 3a). Apolipoprotein A-IV
was down-regulated in the cancer patients, whereas complement
components C4A and C3 were up-regulated, confirming the
results of 2DICAL (Fig. 3b).

Discussion

The entire protein content (or proteome) of each human sample
varies significantly from individual to individual, and 100
biomarkers with P-values of <0.01 might be “discovered” in a
large data set consisting of 10000 variables. The accidental
identification of mere personal heterogeneity as a biomarker
candidate should be avoided by comparing a sufficient number
of cases and controls. “Biomarkers” identified in a small sample
set rarely pass through the pipeline connecting the biomarker
discovery phase and the preclinical phase. According to our
calculations, when the experiment involves a comparison of 10
cases and 10 controls, a factor that has a 90% discrimination
rate can have a confidence interval that ranges from 64% to
98%, and comparison of at least 40 cases and 40 controls would
be necessary to discover a biomarker with a diagnostic accuracy
of =90% even with the use of high generalization capability
algorithms such as support vector machine (Kuwabara eral.
manuscript in preparation).
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:

In order to apply 2DICAL to clinical studies that require
comparison of such a scale of patient samples, we refined the
calculation algorithm and increased the speed and accuracy of
the MS peak alignment. We exploited the fact that the order of
appearance of the peptide peaks is constant even though the LC
RT fluctuates. We first selected MS peaks having the same m/z
every | m/z and displayed their MS spectra along the LC RT.
Peptide peaks having the same m/z but different LC-flows were
aligned by adjusting RT, and the corresponding peaks were
selected using a greedy algorithm that had been used for fast
DNA s nce alignment. Using the new algorithm we compared
over 150000 MS peaks of 40 uterine cancer patients and 30
controls by aligning more than 10 000 000 data points, and
identified 49 MS peaks whose intensity differed significantly
between cancer patients and controls (P < 0.01, Welch's r-test
and IQR of >40). We performed MS/MS analysis for protein
identification (Supporting Figs. $2-5), and the differential
expression of representative proteins was confirmed by immu-
noblotting (Fig. 3a).

Direct mass spectrometric analysis of plasma/serum samples
is considered to be most immediate to the discovery of protein
biomarkers of various diseases, but it has been hampered by
the marked dominance of a handful of particularly abundant
plasma/serum proteins, including albumin, immunoglobulins,
and transferrins, and thus removal of these abundant proteins
and reduction of sample cumP[exiry are necessary for compre-
hensive protein profiling.**** The highly abundant proteins
present in guantities of mg/mL make up less than 0.1% of the
total number of proteins, yet they constitute more than 95% of
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