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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 jon-
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 gelfiltration chromatography, custom-made high resolution
(18 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
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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 (Table 1). The subsequent
MRM-based validation experiments and t-test resulted in the
confirmation of 12 candidates as reliable lung cancer biomarkers
(Fig. 64). Light of them were fragments derived from fibrinopep-
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Figure 6. Statistical assessment of MRM-based validation experiments. (A) 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-|, Il, and llfa (n=30)" or
"normal group (n=36) and lung cancer stage-lilb and IV (n=30)" are shown. The p-values that did not show significant differences were provided in
parentheses. N: normal group, |, 1l, llla, lllb, and IV: lung cancer stage-, 1, ila, lllb, 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-, I, and lila
(n=30)" or “normal group (n=36) and lung cancer stage-llib 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-IV (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 (Iig. 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 Lllis-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 613624 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 Iigure 63 (APOA4 273283, 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 Atas (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 S1 The 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.

(T1E)

Figure $2 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 (Fig. 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.

(LK)

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-1, 1I, and Illa
(n=30)" or “normal group (n = 36) and lung cancer stage-IlIb 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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Abstract

results.

Background: Serum is an ideal source of biomarker discovery and proteomic profiling studies are continuously
pursued on serum samples. However, serum is featured by high level of protein glycosylations that often cause
jonization suppression and confound accurate quantification analysis by mass spectrometry. Here we investigated
the effect of N-glycan and sialic acid removal from serum proteins on the performance of label-free quantification

Results: Serum tryptic digests with or without deglycosylation treatment were analyzed by LCG-MALDE MS and
guantitatively compared on the Expressionist Refiner MS module. As a result, 345 out of 2,984 peaks (11.6%)
showed the specific detection or the significantly improved intensities in deglycosylated serum samples (P < 0.01).
We then applied this deglycosylation-based sample preparation to the identification of lung cancer biomarkers. In
comparison between 10 healthy controls and 20 lung cancer patients, 40 peptides were identified to be
differentially presented (P < 0.01). Their quantitative accuracies were further verified by muitiple reaction
monitoring. The result showed that deglycosylation was needed for the identification of some unique candidates,
including previously unreported O-linked glycopeptide of complement component C9.

Conclusions: We demonstrated here that sample deglycosylation improves the quantitative performance of

shotgun proteomics, which can be effectively applied to any samples with high glycoprotein contents.

Background

Since analyses of the serum proteome hold great pro-
mise for non-invasive detection of cancers and other
diseases, various techniques for quantitative proteomic
profiling have been developed to identify novel protein
biomarkers [1,2]. These include labeling methods using
stable isotopes such as ICAT (Isotope-coded affinity
tags) [3], "?CNBS (2-nitrobenzenesulfenyl) [4], SILAC
(Stable isotope labeling with amino acids in cell culture)
[5] and iTRAQ (Iscbaric tags for relative and absolute
quantification) [6]. Control and test samples are labeled
with reagents with different isotopic composition of
V2115, 15N and/or Y180, and detected simulta-
neously by mass spectrometry so that the intensities of

surumiku-Suehirocho1-7-22, Yokohama, lapan
f author information is availabie at the end of the articie

isotopically resolved peak-pairs {or peak groups) repre-
sent the quantitative ratio of control and test samples.
Although the precision of quantification is very high
(typically 10% relative standard deviation) [7] because of
the identical separation and detection, isotopic labeling
limits the number of samples to be directly compared,
which makes it unsuitable for analysis of a large number
of clinical samples needed for biomarker discoveries. In
contrast, label-free quantification methods deal with
independently-acquired mass spectrometry data from
essentially unlimited number of samples. Quantification
based on ion intensities (extracted ion chromatograms)
is known to have at least three orders of linear dynamic
range [8,9], and can potentially cover wide proteome in
complex samples such as serum. It is advantageous that
label-free systems do not involve sample mixing prior to
detection because target proteins that are only presented
in test samples are effectively diluted by mixing with
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control samples, rendering them more difficult to detect.
Therefore, label-free quantification has emerged as an
alternative approach for biomarker discovery, which
requires sufficient sample sizes to overcome individual
varjability in clinical samples and technical bias in sam-
ple preparation and analysis batch [10].

High content of glycoproteins is another feature of
serum that should be considered when performing
quantitative proteomic analysis. Recent advances in gly-
coproteomic analysis using mass spectrometry have
made it possible to exhaustively identify N-linked glyco-
peptides and their glycosylation sites [11,12]. These
techniques involve enrichment of glycopeptides followed
by enzymatic cleavage of N-glycans in order for efficient
mass spectrometric analysis. Deglycosylation can be
coupled with the incorporation of "0 stable isotope
resulting in +3 Da mass shift of asparagine residues,
which allows deterministic identification of glycosylation
sites [13]. As these studies indicated, most of serum
proteins are heavily glycosylated, however, potential
effect of glycopeptides on ionization suppression of co-
existing peptides had been overlocked. Glycopeptides
carry large, hydrophilic carbohydrate moieties, which
can cause substantial ionization suppression {14], ham-
pering precise quantification particularly at low-concen-
tration range.

To elucidate the extent to which the ionization of
peptides is interfered by glycopeptides, the first part of
this study describes the changes caused by serum degly-
cosylation in the MS peak profiles obtained by label-free
shotgun proteomic analysis. Having shown the utility of
deglycosylation, we next applied this principle to the
biomarker screening of lung cancer. Because of the vast
number of incidence and high mortality rate, lung can-
cer is considered to be one of the highest priorities for
biomarker development. Using the serum samples of 10
healthy control, 10 early-stage (Stage I-II) cases and 10
advanced stage (Stages IIIb-1V) cases, we conducted a
study that uniquely combined sample deglycosvlation,
label-free MALDI and multiple reaction monitoring
(MRM) mass spectrometry [15] and verified the result
by western blotting. Taken together, we show herein
that enzymatic removal of carbohydrate moieties results
in recognizable improvement in the data quality of shot-
gun proteomics in terms of sensitivity and reproducibil-
ity, which should facilitate quantitative analysis of
glycoprotein-rich samples.

Results

Quantitative MS analysis of deglycosylated serum

In order to examine the effect of deglycosylation on data
content and quality, tryptic digest of serum proteins was
prepared with or without the removal of N-glycans and
sialic acids (n = 6), and analyzed on the LC-MALDI

Page 2 of 12

label-free quantification platform as summarized in Fig-
ure 1. Figure 2 shows the 2-dimensional MS signal
intensity maps after data processing by Expressionist
Refiner MS (Genedata). In total, 27,357 single peaks
were detected, comprising 4,444 groups of peaks each
representing unique peptide species (termed “peak clus-
ters”). Examples of the differences in the peak profile
between deglycosylated and untreated samples are illu-
strated in the 2D map. The broken box in Figure 2a
shows emergence of prominent peaks, and the expanded
views in Figure 2¢ and 2d (arrows) illustrate the loss of
intact glycopeptide peaks. The peak clusters subjected to
comparative analysis were selected by eliminating peaks
that were not presented in all of the 6 replicate runs.
This filtering was performed separately for deglycosy-
lated and untreated samples, yielding 2,984 and 2,610
peak clusters, respectively. Deglycosylation thus resulted
in 14.3% increase in the number of reproducibly detect-
able peaks. The signal intensities of these peak profiles
were then directly compared by t-test as summarized in
the volcano plot (Figure 3). 221 peak clusters displayed
altered intensities, of which 188 were higher in deglyco-
sylated samples and 33 peak clusters vice versa (P <
0.01). Present/absent search revealed that 157 peak clus-
ters were found specifically in deglycosylated samples
(Figure S-1, Additional File 1). Combined, 345 of 2,984
peak clusters (11.6%) detected in deglycosylated samples
were enhanced by deglycosylation, as opposed to 33 of
2,610 peak clusters (1.3%) in untreated serum.

The composition of the peak profiles was analyzed by
exhaustive MS/MS analysis, resulting in 1,735 peptide
identifications, including 153 originally-glycosylated pep-
tides that were identified with "*O-incorporated N-gly-
cosylation sites (Table S-2, Additional File 1). By
matching the peptide IDs to the statistical analysis, we
found that 97 of 345 peak clusters overrepresented in
deglycosylated serum were originally-glycosylated pep-
tides. These peak clusters emerged as the product of
deglycosylation and accounted for most of the major
fold-changes in the volcano plot as indicated with
squares in Figure 3. The remaining 248 peak clusters, as
well as the 33 peak clusters that diminished by deglyco-
sylation, were non-glycopeptides. There were no appar-
ent features common to these peptides. Rather, signal
intensities were affected by the local peptide composi-
tion, such that alleviation of suppressive analytes led to
signal enhancement and emergence of competing ana-
Iytes led to diminished signal. The result shown here,
that the number of enhanced peaks was by far greater
than those that diminished, suggest that the ionization
suppression effect exerted by intact glycopeptides was
more extensive than the deglycosylated counterpart.

To investigate whether deglycosylation had any effect
on the quality of quantitative data, reproducibility of six
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replicating runs was evaluated by calculating the correla-
tion coefficients of the intensities of 2,356 clusters that
were detected in all 12 runs. The correlation coefficients
were calculated for all 15 possible combinations of 6
individual replicates within the experimental group.
They ranged from 0.895 to 0.916 with mean value 0.899
{(n = 15) in the untreated group and from 0.898 to 0.944
with mean value 0.914 (n = 15) in the deglycosylated
group, suggesting that deglycosylation generally results
in more reproducible data than the untreated (P <
0.002, t-test). Furthermore, coefficients of variation (CV)
of the signal intensities for the same 2,356 peak clusters
were calculated and compared between the two experi-
mental groups (Figure 4). The frequency distribution of
CV showed that deglycosylationtreatement resulted in
slightly lowering the median CV from 34% to 31%. It is

}
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Figure 4 A frequency distribution plot of the coefficients of
variations (CV} calculated for each of the 2,356 common peak
clusters. Bars represent the frequancy percentage and lines
represent the ¢ e frequency. Filled nd boxes, replicates
with deglycosyl fank bars and crosses, untreated replicates (n

= 6}
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clear from these data that the effect of deglycosylation
well extends to non-glycosylated peptides and enhances
sensitivity and reproducibility.

Lung cancer biomarker screening
Deglycosylation-LC-MALDI platform was applied to the
profiling of serum proteins for lung cancer biomarker
screening. Control and lung cancer sera were immuno-
depleted, deglycosylated, purified on SDS-PAGE, in-gel
digested and analyzed by LC-MALDI in the same way
as described above. 30 mass chromatograms were pro-
cessed simultaneously on Expressionist Refiner MS, and
23,453 peaks were detected, which were grouped into
6,186 peak clusters. Then we compared the two experi-
mental groups, control (n = 10) and lung cancer (n =
20) by t-test and identified 63 peak clusters showing P <
0.01. In addition, 13 peak clusters were selected that
have valid value of less than or equal to 2 in one experi-
mental group and greater than 50% valid value propor-
tion in the other. The total of 76 clusters was manually
inspected and retrospective MS/MS was acquired by
selecting the highest-expressing sample and the fraction
spot of maximum elution for optimum MS/MS acquisi-
tion efficiency. As a result, 25 candidate proteins, com-
prising 40 candidate peptides, were identified (Table 1).
Next, these candidates were verified at peptide level by
the MRM-based relative quantification analysis using the
same preparation batch of serum tryptic digest as used
for MALDI MS analysis as it is previously reported that
LC-MALDI measurement is the most significant source
of technical variability above sample preparation [16]
(see Table S-3, Additional File 1 for the list of MRM
transitions). This strategy was aimed at eliminating
false-positive results from the long list of candidates and
facilitating the selection of appropriate target for valida-
tion study. Of the 23 peptides that we found working
MRM transitions, 11 peptides showed significant corre-
lation (P < 0.05 by Pearson’s correlation coefficient) in
results obtained by MRM and MALDI MS, and 10 pep-
tides (6 proteins) fulfilled P < 0.05 in both analyses.
These peptide candidates were derived from ceruloplas-
min, complement C3, complement component C9,
inter-alpha-trypsin inhibitor heavy chain H3, inter-
alpha-trypsin inhibitor heavy chain H4 and kininogen-1.
The quantification results were summarized as dot-plots
in Figure 5 to illustrate the potential performance of the
10 peptides as biomarker candidates. Raw data was nor-
malized to the total detection and the samples were
grouped as normal control, early stage (Stage 1/11) and
advanced stage (stage IIIb/IV) lung cancer cases. As the
P-values indicate, most of the candidates showed signifi-
cant response to cancer state even at early stages.
Further verification was performed by western blotting
of complement C3 protein. Interestingly, expression of
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Table 1 List of lung cancer biomarker candidates screened by label-free MALDI MS and their verification result on
MRM.

MALDI MS MRM
Uniprot  Protein Name Peptide Sequence ttest ¥ Log2 t-test Log2 Correlation
18] {LC/Control} {LC/Control) Coefficient
PO4217  Alpha-18-glycoprotein POVTFELLREGETKAVK - 067 - - -
FALVREDR 3 -0.38 013 024 0.315
POIOTT  Alpha- YMOLTYpSin EQLSLLDRITEDAK 080 0.077 .33 C.106
FTEDAKRLYGSEAFATDFQDSAAAK 0.58 - - -
PQDTHQSR 084 - - -
P43652  Afarnin DGLKYHYLIR -093 -
POz746  Complement Clg GNLCVNLMR 0.87 - - -

subcorr

POC736  Complement Clr CLPVCGKPVNPVEQR - 042 - - -
subcomponent

DYFIATCK 049 015 G4 -0.238
Ceruloplasmin YTYNQCR 0017 11 33E-04 .29 0411*
Clusterin YYNKEIQNAVNGVK 0.33 C.19 -0.87 0015
Complement C2 TAVDHIREILNINGK 14 0051 023 N/A
Complement C3 AGDFLEANYMNLOR -14 38E-04 -1.3 0.600%*
HLQGT r>\/L’\Qr\ﬂ TEDAVDAER -1.3 0019 -0.87 0.4458*
KGY -1 39E-05 -1.3 0.800%*
-1.3 0.24 <0455
1.0 15 G521%
FO1031  Complement C5 G667 - - -
0.80 . - -
Cornplement component €6 12 - - -

Complernent component C7 - VFSGDG 081 -
Po2748  Complement Component 9 FIPTE 14 6.1£-03 049 0472%
QYTgTsyl SGSA 11 38E-03 657 0.769™
P22792  Carboxypeptidase N SQCTYSNPEGTWLACDQAQCR 0.56 0062 0186 0372
subunit 2
PO0748 Coaguiaﬁon factor X CTHKGRPGPOPWCATTPNFDQDC 43803 12 - - -
QBUGMS  Fetuin-B MSPPOLALNPSALLSR 062 0.03 058 (1189
PO2751  Fibronectin ACITGYR 547 0.077 -0.18 0.774%*
s 069 042 0.1 G.146
-0.80
P26927 cyte growth factor-iike 61803 -0.57 0013 0.38 -0.128
P18u65 ike growth factor- LAACGPPRPVAPPAAVAAVAGGAR 25E03 067 - - -
Q6033 EHLVOATPENLOQEAR 46E-03 097 36E-03 065 6578*
Q14624 {GIDIYSLTVDSR 4.78-04 0.65 0.062 040 0368
neay
ETLFSVMPGLE - 0.09 0.01 042 0331
MNFRPGVLSSR 9.8E-03 040 1.0E-03 063 0:413%
LIRYDVE 0013 12 - - -
P03952  Plasma kallikrein - -0.32
PO1042  Kininogen-1 20E-04 =20 S804 -1.74 0.876"*
P27918  Properdin 72804 -052 - - -
Q13103 Secreted phosphoprotein 24 3 053

T, . indicates candidate screened by present/absent search,

F: " 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 calkcufation of correlation threshold. 166 / 185
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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

40 kDa @» : I«-—CBdg
M Lung cancer stage- |, Il
40 kDa { il | «~C3dg
M Lung cancer stage- llIb, IV
40 kDa { 4 - | «=C3dg
B 0.6 -
D P <0.005
@ = ! !
>0 % P <0.0008
2504
Y &
< 93 0.3 4 @Q*
S a & <
o 02 $
& &
Normal Early Advanced

Figure 6 immunoblot verification of complement C3dg serum
levels in the study subjects. {A) Detection of 39 kDa C3dg
fragment from 0.02 Wb of crude serum using anti-C3 antibody.

Lanes represent 10 subjects each of normal contre / ge ung
Ib/V). (B)
Dot plot of the data shown in (A}, quantified as the ratic of (3dg
zation lane M, a 40 kDa size marker
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Figure 7 Bar chart representing the signal intensities of
complement component (9 peptides detected from the tryptic
digest of deglycosylated serum (filled bars) and untreated serum
{open bars), n = 6. The numbers in parenthesis are aming acid
numbers: 243-267 corresponds TPTETNKAEGCCEETASSISLHG 5K
and 22-44 corresponds to s QYTGTSYDPELTESSGSASHIDC 4R, where
g represents the site of O-linked glycan attachment. Error bars are
one standard deviation.

that has cross-reactivity with the secondary antibody.

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
fulfilled 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 {161

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). a2~
3,6,8,9-neuraminidase was purchased from Merck
(Darmstadt, Germany). Trypsin Gold was purchased
from Promega (Madison, WI). H,'%0 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 ulL 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 uL of 2% SDS, 20 mM DTT, 20 mM
Trizma-base pH 8.3 and heated to 100°C for 5 minutes.
After cooling, 25 pL. of 10% CHAPS, 83.4 pl 20 mM
Trizma-base pH 8.3, 1 pl. N-glycosidase F and 0.6 pL
a2-3,6,8,9-neuraminidase were added in the written
order with thorough mixing. H,'®0O 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
uL 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 pm, 0.3 x 5 mm, CER],
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 yL/min
flow rate and therein mixed with column elution. The
mixture was deposited onto a 1536-well yFocusing 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 um 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
{327 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, '*0O-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 vesi-
due) as variable modifications.

Multiple reaction monitoring

2 pL of the serum tryptic digest analyzed by LC-MALDI
was diluted by adding 6 pL of solvent A and 4 pL of tBSA
proteomic standard (KYA Technologies) dissolved at 50
fmol/pL. 1 pL 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 yun, 0.3 x 5 mm, and
the analytical column was L-column ODS loaded in-house
directly into a sprayer tip (GL Science, Tokye, 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,
2, 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 PYDF 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).
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Cl20rf48, Termed PARP-1 Binding Protein, Enhances
Poly(ADP-Ribose) Polymerase-1 (PARP-1) Activity and
Protects Pancreatic Cancer Cells from DNA Damage

Lianhua Piao,’ Hidewaki Nakagawa,'? Koji Ueda,” Suyoun Chung,' Kotoe Kashiwaya,' Hidetoshi Eguchi,’
Hiroaki Ohigashi,3 Osamu Ishikawa,’ Yataro Daigo,' Koichi Matsuda,' and Yusuke Nakamura'™

Laboratory of Molecular Medicine, Human Genome Center, Institute of Medical Science, The University of Tokyo, Tokye, Japan
*Laboratory for Biomarker Development, Center of Genormic Medicine, RIKEN, Yokoharma, Japan

*Department of Surgery, Osaka Medical Center for Cancer and Cardiovascular Diseases, Osaka, japan

To identify novel therapeutic targets for aggressive and therapy-resistant pancreatic cancer, we had previously performed
expression profile analysis of pancreatic cancers using microarrays and found dozens of genes trans-activated in pancreatic
ductal adenocarcinoma (PDAC) cells. Among them, this study focused on the characterization of a novel gene Cl20rf48
whose overexpression in PDAC cells was validated by Northern blot and immunohistochemical analysis. lts overexpression
was observed in other aggressive and therapy-resistant malignancies as well. Knockdown of C120rf48 by siRNA in PDAC
cells significantly suppressed their growth. Importantly, we demonstrated that Cl20rf48 protein could directly interact
with Poly{ADP-ribose} Polymerase-1 (PARP-1), one of the essential proteins in the repair of DNA damage, and positively
regulate the poly(ADP-ribosyljation activity of PARP-1. Depletion of Cl20rf48 sensitized PDAC cells to agents causing
DNA damage and also enhanced DNA damage-induced G2/M arrest through reduction of PARP-] enzymatic activities.
Hence, our findings implicate C120rf48, termed PARP-! binding protein (PARPBP), or its interaction with PARP-1 to be a
potential molecular target for development of selective therapy for pancreatic cancer. © 2010 Wiley-Liss, Inc.

INTRODUCTION atic cancer is eagerly awaited. We had previously
performed  extensive  genome-wide  expression
profile analysis of pancreatic cancer cells in com-
bination with microdissection to enrich cancer
cell population (Nakamura et al., 2004), and dem-

Pancreatic cancer is the fourth leading cause of
cancer death in the western world and shows the
worst mortality among common malignancies
with a S-year survival rate of lower than 5% dems
(DiMagno et al, 1999; Wray et al, 2005). Tt is onstrated some genes trans-activated in PDAC
' cells to be possible molecular targets for develop-
ment of new therapeutic modalities to treatr pan-
creatic cancers (Taniuchi et al,, 2003a.b; liizumi
et al.,, 2006; Takehara et al.,, 2006, 2007; Hoso-
kawa et al., 2007, 2008; Kashiwava et al., 2009).

Poly(ADP-ribose) polymerase-1 (PARP-1), a
nuclear enzyme, catalyzes the tansfer of the
ADP-ribose unit from its substrate, NAD™T, two
some protein acceptors such as histones, p53, and
PARP-1 iself. The addition of negatively

estimated that a total of 42,470 new cases were
diagnosed to have pancreatic cancer and 35,240
deaths were caused by it in the United States in
2009 (Jemal et al., 2009). At present, only surgical
resection can offer a chance for cure or long-term
survival to the patients suffering from pancreatic
cancer. However, only 10-20% of patients with
pancreatic cancer are able to have radical surgery
because most of the patients are already at an
advanced  stage ar the time of diagnosis

(DiMagno et al., 1999; Wray et al,, 2005). Gemci- charged polymers profoundly alters the properties
tabine or 5-fluorouracil chemotherapy coupled
with radiothcrapy could improvc the (itl‘d]it\’ of Additional Supporting Information may be found in the online
Y - . R A version of this article.
life of the patients (DiMagno et al.,, 1999; Wray \ e S , . s

. A oS . Y Supported by: Japan Socicty for the Promotion of Science,
et al., 2005), but its survival benefit is very lim- Grant number: 00L.01402.
ited. Hence, there has been no substantial *Correspondence 1o Yusuke Nakamura, M.D., Ph.D., Labora-
: . . in relative S-vear survival ra £ tory of Molecular Medicine, Human Genome Center, Institure of
umprovement relative 5 -year swvival rate 1or Medical Scienee, The University of Tokyo, 4-6-1 Shirokanedai, Min-
p;z;}c{@a[ig cancer in the past 3 decades (Jemai ato-ka, Tokyo 108-8639, Japan. E-mail: vusuke@ims.u-tokyo.ac.ip

et al., 2009). To overcome this dismal situation Reecived 28 July 2010: Accepred 2 Seprember 2010
’ ' DOL 10.1002/gec.20828
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?it:\ elopment of n()\f.cj moles}ular' thf:mp.;c:,s target Published online 7 October 2010 in
ing a molecule specifically functioning in pancre- Wiley Online Library (wileyonlinciibrary.com),
© 2010 Wiley-Liss, Inc.
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and functions of the target proteins. Through its
physical association with partner proteins or by
the poly(ADP-ribosylation of them, PARP-1 is
involved in multiple cellular processes including
DNA repair, transcriptional regulation, chromatin
modification, cell cyele progression, or genomic
stability (Ogata et al., 1981; Kameshita et al,
1984), PARP-1 is a molecular nick-sensor of
DDNA breaks and has a critical role in the spatial
and temporal organization of the DNA repairs
(de Mureia et al., 1994). The activation of PARP-
1 after DNA damage provides rapid signals to
halt transcription and recruits enzymes required
for DNA repair to the site of DNA damage,
including XRCCH, DNA ligase 11, and DNA
polymerase f. PARP-1 is essential in the repair of
both DNA single-strand breaks (SSB) as well as
double-strand  breaks (DSB) (Duwrkacz et al.,
1980; ID’Silva et al., 1999; Dantzer et al., 2000;
Audebert et al, 2004, 2006; Wang et al., 2006).
The involvement of PARP-1 in the DNA repair
system prompted us to investigate the effect of
PARP-1 inhibition on DNA-damaging anticancer
therapies {Daniel et al, 2009; Horton et al,
2009). Inhibition of PARP-1 enhanced the cyto-
toxicity of DNA-damaging agents and seemed to
overcome one of the causes of resistance in can-
cer cells to anticancer treatment (Hoeijmakers
et al, 2001; Longley and Johnston, 2005). Cur-
rently, several PARP-1 inhibitors have already
been taken into the clinical trials as chemo-
potentiating or radio-potentiating agents, and
have shown promising resules (Miknyoczki et al.,
2007; Plummer ct al, 2008; Rottenberg et al,
2008; Horton et al, 2009; Jones et al, 2009
O’Shaughnessy et al,, 2009).

We here focus on the characterization of a
novel gene C1207f48 (Chromosome 12 open reading
Jrame 48). We demonstrate that Cl1Zorf48 protein
can interact with PARP-1 directly and be
mvolved in the repair of DNA breaks through
enhancing PARP-1 activity. Thus, we termed this
molecule PARP-1 binding protein (PARPBP).
These findings indicatc that C120rf48, or its
interaction with PARP-1 could be a promising
molecular target tor the development of novel
treatment for pancreatic cancer.

MATERIALS AND METHODS

Cell Lines

PDAC cell lines, KLLM-1, SUI'T-2, KP-1N, PK-
1, PK-45P, and PK-39, were provided from Cell

Genes, Chromosomes & Cancer DOT 10.1002/gec

Resource  Center  for  Biomedical Research,
Tohoku University {Sendai, Japan). MIAPaCa-2,
Panc-1 and COS7 cell lines were purchased from
the American Type Culture Collection (ATCC,
Rockville, Marviand). KLM-1, SUIT-2, PK-1,
PK-45P, PK-59 and Panc-1, were grown in RPMI
1640 (Sigma-Aldrich, St. Louis, Missouri), and
COS7, MIAPaCa-2 in DMEM (Sigma-Aldrich),
with 10% fetal bovine serum and 1% anubiotic/
antimyeotic solution (Sigma-Aldrich).

Semi-Quantitative Reverse Transcription-PCR

Microdissection of PDAC cells and normal
pancreatic ductal cells were described previously
{(Nakamura et al., 2004). RNAs from these cells
were subjected to two rounds of RNA amplifica-
tion using T7-based in vitro transcription (Epi-
center Technologies, Madison, Wisconsin). Total
RNAs from human PDAC cell lines were
extracted  using  Trizol  reagent  (Invitrogen)
according to  the manufacturer’s  instructions.
Extracted RNAs were teated with DNase |
(Roche, Mannheim, Germany) and reversely tran-
scribed o single-stranded ¢DNAs using  oligo
(dT)2-15 primer with Superscript I reverse tran-
scriptase  (Invitrogen). The primer sequences
were S-TTGGCTTGACTCAGGATTTA-Y and
reverse  S-ATGCTATCACCTCCCCTGTG-Y
for  Practin (ACTB), and 5-CTCAGCTGGG
AAAGCTACAGAT-Y and 5-CATGCCAGGT
AGTTCTTCCATC-¥ for (120748 (GenBank
Accession no. NM_017915). Each PCR regime
involved initial denaturation at 94°C for 2 min
followed by 23 cyeles (for ACTR), 28 cycles (for
C1201f48) at 94°C for 30 sec, 55°C for 30 sec, and
72°C for 1 min.

Northern Blot Analysis

One ug cach of polyA RNA extracted from eight
PDAC cell lines (KLM-1, PK-59, PK-45P, MIA-
PaCa-2, KP-IN. Panc-1, PK-1, and SUIT-2) and
seven adult normal tissues (heart, lung, liver, kid-
ney, bramn, testis, and pancreas, from BD Bio-
science, Palo Alto, CA) was blotted onto a nylon
membrane. The 305-bp probe specific to C120/7/48
was prepared by PCR using the primer set
described above. The cancer membrane and
human Muldple Tissue Northern blot membrane
(Clontech, Mountain View, CA) were hybridized
with the ¢cDNA probe labeled with «**P-dCTP
using Mega Label kit (GE Healthcare, Piscataway,
New Jersey). Prehybridization, hybridization, and
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washing were performed according to the manu-
facturer’s instruction. The blots were autoradio-
graphed at —80°C for 10 days.

Generation of Antibodies to C120rf48 and
Immunocytochemistry/Immunochistochemistry

Plasmids expressing two fragments of C12orf48
{codons 1-150 and 328-498) in pET21a(+) vector
(Novagen, Madison, Wisconsin) were constructed
to produce recombinant proteins in £. coli. The
recombinant Cl2orf48 proteins  were purified
using Ni-NTA resin agarose (Qiagen, Valencia,
CA) and wsed to immunize rabbits. The sera
from the immunized rabbits were purified by
antigen-Affi-Gel 10 (Bio-Rad Laboratories, Her-
cules, CA) affinity column chromatography. For
immunocytochemical analysis, KL.M-1 cells fixed
by 4% paraformaldehyde were incubated with
rabbit ant-Cl1Zorf48 polyclonal antibody for 1 hr.
After washing with PBS, the cells were srained
by Alexa 488-conjugated anti-rabbit IgG second-
ary antibodies (Molecular Probes, Eugene, Ore-
gon) for 1 hr. Suinéd preparations were mounted
with VECTASHIELD mounting medium with
DAPI (Vector Laboratories, Burlingame, CA). For
immunohistochemistry, tissue sections of PDACs
were obtained from the Osaka Medical Center
tor Cancer and Cardiovascular Diseases under the
written informed consent. Human PDAC dssue
microarrays  were  purchased from ISU-ABXIS
{Accurate Chemical Corp., Westbury, New York).
The sections were deparaffinized and autoclaved
at 108°C in Dako Cytomation Target Retrieval
Solution High pH (Dako Cytemation, Carpinte-
ria, CA) for 15 min. After blocking, the sections
were Incubated with rabbit ant-Cl20rf48 anu-
body (dilution 1:2,500) at room temperature for |
hr, washed three times in PBS, and incubated
with peroxidase labeled anti-rabbit immunoglobu-
lin (Eavision kit; Dako Cyromation). Finally, the
reactants were developed with 3.3 -diaminobenzi-
dine. Counterstaining was performed  using
hematoxylin.

Short-Hairpin RNA-Expressing Constructs

The psili6BX3.0 vector for expression of short-
hairpin RNA (shRNA) was constructed to knock
down the expression of the rtarget genes, as
described previously (Taniuchi et al, 2005b).
The target sequences for (120748 were 5'-
CACAGTATCTCCTAGTCAA-Y (si1), 5-GTT
GCTCAGGATTTGGATT-Y (si2), 5-GCAGC

TAATGCTCCTACCA-3 (s13), and 5-GAAG
CAGCACGACTTCTTC-3 (siEGFP) as a nega-
tive control. PIDDAC cell lines, KLM-1 and SUIT-
2, were transfected with each of these shRNA-
expression vectors using FuGENEG6 (Roche), and
selected with Geneticin {(GIBCO, 0.5 mg/mL for
KLM-1 cells and 0.9 mg/ml, for SUIT-2 cells,
respectively). Cell viability was measured using
cell-counting kit-8 (DOJINDO, Kumamoto, Ja-
pan) 6 days after the transfection. Absorbance
was measured at 490 nm, and at 630 nm as refer-
ence, with a Microplate Reader 550 (Bio-Rad).
After 2 weeks of the selection, cancer cells were
fixed with 100% methanol and stained with 0.1%
of crystal violet-H,0O.

Immunoprecipitation and Mass-Spectrometric
Analysis

The pCAGGS Flag-C12orf48-HA vector was
constructed by PCR cloning, and was wansfected
to HEKZ293 cells. The transfected cells were
fysed in lysis buffer (50 mmol/LL Tris-HCI [pH
8.0], 0.4% NP-40, 150 mmol/L NaCl, Protease In-
hibitor Cockrail Setr T [Calbiochem, San Diego,
CA]). Cell extracts were precleared by incubation
with CL-4B sepharose (Sigma-Aldrich) ar 4°C for
1 hr, and incubated with anti-FLAG M;-agarose
(Sigma-Aldrich) for 1 hr. The proteins were sepa-
rated in 5-20% gradient SDS-PAGE gels (Bio-
Rad) and stained with a silver-staining kit (Invi-
trogen). Protein bands that specifically observed
in the cell extracts wansfected with pCAGGS
Flag-Cl2or{48-HA were excised and analyzed by
liquid chromatography-mass spectrometry  (LC-
MS/MS). The excised proteins were reduced in
10-mM  wris(Z-carboxyethyl)phosphine  (Sigma-
Aldrich) with 50-mM ammonium bicarbonate
(Sigma-Aldrich) for 30 min at 37°C and alkylated
in 50-mM iodoacetamide (Sigma-Aldrich) with
50-mM ammonium bicarbonate for 45 min in the
dark at 25°C. Porcine trypsin (Promega, San Luis
Obispo, CA) was added for a final enzyme to pro-
tein ratio of 1:20. The digestion was conducted at
37°C for 16 hr. The resulting peptide mixture
was separated on a 100 pm x 150 mm HiQ-Sil
C18W-3 column (KYA Technologies, Tokyo,
Japan) using 30 min lincar gradient from 5.4 to
29.2% acetonitrile in 0.1% wifluoroacetic acid
(TFA) with total flow of 300 nL./min. The eluting
peptides were automatically mixed with matrix
solution (4 mg/ml o-cyano-4-hydroxy-cinnamic
acid (Sigma-Aldrich), 0.08 mg/ml, ammonium ci-
trate in 70% acetonitrile, 0.1% TFA) and spotted
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onto MALDI targer plates (KYA Technologies).
Mass spectrometric analysis was performed on
4800 Plus MALDITOFE/TOF  Analvzer (AB
SCIEX Foster City, CA). MS/MS peak list was
generated by the Protein Pilot version 2.0.1 soft-
ware (AB SCIEX) and exported to a local MAS-
COT search engine version 2.2.03  (Matrix
Science) for protein database search.

Flow Cytometry and Synchronization

KLM-1 cells were wansfected with (7207f48-
specific  siRNA  duplex  (§-CUAGUCAACUA
CUGGAUUU-3), PARP-7-specific siRNA duplex
(5'-GAUAGAGCGUGAAGGCGAA-3), and siEG
FP duplex (5-GAAGCAGCACGACUUCUUC-
3 as a negative control, respectively, by using
Lipofectamine RNAIMAX (invitrogen) according
to the manufacturer’s recommendations. 96 hr af-
ter the transfecton, the cells were fixed with
70% ethanol in PBS at 4°C, and incubated with
500 uLL of PBS containing 0.5 mg of boiled
RNase at 37°C for 30 min. Finally, 2 x 10* cells
stained with 50 pg/ml. propidium iodide were an-
alyzed by means of Cell Lab Quanta™™ SC MPL
Flow Cytometer (Beckman Coulter, USA). A
complete block at G1/S-phase was achieved by
treatment with 2 pg/ml. aphidicolin for 24 hr.
Then, cells were released from the cell-cycle
arrest, harvested, and prepared for flow cytometry
analysis (FACS).

in Vitro PARP-1 Auto-Poly(ADP-Ribosyl)ation
Assays

In vitro PARP-1 automodification assays were
performed as described  previously (Dt Palma
et al, 2008). Brefly, 200 ng of the purified
C120rf48 recombinant protein and 25 ng of the
recombinant human PARP-1 (Alexis, San Diego.
CA) were incubated in binding buffer (10 mM
Tus-HCL, pH 7.5, T mM MgCl,, 1 mM DT
plus 10 pg/mL of sonicated DNA at 37°C for 10
min. The reactions were started by adding **P-la-
beled NAD™, and incubated at 37°C for 10 min.
After terminating the reactions with SDS sample
buffer, the proteins were fractionated by 8%
SDS-PAGE  gel. Incorporation of **P-labeled
NAD® 0 poly(ADP-ribosylated proteins was
visualized by autoradiography.

PARP-I Activity in Cell Extracts

KLM-1 and SUI'T-2 cells were transfected
with (7207f48-siRNA, PARP-1-siRNA, or siEGFP
(as a control), and collected 72 hr after the trans-
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fection. The knockdown effects were confirmed
with anti-C120rf48 antibody and ant-PARP-1
antibody (Santa Cruz Biotechnology), respec-
rively. PARP-1 activities in cell extracts were
assayed using the universal colorimetric PARP
assay kit (Trevigen, Gaithersburg, Maryland)
based on the incorporation of biotinylated ADP-
ribose onto histone H1 proteins. Briefly, cell
extracts were loaded into a 96-well plate coated
with histone H1, and incubated with biotunviated
polv(ADP-ribose} and nicked DNA (Trevigen),
size of which are 200-500 base pairs that are con-
sidered to be optimal for the PARP activation, for
1 hr. After wash with PBS containing 0.1% (v/v)
Triton X-100, strepravidin-HRP (horseradish per-
oxidase) was added and incubated additionally
for 20 min. TACS-Sapphire™™ was added subse-
quently to develop colors and the reaction was
stopped by addition of 5% phosphoric acid.
Finally, the absorbance was measured at 450 nm
in a spectrometrophotometer. PARP-1 enzymatic
acrivities were also evaluated by the use of
mouse anti-poly(ADP-ribose) (PAR) monoclonal
antibody (Trevigen). 25 pg of the cell extracts
obtained from the KL.M-1 cells that were trans-
fected with C720rf48-siRNA, PARP-7-siRNA. or
siEGFP (as a control), or 5 ng of recombinant
human PARP-1 (Trevigen) were incubated for 20
min at 37°C in binding buffer (10 mM Tris-HCI,
pll 7.5, 1 mM MgCl;, | mM DTT) plus 10 pg/
mL of sonicated DNA, and 200 uM NAD?
(Sigma-Aldrich).

Sensitivity to DNA Damage

KLM-1 cells were transfected with oligo
C120rf48-5siRNA or siEGFP (as a conurol), and
incubated for 48 hr to knockdown C1201f48
expression as described above. These transtected
KLM-1 cells were trypsinized, and the number of
living cells was counted. 5 x 107 cells were re-
seeded into the 6-well plates, and incubated with
indicated concentrations of Adriamvcin for 24 hr,
H,0; for 6 hr, or exposed to mdicated intensity
of UV radiation, and then incubated for 24 hr.
Cell viability was measured using Cell-counting
kit-8 as described above.

RESULTS

Overexpression of Cl2orf48 in PDAC Cells
Among the rtransactivated genes that were

identified through our genome-wide microarray

analysis of pancreatic cancer cells (Nakamura
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