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was confirmed by negative staining using rabbit nonimmune
serum as a primary antibody.

8 RESULYS
Enrichment of LMW Polypeptides by QUEST-MS
Technology

For large-scale biomarker discovery focusing on LMW
proteome, we established a rapid and effective enrichment
method for <20 kDa proteins in plasma (Figure 1A), termed
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Figure 1. Quick enrichment of small targets for mass spectrometry
(QUEST-MS) technology. (A) Schematic workflow of QUEST-MS
purification is displayed. After twice so-phase extraction of denatured
protein samples within 90 min, low-molecular-weight (LMW) proteins
(<20 kDa) are enriched and ready for usual protein assays, such as
SDS-PAGE or ELISA. The shotgun or targeted LC/MS/MS analyses
can be performed following further tryptic digestion in typically 8 h.
(B) Evaluation of LMW protein enrichment by silver-stained 16%
Tris-tricine gel. M: molecular weight marker, SPE: solid phase
extraction. (C) Result of quantitative densitometry analysis for the gel
in panel B is shown. The vertical dashed line indicates 20.0 kDa. More
than twice reversed phase purification achieved >90% enrichment of
<20 kDa proteins.

quick enrichment of small targets for mass spectrometry
(QUEST-MS). The QUEST-MS procedure included denatura-
tion, reduction, alkylation, and subsequent tandem reversed
phase extraction of plasma samples, for which it took only 1.5 h
per 96 samples. The dried QUEST-MS-purified samples are
now ready for usual protein assays such as SDS-PAGE or
ELISA, while they can also be subjected to further mass
spectrometric analyses after trypsinization. Crude plasma and
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purified proteins at each stage were separated on 16% Tris-
tricine gel and stained by silver to visualize the efficiency of
LMW protein enrichment after the first to fourth reversed-
phase extraction by the Oasis HLB plate(Figure 1B). The
quantitative density chromatograms of five lanes on the stained
gel illustrated effective exclusion of >20 kDa proteins at every
solid-phase extraction step (Figure 1C). In particular, two
purifications by the Oasis HLB plate resulted in >90%
enrichment ratio of <20 kDa LMW proteins. The principle of
such easy and clear-cut separation of small proteins was based
on pouring away huge proteins larger than pore diameter (8
nm) and preventing elution of middle-range proteins (20—100
kDa) by excess absorption effect to hydrophobic residues on
the Oasis polymer beads. Although the third or more
repetitions of reversed-phase purification could provide higher
purity of LMW proteins, we accepted twice-purified samples for
further biomarker discovery and validation experiments from
the perspective of retaining advantages in throughput and cost.

LMW Biomarker Screening for Prostate Cancer

To avoid any sampling biases among institutes, we collected
116 plasma samples analyzed in the biomarker screening phase
(Table 1) in a single hospital, employing strictly controlled
standard operation procedures. The 20 uL of each plasma
sample underwent one freeze—thaw step prior to QUEST-MS
purification. From LC/MS/MS analysis of 116 purified
samples, 153057 nonredundant peptides were detected and
quantified in the Expressionist RefinerMS module, as described
in the Materials and Methods section. In particular, this LMW
proteome catalog included four PSA-derived peptides
I,,VGGWECEK,; (m/z = $39.25, z = +2),
H,,SQPWQVLVASR,; (m/z = 469.92, z = +3),
AxVCGGVLVHPQWVLTAAHCIR (m/z = 78208, z =
+3), and L, SEPAELTDAVK 5, (n1/z = 636.84, z = +2), which
were detectable in 4, 3, 4, and S cases from the control group
(healthy individuals + BPH patients), whereas they were
detected in 15, 13, 10, and 11 cases from the prostate cancer
group, respectively. This result suggested that general
comparative tests based on the average of samples, such as ¢
test or ANOVA, are not appropriate for the extraction of
specific biomarkers from our data set because the valid values of
low concentration tumor markers in the control group should
be quite few. Therefore to maximize the specificity of new
biomarker set, we employed the absent-present search
algorithm, which extracted peptides exhibiting all-or-nothing
feature between two groups (healthy control + BPH vs prostate
cancer, Figure 2A). This search resulted in identification of 189
peaks demonstrating no or one-case detection among 43
controls, while at least 11-case detection among 73 prostate
cancer patients (Figure 2B). The extracted peaks above could
be considered as candidate biomarkers, which would provide
lower false positive rate in addition to similar or higher
sensitivity for the diagnosis of prostate cancer patients
compared with PSA.

We identified 1126 nonredundant plasma proteins (Supple-
mentary Table S1 in the Supporting Information) from 116
screening samples using Sequest database search analysis (FDR
< 0.01). The molecular-weight distribution of 1126 proteins is
displayed in Supplementary Figure S3 in the Supporting
Information. For qualitative assessment of purified product, 201
out of 1126 identified proteins were <20 kDa. Because
quantitative evaluation by SDS-PAGE (Figure 1C) showed
>90% enrichment of <20 kDa proteins, most of the 318
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Figure 2. Prostate cancer biomarker screening by the absent/present
search method on Expressionist proteome server. (A) 189 peptides out
of 153057 total peptides showed prostate cancer-specific detection
patterns, demonstrating no or only one-case detection in the control
group. The quantitative information of 189 peptides is indicated by red
dots or lines on the 2D plane composed of 110 individuals as x axis
and the peak intensity in LC/MS/MS as y axis. Normal: 24 healthy
controls, BPH: 19 benign prostate hypertrophy patients. (B)
Classification of 189 candidate biomarker peptides based on the
frequency of detection. For instance, 62 peptides were detectable in 11
prostate cancer samples, while detected in 1 control sample (normal or
BPH).

proteins more than 100 kDa (as UniProt database values)
might exist in cleaved or degraded forms in purified product.
Here, in addition to the detection of PSA, we observed low
abundant chemokines (e.g, CCL14, CCL18, CXCL4, and
CXCL7), hormones (e.g, gastric inhibitory polypeptide and
inhibin f3, whose concentrations were reported as 200—300 pg/
mL'® and 10~200 pg/mlL,"” respectively), hypotensive peptide
adrenomedullin (50—100 pg/mL),'® and others. By matching
189 candidate biomarker peptides against the imported protein
identification data set on the Expressionist proteome server
system, three peptides listed in Table 2 were successfully
identified. From the aspect of highly specific mRNA expression

in cerebral nervous system and prostate gland,"” we subjected
neuropeptide Y (NPY) to the next validation experiments.

NPY Expression in Prostate Cancer Tissues

NPY immunostaining patterns of prostate cancer frozen tissues
at Gleason score 3 + 4 (Figure 3A,D) or 4 + 5 (Figure 3B,E)
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Figure 3. Immunohistochemical staining analysis for pro-neuropeptide
Y (NPY). The NPY immunostaining patterns of prostate cancer at
Gleason Score 3 + 4 (A) and 4 + 5 (C), respectively. Strong positive
immunostaining was observed in the cytoplasm of prostate cancer
cells, whereas a weak immunopositivity was found in noncancerous
prostate epithelium. (E) Cytoplasmic immunoreactivity with anti-NPY
antibody of the high-grade PIN precursor cells. (B,D,F) Five-fold
magnified view of A, C, and E, respectively. Scale bars are shown at the
right bottom of panels.

are shown. Immunoreactivity with anti-NPY antibody was
observed in prostate cancer tissues, exhibiting strong positive
immunostaining in the cytoplasm of prostate cancer cells,
whereas a weak immunopositivity was found in noncancerous
prostate epithelium. Figure 3CF further indicated that the
cytoplasmic immunoreactivity with anti-NPY antibody could be
also observed in PIN precursor cells. These results suggested
that NPY expression was significantly upregulated at neoplastic
lesions in prostate tissue. The staining intensity of NPY seemed
to be varied according to Gleason grade of tumor cells within a
field.

Table 2. List of Identified Biomarker Candidates for Prostate Cancer

T NPY HUMAN

P01303

etection frequen-

pfo-neurcpep‘rjde Y ' S‘SVSS‘F‘ETHVSDL‘LMRRij
P02751 FINC_HUMAN fibronectin QIMMYNVGPSVSK'®? 1 11
Q16134 ETFD_HUMAN electron transfer flavoprotein-ubiquinone oxidoreductase G?PIATNDVGIQK? 1 11

“Numbers in the sequences indicate the amino acid numbers. *Number of cases detected among healthy controls or BPH patients. “Number of cases

detected among prostate cancer patients.

39450185

dx.doi.org/10.1021/pra00547s | J. Proteome Res. 2013, 12, 4497-4506



Journal of Proteome Research

A

NPY31 47, SKPDNPGEDAPAEDMAR

NPYsy5. HYINLITR
Q1 = 515.3
Q3 = @729.5, G8I25, 43011

Q1 = b0 6

03 = @©789.3, €395.2, ©506.2
%59 m.{?? ?

N
500 ;,? ‘\

B
Su0

Ity
g
>

W7 28 A8 B8 31 N2 B3
Ting, nio

NPY¥oy.g0. SSPETLISDLIMR

NPYa1.p ESTENVPR

gl = 7314 Q1 = 486.2
Q3 = @847.5, £644.3, ©1061.6 Q3 - @272.2, ©642.3, ©485.3
h 4 k4
1200 ?2&?5 e i
00 } 000 ‘E
> > §§
o ; 00 r
w ‘f e e . g Ry
9 280 w2 B4 z&s‘ 88 ! 280 ki 218 -
Thm, tein Vi min
B o NPYy ., QU/Q3 = 600.6/789.3 NPYy 4 QUQS = 51537285
1000 ;509
LB 800 %
2 oo 510
P J
[ e . . I N
[ S R 50
cE
NPYgy g0 QUQ3 = 731.4/847.5 NPY,, g QUQS = 465212722
1200 000 5
00 A 2500 /.
R %i N IRy — /\
:E 1 S g‘ . . ..
] 2 4 80 I I R

CE

CE

Figure 4. Optimization of MRM conditions for NPY used in the biomarker validation experiment. (A) Selection of the appropriate MRM transition
for further quantification analysis. Three transitions were tested for each of four NPY-derived peptides identified in the biomarker screening step.
The numbers on the right side of Q1 or Q3 indicate the target setting of m/z in the quadrupole 1 or 3, respectively. (B) Transition showing the
highest quality (S/N) of MRM chromatogram was measured with five distinct conditions of collision energy (CE, eV). The CE setting providing the

highest intensity of chromatogram peak is indicated by yellow circle.

MRM-Based Replication Analysis for NPY

To evaluate the variability associated with different hospitals or
analytical methods, we conducted further validation experiment
for NPY using an independent sample set and another mass
spectrometric quantification method MRM. Here we replaced
healthy controls from Kochi University hospital with ones from
JFCR and added prostate disease samples from Kyoto
University and Iwate Medical University (Table 1). The 110
QUEST-MS-purified samples were then analyzed in a 4000
QTRAP mass spectrometer by targeting four distinct peptides
derived from NPY. Prior to MRM measurement of 110
validation samples, we first searched the optimum transition

40470285

and CE out of three transitions for each four NPY peptide,
which could provide the highest intensity of MRM chromato-
gram peaks (Figure 4A,B). From the analysis of case-1 in
Supplementary Figure S4 in the Supporting Information, the
transition Q1/Q3 = 466.2/272.2 corresponding to NPYg g
peptide at CE = 17 eV was found to be the most sensitive
reporter ion pair for NPY. Because only NPYg; g transition
had enough sensitivity to detect NPY with even normal and
BPH control levels, the following NPY quantification analysis
was performed by this transition. Additionally, 10 fmol of
digested BSA was spiked to each sample and used as the
internal control to normalize the interanalytical variability. The
quantitative reproducibility of MRM-based NPY measurement

dx.doi.org/10.1021/pr400547s 1 J. Proteome Res. 2013, 12, 44974506
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Figure S. Results of MRM-based validation experiment for NPY using 110 plasma samples. The quantified concentration of NPY by MRM or PSA
by ELISA is shown by the box plot (A) or (B), respectively. The combination biomarker of NPY and PSA was constructed by the modified logistic
regression method and utilized for the classification of five groups (C). The red dashed lines indicate the thresholds between control group (N +
BPH) and prostate cancer group, calculated by the ROC curve analysis in panels D—F. The outliers are displayed separately in the upper area of
plots, accompanying each concentration. N: healthy controls, BPH: benign prostate hypertrophy, GS: Gleason score. ROC curves were constructed
with plasma concentration of NPY (D), PSA (E), or the regression score of combination marker NPY + PSA (F) by use of 110 validation plasma
samples. The point of tangency indicated by “x =" shows the optimum threshold value provided by each biomarker. Sens.: sensitivity, Spec.:

specificity, PV+: positive predictive values, PV—: negative predictive values.

was then evaluated by analyzing three plasma samples at six
distinct time points in triplicated manner. Supplementary
Figure S4 in the Supporting Information showed that observed
coefficient of variation (CV) was consistently smaller than
3.5%. Then, by use of optimized MRM conditions above,
plasma NPY was measured by relative quantification from 110
cases and displayed on a box plot in Figure SA, demonstrating
much higher diagnostic specificity between BPH patients and
Gleason score S to 6 prostate cancer patients (p = 0.0396, ¢
test) in comparison with PSA test (p = 0.2746, t test) (Figure
5B). This observation successfully confirmed the prostate-
cancer-specific detection of NPY in the absent/present search
analysis at the biomarker screening phase. Despite the high

41450385

specificity, because the sensitivity of NPY appeared not to be
sufficient enough for a singly used biomarker, we intended to
establish an integrative diagnostic model of NPY and PSA by
use of modified logistic regression method (Figure SC). The
logistic regression scores were calculated so that they could
provide the maximum area under the curve (AUC) of ROC
curve as previously described’® Figure SD—F showed the
comparison of three ROC curves generated with NPY (area of
MRM chromatogram), PSA (values measured by ELISA), or
NPY + PSA (logistic regression scores) of 110 plasma samples,
respectively. Whereas the sensitivity and specificity of PSA in
distinguishing 65 prostate cancer patients from 45 controls (25
healthy controls and 20 BPH patients) were 87.7 and 66.7%,

dx.doi.org/10.1021/pr400547s | J. Proteome Res. 2013, 12, 4497—4506



Journal of Proteome Research

respectively, those of the NPY-PSA combination biomarker
reached 81.5 and 82.2%, respectively. This result clearly
suggested that NPY improved the poor specificity of PSA test
without significant loss of its sensitivity, which would lead to
reduction of overdiagnosis and unnecessary biopsies, eventually
leading to alleviation of both physical and mental stress for
men.

DISCUSSION
For the purpose of identifying blood biomarkers for early

diagnosis of cancers, comprehensive detection of submicro-
gram/milliliter proteins should be fundamental because the
amount of potential tumor marker proteins secreted from small
malignant tissues would be very subtle, even allowing for
relatively rapid accumulation of particular proteins which show
long halflife in blood, such as CEA (7—14 days),”' AFP (6.2
days),** or CA125 (6 days).”® To achieve such high sensitivity
in plasma proteomics, we focused on <20 kDa LMW
subproteome of plasma because most of interfering abundant
proteins were found in larger molecular weight area of plasma
proteome. The QUEST-MS technology we developed in the
present study enabled us not only to enrich the <20 kDa
fractions rapidly but also to identify a number of plasma minor
components. These facts strongly assured that the sensitivity
provided by QUEST-MS technology was high enough to
discover very low concentration of biomarker proteins derived
from early diseases utilizing any mass spectrometric approaches.
This technology can also enhance the detection level of various
protein assays, such as ELISA, Western blotting, or HPLC-
based analysis targeting small proteins. The considerable
benefits of QUEST-MS technology in the clinical application
were reproducibility and quickness of experimental procedures.
Unlike size exclusion chromatography or ultrafiltration
methods, all processes can be executed rapidly by automatic
pipetting robots equipped with 96-well syringe pumps
(Supplementary Figure S1 in the Supporting Information).

In this report, we applied QUEST-MS technology to the
plasma biomarker discovery for prostate cancer by analyzing
116 samples. The whole analytical steps were accomplished
within a couple of weeks, involving 1 day of QUEST-MS
purification and 12 days of individual LC/MS/MS analyses.
The subsequent absent/present search was successful in
extracting 189 candidate biomarker peptides showing prostate
cancer-specific detection patterns; however, only three of them
were sequenced by Sequest database search analysis despite
identification of 1126 proteins in total. This poor identification
rate might be attributed to quite low concentrations of 189
candidate peaks. Actually, the S/N ratio of mass spectrum peaks
for these peptides was only 3—10, resulting in missing MS/MS
acquisitions or insufficient quality of MS/MS spectra for
database search. As described in the previous paragraph, it is no
wonder that early diagnosis biomarkers would be found in the
lowest intensity area of mass spectrometric data and the
sequence identifications were not always straightforward.
Therefore, MudPIT (multidimensional protein identification
technology) approaches employing more intensive prefractio-
nation of analytes should be necessary to enforce the
identification efficacy, even though the detection in the survey
scans has already been achieved.

The new prostate cancer biomarker NPY on which we
focused in the present study is one of the well-known
neurotransmitter polypeptide composed of 36 amino acids as
the activated from in blood. The prepro-NPY (97 amino acids)
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is synthesized from NPY gene and secreted into extracellular
region after removal of the signal peptide NPY,_,; (pro-NPY).
In the next stage, the C-flanking peptide of NPY (CPON,
NPY; ;) is cleaved from pro-NPY by proconverting enzymes,
resulting in NPY,_;. Following further cleavage at the C-
terminus of Gly® by carboxypeptidase-like enzyme, the Gly®
was finally truncated by peptidylglycine-amidating monoox-
ygenase to generate mature NPY,, 4. In our biomarker
screening data, only NPYy, g tryptic digest was identified,
which demonstrated the detection profile as follows (healthy
controls + BPH)/(prostate cancer patients) = 0/11. However
the MRM-based validation of four distinct NPY tryptic digests,
including NPY;y_y;, NPYs, 4, NPYg_ g0, and NPY, g,
denoted the same tendency of plasma concentration among
110 individuals. These facts could provide two important
insights concerning the limit of detection and the dynamic
feature of NPY in prostate cancer patients. At first, all of
NPY;, 47 NPY, g, and NPYy,_g; peptides were not involved
in 189 biomarker candidates because they were masked by
coeluted other peptides and detected only infrequently. Second,
the isoform upregulated in prostate cancer patients’ plasma was
the inactive form pro-NPY (NPY,y_o,) whose C-terminus had
not been removed.

Although major physiological functions of active NPY,o_4,
are known to be strong appetite stimulant,”* vasoconstrictive
effect,”® and regulation of stress behaviors* the association
between NPY level and cancer progression remains con-
troversial. At least the NPY seems to be involved in the
development of specific tumors, including neural crest-derived
tumors and breast and prostate cancers by facilitating
proliferation, invasion, metastasis, and angiogenesis.z7 Impor-
tantly, it was reported that overexpression of NPY in prostate
cancer tissues had significant correlation with poor prognosis of
patients.”® These reports could support the evidence that a
particular group of prostate cancer patients exhibit an
aberrantly high level of plasma NPY even at very early grade
of cancer such as Gleason score S or 6. In fact, the addition of
NPY values to PSA test using logistic regression model
significantly improved the diagnostic specificity between BPH
patients and Gleason score S5 to6 prostate cancer patients
(Figure 5).

Recently, two innovative gene diagnostics for prostate cancer,
urine PCA3 and TMPRSS2:ERG, have been under clinical
reviews. Large-scale trials of urine PCA3 test in the United
States (n = 466) and Japan (n = 633) yielded 77.5% sensitivity
and 57.1% specificity (PCA3 score threshold = 25)*° or 66.5%
sensitivity and 71.6% specificity (PCA3 score threshold = 35),*
respectively. TMPRSS2:ERG fusion gene was found in 41 or
43% of primary prostate cancer tissues (n = 59) or castration-
resistant prostate cancer tissues {n = 82), respectively.’’ A
multivariate regression analysis combining expression levels of
PCA3, GOLPH2, SPINK]I, and TMPRSS2:ERG in urine cells
outperformed serum PSA, resulting in 65.9% sensitivity and
76.0% specificity (n = 234).>* Even in comparison with these
gene diagnostics, our combinational biomarker NPY+PSA
illustrated better performance to distinguish prostate cancer
from noncancer population (81.5% sensitivity and 82.2%

specificity).
B CONCLUSIONS

In summary, we described the development of versatile LMW-
focusing proteomics technology QUEST-MS and the applica-
tion of this method to plasma biomarker discovery for prostate

dx.doi.org/10.1021/pr400547s1 J. Proteome Res. 2013, 12, 44974506
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cancer. QUEST-MS technology provides an adequate reduction
in sample complexity to improve detection of low abundance
proteins. Although here we utilized Oasis HLB pElution plates
for QUEST-MS purification, other reversed-phase chromato-
graphic materials with different functional moieties or pore
sizes would expand the variety of purified molecules. In future
applications, the automated QUEST-MS procedure will
drastically facilitate sensitive and high-throughput analysis of
small bioactive polypeptides, such as hormones, neuro-
transmitters, or cytokines, from any body fluids including
serum, cerebrospinal fluid, or urine.

B ASSOCIATED CONTENT
& Supporting Information

Automatic 96-well syringe robot used for QUEST-MS
purification, workflow for the label-free quantification analysis
on the Expressionist RefinerMS module, molecular weight
distribution of identified proteins from QUEST-MS-purified
plasma samples, evaluation of variability for MRM-based
plasma NPY measurements, and a list of 1126 nonredundant
proteins identified from biomarker screening phase. This
material is available free of charge via the Internet at http://
pubs.acs.org,

# AUTHOR INFORMATION
Corresponding Author

*Phone: +81-3-6409-2306. Fax: +81-3-5449-578S. E-mail: k-
ueda@riken.jp.
Notes

The authors declare the following competing financial
interest(s): A.T. and T.A.S. are employees of Shimadzu
Corporation. M.N. is employee of Toppan Printing Co., Ltd.

B ACKNOWLEDGMENTS

This work was supported by funding to Koji Ueda. from Grant-
in-Aid for Young Scientists (A), The Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan.
Shimadzn Corporation and Toppan Printing Co., Ltd. also
financially supported the present study.

B ABBREVIATIONS

QUEST-MS, quick enrichment of small targets for mass
spectrometry; BPH, benign prostate hypertrophy; PSA,
prostate-specific antigen; NPY, neuropeptide-Y; PIN, prostatic
intraepithelial neoplasia; MRM, multiple reaction monitoring;
LMW, low-molecular-weight

B REFERENCES

(1) Ablin, R. J.; Pfeiffer, L.; Gonder, M. J.; Soanes, W. A. Precipitating
antibody in the sera of patients treated cryosurgically for carcinoma of
the prostate. Exp. Med. Surg. 1969, 27 (4), 406~10.

(2) Catalona, W. J.; Smith, D. S.; Ratliff, T. L.; Dodds, K. M.; Coplen,
D. E; Yuan, J. J.; Petros, J. A; Andriole, G. L. Measurement of
prostate-specific antigen in serum as a screening test for prostate
cancer. N. Engl. ]. Med. 1991, 324 (17), 1156—61.

(3) Chou, R;; Croswell, J. M.; Dana, T.; Bougatsos, C.; Blazina, I; Fu,
R; Gleitsmann, K; Koenig, H. C.; Lam, C,; Maltz, A;; Rugge, J. B;
Lin, K. Screening for prostate cancer: a review of the evidence for the
U.S. Preventive Services Task Force. Ann. Intern. Med. 2011, 155 (11),
762-71.

(4) Brett, A. S.; Ablin, R. J. Prostate-cancer screening—what the U.S.
Preventive Services Task Force left out. N. Engl J. Med. 2011, 365
(21), 1949-51.

43450585

(5) Kurogochi, M.; Matsushista, T.; Amano, M.; Furukawa, J;
Shinohara, Y.; Aoshima, M.; Nishimura, S. Sialic acid-focused
quantitative mouse serum glycoproteomics by multiple reaction
monitoring assay. Mol. Cell. Proteomics 2010, 9 (11), 2354—68.

(6) Ueda, K; Takami, S.; Saichi, N.; Daigo, Y.; Ishikawa, N.; Kohno,
N.; Katsumata, M.; Yamane, A.; Ota, M.; Sato, T. A.; Nakamura, Y;
Nakagawa, H. Development of serum glycoproteomic profiling
technique; simultaneous identification of glycosylation sites and site-
specific quantification of glycan structure changes. Mol. Cell. Proteomics
2010, 9 (9), 1819—28.

(7) Villanueva, J.; Martorella, A. J.; Lawlor, K; Philip, J.; Fleisher, M.;
Robbins, R. J.; Tempst, P. Serum peptidome patterns that distinguish
metastatic thyroid carcinoma from cancer-free controls are unbiased
by gender and age. Mol. Cell. Proteomics 2006, S (10), 1840—52.

(8) Ueda, K; Saichi, N.; Takami, S.; Kang, D.; Toyama, A.; Daigo, Y.;
Ishikawa, N.; Kohno, N.; Tamura, K; Shuin, T.; Nakayama, M.; Sato,
T. A; Nakamura, Y.; Nakagawa, H. A comprehensive peptidome
profiling technology for the identification of early detection
biomarkers for lung adenocarcinoma. PloS One 2011, 6 (4), e18567.

(9) Shen, Y.; Liu, T.; Tolic, N; Petritis, B. O.; Zhao, R.; Moore, R. J.;
Purvine, S. O,; Camp, D. G.; Smith, R. D. Strategy for degradomic-
peptidomic analysis of human blood plasma. J. Proteome Res. 2010, 9
(8), 2339-46.

(10) Liu, T.; Qian, W. J.; Mottaz, H. M.; Gritsenko, M. A.; Norbeck,
A. D,; Moore, R. J; Purvine, S. O.; Camp, D. G,, 2nd; Smith, R. D.
Evaluation of multiprotein immunoaffinity subtraction for plasma
proteomics and candidate biomarker discovery using mass spectrom-
etry. Mol. Cell. Proteomics 2006, S (11), 2167~74.

(11) Mouton-Barbosa, E.; Roux-Dalvai, F.; Bouyssie, D.; Berger, F.;
Schmidt, E.; Righetti, P. G.; Guerrier, L.; Boschetti, E.; Burlet-Schiltz,
O.; Monsarrat, B.; Gonzalez de Peredo, A. In-depth exploration of
cerebrospinal fluid by combining peptide ligand library treatment and
label-free protein quantification. Mol. Cell. Proteomics 2010, 9 (5),
1006—-21.

(12) Capriotti, A. L; Caruso, G Cavaliere, C.; Piovesana, S;
Samperi, R; Lagana, A. Comparison of three different enrichment
strategies for serum low molecular weight protein identification using
shotgun proteomics approach. Anal. Chim. Acta 2012, 740, 58—65.

(13) Hood, B. L,; Lucas, D. A;; Kim, G.; Chan, K. C.; Blonder, J;
Issaq, H. J.; Veenstra, T. D.; Conrads, T. P.; Pollet, I; Karsan, A.
Quantitative analysis of the low molecular weight serum proteome
using 180 stable isotope labeling in a lung tumor xenograft mouse
model. J. Am. Soc. Mass Spectrom. 2008, 16 (8), 1221-30.

(14) Lassout, O.; Pastor, C. M.; Fetaud-Lapierre, V.; Hochstrasser, D.
F.; Frossard, J. L; Lescuyer, P. Analysis of the pancreatic low
molecular weight proteome in an animal model of acute pancreatitis. J.
Proteome Res. 2010, 9 (9), 4535—44.

(15) Wy, J,; An, Y.; Py, H; Shan, Y.; Ren, X.; An, M; Wang, Q.; Wei,
S.; Ji, J. Enrichment of serum low-molecular-weight proteins using C18
absorbent under urea/dithiothreitol denatured environment. Anal
Biochem. 2010, 398 (1), 34—44.

(16) Wang, Y. Y,; Lee, C. T,; Ly, C. L; Chen, C. Y.; Chang, F. Y;
Lee, S. D,; Doong, M. L.; Wang, P. S. Gastric inhibitory polypeptide
appears less important in mediating acid secretion. Hepato-Gastro-
enterology 1999, 46 (27), 2105-9.

(17) Sehested, A; Juul, A. A; Andersson, A. M,; Petersen, J. H,;
Jensen, T. K; Muller, J.; Skakkebaek, N. E. Serum inhibin A and
inhibin B in healthy prepubertal, pubertal, and adolescent girls and
adult women: relation to age, stage of puberty, menstrual cycle, follicle-
stimulating hormone, luteinizing hormone, and estradiol levels. J. Clin.
Endocrinol. Metab. 2000, 85 (4), 1634—40.

(18) Di Iorio, R,; Marinoni, E.; Letizia, C.; Villaccio, B.; Alberini, A.;
Cosmi, E. V. Adrenomedullin production is increased in normal
human pregnancy. Eur. J. Endocrinol. 1999, 140 (3), 201-6.

(19) Su, A. 1; Wiltshire, T.; Batalov, S.; Lapp, H.; Ching, K. A,; Block,
D.; Zhang, J.; Soden, R.; Hayakawa, M.; Kreiman, G.; Cooke, M. P,;
Walker, J. R.; Hogenesch, J. B. A gene atlas of the mouse and human
protein-encoding transcriptomes. Proc. Natl. Acad. Sci. US.A. 2004,
101 (16), 6062—7.

dx.doi.org/10.1021/pr400547s 1 J. Proteome Res. 2013, 12, 44974506



Journal of Proteome Research

(20) Pepe, M. S.; Cai, T,; Longton, G. Combining predictors for
classification using the area under the receiver operating characteristic
curve. Biometrics 2006, 62 (1), 221-9.

(21) Choi, J. S.; Min, J. S. Significance of postoperative serum level of
carcinoembryonic antigen (CEA) and actual half life of CEA in
colorectal cancer patients. Yonsei Med. . 1997, 38 (1), 1-7.

(22) Gerl, A; Lamerz, R; Clemm, C; Mann, K; Hartenstein, R;
Wilmanns, W. Does serum tumor marker half-life complement
pretreatment risk stratification in metastatic nonseminomatous germ
cell tumors? Clin. Cancer Res. 1996, 2 (9), 1565—70.

(23) Meyer, T.; Rustin, G. J. Role of tumour markers in monitoring
epithelial ovarian cancer. Br. J. Cancer 2000, 82 (9), 1535—8.

(24) Zhang, L; Bijker, M. S.; Herzog, H. The neuropeptide Y system:
pathophysiological and therapeutic implications in obesity and cancer.
Pharmacol. Ther. 2011, 131 (1), 91-113.

(25) Hirsch, D.; Zukowska, Z. NPY and stress 30 years later: the
peripheral view. Cell. Mol. Neurobiol. 2012, 32 (5), 645—59.

(26) Sah, R; Geracioti, T. D. Neuropeptide Y and posttraumatic
stress disorder. Mol. Psychiatry 2013, 18 (6), 646—SS.

(27) Ruscica, M.; Dozio, E.; Motta, M.; Magni, P. Relevance of the
neuropeptide Y system in the biology of cancer progression. Curr. Top.
Med. Chem. 2007, 7 (17), 1682—91.

(28) Rasiah, K. K;; Kench, J. G.; Gardiner-Garden, M.; Biankin, A. V,;
Golovsky, D.; Brenner, P. C; Kooner, R;; O'Neill, G, F,; Turner, J. J;
Delprado, W,; Lee, C. S; Brown, D. A; Breit, S. N,; Grygiel, J. J;
Horvath, L. G.; Stricker, P. D.; Sutherland, R. L.; Henshall, S. M.
Aberrant neuropeptide Y and macrophage inhibitory cytokine-1
expression are early events in prostate cancer development and are
associated with poor prognosis. Cancer Epidemiol, Biomarkers Prev.
2006, 1S (4), 711—6.

(29) Gittelman, M.; Hertzman, B.; Bailen, J.; Williams, T.; Koziol, 1;
Henderson, R. J; Efros, M,; Bidair, M,; Ward, J. F. PCA3 molecular
urine test as a predictor of repeat prostate biopsy outcome in men with
previous negative biopsies: A prospective multicenter clinical study. J.
Urol. 2013, 190 (1), 64—69.

(30) Ochiai, A.; Okihara, K.;; Kamoi, K; Oikawa, T.; Shimazui, T.;
Murayama, S. L; Tomita, K; Umekawa, T.; Uemura, H,; Miki, T.
Clinical utility of the prostate cancer gene 3 (PCA3) urine assay in
Japanese men undergoing prostate biopsy. BJU Int. 2013, 111 (6),
928--33.

(31) Qu, X; Randhawa, G Friedman, C.; O’Hara-Larrivee, S;
Kroeger, K; Dumpit, R; True, L; Vakar-Lopez, F,; Porter, C;
Vessella, R.;; Nelson, P.; Fang, M. A novel four-color fluorescence in
situ hybridization assay for the detection of TMPRSS2 and ERG
rearrangements in prostate cancer. Cancer Genet. 2013, 206 (1-2), 1~
11.

(32) Laxman, B.; Morris, D. S.; Yu, J.; Siddiqui, J.; Cao, J.; Mehra, R;
Lonigro, R. J.; Tsodikov, A,; Wei, J. T.; Tomlins, S. A.; Chinnaiyan, A.
M. A first-generation multiplex biomarker analysis of urine for the
early detection of prostate cancer. Cancer Res. 2008, 68 (3), 645—9.

44430685 dx.doi.org/10.1021/pr400547s 1 J. Proteome Res. 2013, 12, 4497-4506



Proteomics Clin. Appl. 2013, 7, 607-617 DOI 10.1002/prca.201200123

ReviEw

607

Glycoproteomic strategies: From discovery to clinical
application of cancer carbohydrate biomarkers

Koji Ueda

Laboratory for Biomarker Development, Center for Genomic Medicine, RIKEN, Minato-ku, Tokyo, Japan

Carbohydrate antigens are the most frequently and traditionally used biomarkers for cancer,
suchas CA19-9, CA125, DUPAN-II, AFP-L3, and many others. The diagnostic potential of them
was simply based on the cancer-specific alterations of glycan structures on particular glycopro-
teins in serum/plasma. In spite of the facts that glycosylation disorders are feasible for cancer
biomarkers and glycomic analysis technologies to explore them have been rapidly developed,
it remains difficult to sensitively screen glycan structure changes on cancer-associated glyco-
proteins from clinical specimens. Moreover, a lot of additional issues should be appropriately
addressed for the clinical application of newly identified glycosylation biomarkers, including
analytical throughput, quantitative confirmation of structural changes, and biological expla-
nation for the alterations. In the last decade, significant improvement of mass spectrometric
techniques is being made in the aspects of both hardware spec and preanalytical purification
procedures for glycoprotein analysis. Here we review potential approaches to perform com-
prehensive analysis of glycoproteomic biomarker screening from serum/plasma and to realize
high-throughput validation of site-specific oligosaccharide variations. The power and problems
of mass spectrometric applications on the clinical use of carbohydrate biomarkers are also
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1 Introduction

In order to survey tumor-derived biomarkers in serum, not
only glycoproteomics but all other focusing technologies are
essential, which effectively reduce the complexity of samples
by removing unnecessary major serum proteins [1, 2].
Such focused proteomics approaches would include pep-
tidomics [3-6], degradomics [7-11], immunodepletion of
abundant proteins [12-16], ProteoMiner purification {17-22],
and rare amino acid capturing (e.g. iCAT tag [23-28] for cys-
teine or 2-nitrobenzenesulfenyl tag for tryptophan [29-34)).
Since concentration of biomarker molecules released from
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early-stage cancer tissues (generally less than 20 mm
diameter) are extremely low, appropriate focused proteomics
technologies can greatly help to detect such sub-pg/mL pro-
teins in sera. In particular, glycosylation-focused proteomics
could contribute to both improving analytical depth and in-
terpreting roles of carcinogenesis-associated glycosylations,
which might lead to further understanding molecular mech-
anisms of malignant transformation or metastasis. More
importantly, particular alterations of glycan structures on
secreted glycoproteins specifically reflect the site of original
organs or cell types. This aspect of glycosylation biomarkers
enforces the specificity of diagnosis in the cases distinguish-
ing cancer from benign diseases (e.g. lung cancer from
chronic obstructive pulmonary disease) or defining origin
of cancer. Despite the benefits described above, there have
been lots of technical difficulties in the discovery of cancer-
associated glycosylation microheterogeneities from clinical
specimens as well as clinical application of those. Indeed, the
latest series of mass spectrometers can provide much deeper
and wider knowledge of proteins compared to those a decade
ago. However, it has been realized that mass spectrometric
analysis of lectin-purified serum proteins, which is one of the
simplest ways of glycoproteomics, is far from sufficient to
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identify glycosylation biomarkers for early cancer diagnosis.
Here we discuss about issues and resolutions in the use
of lecting by introducing methods for sample preparation
prior to lectin chromatography. In addition to lectin-based
approaches, which have been most frequently utilized in gly-
comics, other sophisticated glycocapturing technologies are
reviewed. Because the concept required for biomarker dis-
covery phase or preclinical validation phase is fundamentally
different, the adequate methodologies for each are separately
described.

2 Glycoproteomics for biomarker
screening

2.1 Lectins or chemicals

Nowadays, state-of-the-art glycoproteomic technologies have
been developed to enrich glycoproteins or glycopeptides from
crude serum samples. These technologies are separated into
lectin-based methods and chemical-based methods, in princi-
ple. Which is better for the purpose of carbohydrate-targeting
tumor marker discovery? If we intend to identify glycan struc-
ture changes as tumor markers, rather than concentration
of core proteins, lectin is the only enrichment tool recog-
nizing specific oligosaccharide linkages, excepting sialic acid
specific chemistry reverse glycoblotting [35, 36}. The chem-
ical enrichment of glycopeptides, such as using hydrazide
chemistry [37-42], boronic acid [43-45], or hydrophilic inter-
actions [46-48], certainly exhibits rigid interaction with gly-
can moieties, whereas most of lectin—glycan interactions are
fragile [49]. However, all of the chemical approaches above
are based on covalent or affinity bond with rich hydroxyl
groups on oligosaccharides, resulting in comprehensive and
structure-unspecific capture of glycopeptides. Therefore, the
chemical route is inadvisable for glycan structure-targeting
biomarker discovery. From the view of such features, we
would like to focus on lectin-based glycopeptide enrichment
methods in the following sections.

2.2 Using lectin column chromatography for
glycoproteomics

Assuming that the eluate of lectin column chromatogra-
phy would be analyzed in LC/MS/MS, it must be a criti-
cal issue whether we load proteins or digested peptides to
lectin columns. When undigested serum proteins are puri-
fied with lectin column chromatography and eluted by hap-
ten sugars, targeted glycoproteins would be eluted with a
lot of nonspecific proteins and high concentration of hapten
sugars, which could not be appropriate for mass spectro-
metric analysis (Fig. 1A). The large amount of nonglycosy-
lated protein elution is mainly caused by the limitation of
solvent used in lectin column chromatography, with which
the use of detergents, high salts, and organic solvents are

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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not compatible. Furthermore, since most of serum proteins
form complexes, coelution of intact binding proteins is in-
evitable. More importantly, if enriched glycoproteins would
have multiple glycosylation sites, it is hardly distinguishable
which glycosylation sites might be associated with state of
cancer.

On the other hand, when digested peptides are loaded to
lectin columns, the purification efficiency of glycopeptides is
relatively high due to the elimination of protein—protein in-
teraction effect in the samples (Fig. 1B). However, elution of
glycopeptides using hapten sugars still results in significant
contamination of 200-1000 mM sugars in the eluate, which is
not adequate for direct injection to LC/MS/MS. In addition to
this fact, mass spectrometric analysis of eluted glycopeptides
is also inefficient for comprehensive studies because auto-
mated protein identification by database search is impossible
for glycopeptides, for which additional deglycosylation steps
would be finally required.

These characteristics of lectins on glycoproteomics have
led to recent development of glycopeptidase elution technolo-
gies [46,50]. After binding glycopeptides on lectin columns,
PNGase-F elution in volatile salt buffers allows highly spe-
cific elution of only originally glycosylated peptides. After
lyophilizing eluate, the final product consists of completely
deglycosylated peptides with no contaminant salts, which
could be directly injected into LC/MS instruments and sub-
jected to usual database search analysis on Mascot or Sequest
software. Using this type of enzymatic elution procedure on
click maltose HILIC beads, Zhu et al. successfully identified
92, 178, and 221 unique N-glycosylation sites from 10 nL,
100 nl, and 1 pL of human serum, respectively [46].
They effectively excluded desalting, buffer exchanging, and
lyophilization steps to finish all preanalytical procedures by
spin columns within 1.5 h.

Regarding peptide sequencing of enzymatically deglyco-
sylated peptides on database search analysis, N-glycosylation
sites are recognized as aspartic acid residues converted
from asparagine residues by PNGase-F (Fig. 1C). However,
chemically identical conversion may artificially occur on as-
paragine residues known as deamidation of asparagine. To
eliminate the false-positive identification of N-glycosylation
sites by deamidation, we can utilize the PNGase-F reac-
tion in heavy water (H;®0) [50-57]. The incorporation of
80 into glycosylated asparagine residues by PNGase-F in-
duces generation of 3 Da increased asparagine residues,
providing N-glycosylation site-specific stable isotope tags on
peptides (Fig. 1C). Our team recently integrated on-column
PNGase-F elution with the '*0 stable isotope labeling method
and reported as an effective glycoproteomic biomarker
screening technology, named isotopic glycosidase elution
and labeling on lectin-column chromatography (IGEL)
[50].

Hence, issues on biochemical properties of lectins for gly-
coproteomics can be overcome by employing both protease
digestion before lectin column purification and on-column
glycopeptidase elution of peptides.
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2.3 Pre-enrichment of glycopeptides prior to lectin
purification

Lectin columns are convenient and widely used enrichment
tools for glycoproteins or glycopeptides. As contrasted with
the benefits, enrichment ratio itself is not necessarily high
enough. When we purified tryptic digest of crude serum by
various types of nine different lectin columns according to
IGEL method described above, the enrichment efficiency
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(number of glycopeptide identification / total peptide identifi-
cation x 100) was only 20-45%. Such insufficient enrichment
efficiency was mainly caused by weak lectin—oligosaccharide
affinities and the fact that abundance of nonglycosylated
peptides in tryptic digest of crude serum samples was abso-
lutely higher than that of glycosylated peptides. This aspect
emphasizes the importance of adequate pre-enrichment
techniques for pan-glycosylated peptides, such as cellulose
column [58-60], graphite carbon column [61-65], and other
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hydrophilic affinity resins. Sergei et al. constructed Cyg-
cellulose mix-mode column chromatography and achieved
high-yield extraction of N- and O-glycosylated peptides from
mixture of ten standard proteing [59]. Lam et al. applied an
online combination of RP/RP and porous graphite carbon
LC to the comprehensive analysis of ConA lectin-purified hu-
man serum samples and identified 134 N-glycosylated serum
proteins, 151 possible N-glycosylation sites, and more than 40
possible N-glycan structures [65]. The CL-4B Sepharose-based
hydrophilic extraction of glycopeptides is also one of the most
popular techniques in glycoproteomics. Selman et al. loaded
5 L of CL-4B Sepharose beads into 96-well format plate and
enriched human IgG-derived glycopeptides for MALDI-FT-
ICR-MS [66]. This type of multiplexed purification system
is especially suitable for large-scale biomarker screening
assays. Actually, we also applied CL-4B Sepharose beads
pre-enrichment procedure before lectin column purification
and obtained finally around 90% glycopeptide enrichment
ratio [50]. Thus pre-enrichment of total glycopeptides from
complex peptide mixtures can drastically improve the gly-
copeptide focusing efficiency by subsequent lectin column
chromatography.

2.4 Selection of lectins for glycoproteomics

So far hundreds of lectins have been isolated from plants,
microbes, or animals and most of them are commercially
available. The selection of lectins is a critical step for pre-
cise and comprehensive profiling of cancerous glycan dis-
orders. In the glycoproteomic studies, both high specificity
for glycan structures and high affinity to capture glycopep-
tides are needed. The glycopeptide enrichment ratio acquired
from IGEL purification experiments using human serum
and nine distinct lecting (LCA, SNA-I, SNA-II, UEA-I, wheat
germ agglutinin (WGA), LPA, ConA, and SSA) was shown in
Table 1. Concerning specificity of lectins, LCA, SNA-I, ConA,
and SSA demonstrated over 80% glycopeptide enrichment
rate, suggesting that ligand specificity of these four lectins
would be sufficient. Meanwhile, when looking into num-
bers of glycopeptide identification, which indirectly reflected
the lectin-glycan affinity of each lectin, LCA and SNA-I
lectins showed much less glycopeptide recovery rate com-
pared to ConA or SSA. Additionally, the remaining five lectins
(Lotus, SNA-II, UEA-I, WGA, and LPA) were scarcely able to
capture peptides. At least in our binding condition (100 mM
ammonium bicarbonate, 5% ACN, 1 mM calcium chloride,
1 mM manganese chloride), ConA and SSA lectin columns
could be considered as appropriate materials to be used for
specific and comprehensive profiling of human serum glyco-
proteome. Individual optimization would be required when
analyzing other biological samples or using different con-
dition of binding buffers. In order to cover a larger num-
ber of glycan structure changes, it is fundamental to in-
crease options of lectins along with optimum purification
protocols.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Serum glycopeptide enrichment rate by nine lectin
columns

Lectin  Protein IDs?  Peptide IDs?  1GEL(+)® 1GEL {%)&

LCA 108 173 153 88.3
Lotus 51 27 10 36.7
SNA-L 110 194 186 95.9
SNA-Il 62 57 33 57.6
UEA- 13 13 6 46.4
WGA 82 78 41 52.4
LPA 26 14 5 35.7
ConA 183 413 388 93.9
SSA 229 519 425 81.9

a) Number of identified proteins.

b} Number of identified peptides.

c) Number of peptides possessing IGEL tags (3 Da increased as-
paragine residues).

d} Ratio of IGEL-tagged peptides in total peptide identification,
indicating glycopeptide enrichment rate.

Inrecent studies, multilectin affinity chromatography ap-
proaches were developed to enhance glycopeptide recovery
rate and expand the comprehensiveness of targeted glycan
structures. Zeng et al. combined high abundance protein de-
pletion, ConA-Jacalin-WGA multilectin affinity chromatog-
raphy, IEF separation, and LC-MS analysis and identified
breast cancer associated proteins such as thrombospondin-1
and 5, alpha-1B-glycoprotein, serum amyloid P-component,
and tenascin-X, which had potentially abnormal glycans [67].
The same group rigorously evaluated the identical lectin mix-
ture in several glycoproteome profiling studies [68~72]. Qiu
et al. integrated serial lectin purification by ConA and SNA
with d0- or d3-N-acetoxysuccinamide stable isotope labeling
on a-amino groups. By use of this methodology, they enabled
effective enrichment of sialylated glycopeptides and also dif-
ferential analysis of those [73].

2.5 AQuantitative assessment of glycan structure
changes

To identify cancer-associated alterations of glycosylation on
multiple proteins, establishment of rigorous quantification
strategies should be essential, which could stoichiometri-
cally evaluate the changing rate of each glycoform. Com-
parative quantification results of only enriched glycopep-
tides are affected by not only glycan structure changes but
also concentration of original core proteins itself, indicat-
ing that it is hard to determine whether the identified
candidates might be glycosylation-targeting biomarkers or
protein concentration biomarkers. Therefore, subtraction of
protein concentration effects from quantification results
of lectin-enriched glycopeptides is necessary (Fig. 2). Re-
cently, we demonstrated a practical example of this concept
for the identification of carbohydrate-targeting lung cancer
biomarker discovery [50]. Here we acquired relative quan-
tification profiles from both lectin-purified glycopeptides
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Figure 2. Representative scherne for comprehensive quantifica-
tion of glycan structure alterations. Following tryptic digestion
of serum samples, LC/MS/MS analysis of enriched glycopeptides
and total peptides should be performed individually in order to
eliminate the effect of core protein concentration variations. Fi-
nally, the changing rate of glycans on each peptide could be caicu-
tated by subtracting quantification results of total peptides from
those of enriched glycopeptides. The representative method for
glycopeptide enrichment is IGEL technology illustrated in Fig. 1C.

and pre-enriched nonglycosylated peptides by LC/MS/MS
analysis individually. Finally, the site-specific glycoform
changes were determined by subtracting core protein concen-
trations calculated by nonglycosylated peptides from quantifi-
cation results of each glycopeptide. This approach can illumi-
nate the glycan structure changes on diverse glycosylation
sites individually.

2.6 Quantitative glycoproteomic approaches for
O-glycans

Although tools for comprehensive analysis of O-glycosylation
are still limited compared with the N-glycomics, recent de-
velopment of sophisticated chemistries have potential to
be Dbreakthrough technologies for O-glycan Dbiomarker
discovery. Hang et al. developed a metabolic labeling
approach, which utilized incorporation of tetra-aceylated-N-
azidoacetylgalactosamine (GalNAz) into the reducing termi-
nus of O-glycosylation sites {74, 75]. Following cell culture

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the presence of GalNAz for several days, O-glycosylated
proteins can be specifically collected by alkyne-activated
resins (click chemistry) (Fig. 3). Using this technology,
Slade et al. identified 267 potentially O-glycosylated proteins
from the secretome of CHO cells [76]. Furthermore, the
Bertozzi’s group succeeded to apply GalNAz chemistry to
rapid profiling of O-linked glycoproteins in living mice [77]
and also in vivo imaging of membrane-associated glycans in
zebrafish [78]. The other group expanded this technology by
using GalNAz, ManNAz, and GlcNAz to discover cell surface
differentiation markers on human mesenchymal stem
cells [79]. Integration of such metabolic labeling methods for
O-glycans with mass spectrometric structural analysis may
facilitate comprehensive screening of fine O-glycan structure
alterations in the future.

3 Glycoproteomics for high-throughput
biomarker validation

For clinical application of biomarkers, preclinical validation
experiments are usually required using independent larger
sample set and high-throughput quantification methods. In
general, most of protein biomarkers are quantitatively mea-
sured by immunoassays in the validation phase, which in-
clude sandwich ELISA, AlphaLISA [80-84], and Luminex
technology [85-89]. However, it is often extremely difficult to
make specific antibodies against both detailed glycan struc-
tures and glycosylation sites mainly because of the low im-
munogenicity of oligosaccharides and structural hindrance
of amino acid epitopes by glycans. Thus, alternative glycopro-
teomic technologies must be established for the replication
assays using hundreds of clinical samples, which could de-
tect site-specific glycan structure changes quantitatively with
high-throughput manner from complex protein mixtures,
such as crude serum/plasma. Here we introduce a couple
of technologies used in the glycosylation biomarker valida-
tion area.

3.1 Lectin-antibody sandwich ELISA

A sandwich-type ELISA using lectin- and analyte-specific an-
tibody was originally developed by Drouin et al. in 1988 [90].
They intended to establish high-throughput diagnostic assay
for Bernard Soulier syndrome, which was a rare autosomal
recessive coagulopathy leading to a deficiency of glycoprotein
1b (Gplb), an important clotting regulator as the receptor for
von Willebrand factor. In that study they immobilized WGA
lectin on 96-well plates to capture Gplb in prepared human
platelet proteins and eventually succeeded to detect GpIb
by specific monoclonal antibody AN51 quantitatively. They
mentioned that this approach was simple, inexpensive, and
sensitive way to quantitate glycoproteins for which specific
lectins and monoclonal antibodies were available. Tojo et al.
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Figure 3. Principle of GalNAz-based O-glycosylated protein profiling. Metabolic incorporation of GalNAz residue at the reducing terminus

of O-glycans enables subsequent capture by alkene reactive resins.

applied the same concept of assay utilizing ConA-
immobilized ELISA plates and specific polyclonal antibody
to quantitate pD-mannans of Candida albicans [91]. Since
ConA lectin possessed a high binding specificity for the
D-mannopyranose unit, the sensitivity and specificity of b-
mannan detection were significantly improved compared to
previous antibody-antibody ELISA or quantitative precipitin
reaction, they reported.

In cancer diagnostic studies, Parker reported the applica-
tion of lectin/antibody sandwich ELISA assay to the serolog-
ical diagnosis of pancreatic cancer [92]. His team captured
glycoproteins possessing N-acetylglucosamie and sialic acid
moieties by WGA lectin and detected by CAM17.1 mono-
clonal antibody specific to a part of mucins. They provided
diagnostic assay results from not only retrospective study
showing a sensitivity of 78% for pancreatic cancer with a
specificity of 76% [93], but also prospective study showing
even Dbetter sensitivity and specificities (84 and 92%, respec-
tively), suggesting that the assay probably performed better
on fresh samples. They also circumstantially summarized the
usefulness of CAM 17.1/WGA test for pancreatic cancer di-
agnosis in Lancet journal [94]. Very recently, Miyoshi’s group
found that fucosylated haptoglobin had a great potential for
the detection of pancreatic cancer and prognosis of postopera-
tive colorectal cancer [95,96]. They coated 96-well plates with
antihaptoglobin Fab antibody because IgG had fucosylated
oligosaccharides in its Fc portion, and detected fucosylated
haptoglobin by biotinylated AAL lectin [95-98]. They mea-
sured serum samples from 397 individuals and concluded
that the sensitivity and specificity for the diagnosis of pancre-
atic cancer patients from normal controls was 50 and 91%,
respectively [98).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Energy-resolved oxonium ion monitoring
(Erexim) technology

For the purpose of first high-throughput site-specific quan-
tification of glycan structure variations, we recently developed
Erexim technology [99]. The oxonium ions are defined as any
oxygen cations with three bonds in chemistry, while they
are used synonymously with sugar oxonium ions in glyco-
proteomics, which are produced as oligosaccharide fragment
ions in collision cells of mass spectrometers during CID of
glycopeptides [100]. Typical oxonium ions (m/z) and the cor-
responding oligosaccharide components are shown in the
right side of Fig. 4. The detection of particular set of oxo-
nium ions in MS/MS spectra of glycopeptides not only repre-
sents the existence of glycan modifications but also provides
signature of original glycan structures [101]. Furthermore,
we found that monitoring the yields of oxonium ions over
a wide range of collision energy by use of MRM [102-104]
on quadrupole mass spectrometer exhibited a highly glycan
structure-unique fragmentation patterns. Indeed, the Erexim
curves allowed us to clearly distinguish even structural iso-
mers (same mass with distinct glycan linkage) and separately
quantify their contents (Fig. 4). This technology was then
applied to the N-glycan profiling of three model therapeu-
tic antibody drugs, Herceptin (trastuzumab), Avastin (beva-
cizumab), and Erbitux (cetuximab). In the lot-to-lot glycan
structure variation test for Herceptin or Avastin, around 30
glycan structures on Fc region of antibody drugs were rela-
tively quantified in 30-min analysis, revealing that at most
10% increase or decrease of several glycoforms were ob-
served in both drugs (n = 4 for each of four lots). In the
case of Avastin glycan profiling, glycans on both Fab and Fc
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Figure 4. Quantitative evaluation of site-specific glycan structure microheterogeneities by Erexim technology. Representative Erexim
curves for a pair of structural isomers detected on IgG molecule are shown. Six oxonium ions listed on the right side were gquantitatively
monitored by MRM mode. The patterns of collision energy-dependent ion yield curves for miz = 204 and 366 were clearly distinguishable
between «1,6-linked galactose (left} and a1,3-linked galactose {right} at the nonreducing termini.

regions were simultaneously quantified in a single Erexim
analysis. The result showed that most of glycans on Fab
region were nonhuman-type glycan structures possessing
N-glycolylneuraminic acids (Neu5Gc) or Gal (a1-3) Gal struc-
tures, whereas Fc region had conserved nonimmunogenic
glycan structures. The LOD and dynamic range of this tech-
nology were 30 attomole and more than four orders, respec-
tively. Since the required sample preparation prior to mass
spectrometric analysis was only usual trypsin digestion, the
Erexim procedure would be appropriate for automated high-
throughput analysis. Thus, this technology has enough po-
tential to be applied to routine evaluation of drug quality,
safety, and potency, for which extremely high reproducibil-
ity, quantitative capability, and throughput. Meanwhile, our
Erexim profiling technique is promising technology allowing
rapid and site-specific validation of extracted glycan structure-
targeted tumor marker candidates using multiple crude
specimens.

4 Toward industrialization and approval
of carbohydrate-targeting biomarkers

Biomarkers developed for commercial use and regulatory ap-
proval must be required to present data supporting valid-
ity and clinical utility. According to the FDA Guidance for
industry: Pharmacogenomic data submissions 2005, a valid
biomarker is a biomarker thatis measured in an analytical test
system with “well-established performance characteristics”
and for which there is an “established scientific framework
or body of evidence that elucidates the clinical significance
of test results.” In case of carbohydrate-targeting biomarkers
for cancer early detection or prognosis, the developed devices
need to be approved as in vitro diagnostics.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Toward that purpose, a couple of key requirements have
to be fulfilled. First, development of high-throughput, easy-
to-use, reproducible, and not so expensive diagnostic devices
would be required, which are suitable for widespread clin-
ical use. As described in Section 3.1, lectin-antibody sand-
wich ELISA system could be the first choice satisfying all of
these criteria. However, in some cases it would be difficult to
achieve sensitive detection for low abundant serum glycopro-
teins because of insufficient specificity and affinity of lectins
for the glycan epitopes. The Erexim technology (Section 3.2)
can provide extremely high sensitivity, specificity, and re-
producibility for the quantitative assessment of site-specific
glycan structure disorders, whereas the high-spec mass spec-
trometer and proficient skills of LC/MS/MS operation are
required.

The other requirement toward the approval of diagnos-
tics is Dbiological evidence explaining how and why the
targeted glycan structure alterations would occur on a par-
ticular serum glycoprotein in cancer patients. It is often com-
plicated to figure out the origin of biomarker glycoproteins
and biochemical mechanisms of abnormal oligosaccharide
generation, especially when investigating for glycoproteins
identified from serum shotgun proteomics-driven biomarker
screening. To present scientifically strong evidences for
carbohydrate-targeting biomarker candidates, further basic
and detailed glycobiological studies will be necessary, in-
cluding analysis of cellular glycan biosynthesis pathways,
comprehensive expression analysis of glycosyltransferases, or
confirmation of glycoform changes in cancer tissues. Fu-
ture development of more sensitive, high-throughput, and
site-specific glycan structure profiling technologies are also
fundamental to facilitate clinical application of numerous
carbohydrate-targeting biomarker candidates reported previ-
ously on papers.
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Preapoptotic protease calpain-2 is frequently suppressed in adult
T-cell leukemia
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Kagoshima, Japan; and *Section of Hematology/Oncology, Department of Medicine Faculty, The University of Chicago, Chicago, IL

Adult T-cell leukemia (ATL) is one of the most aggressive hematologic malignancies
caused by human T-lymphotropic virus type 1 (HTLV-1) infection. The prognosis of ATL is
extremely poor; however, effective strategies for diagnosis and treatment have not been
established. To identify novel therapeutic targets and diagnostic markers for ATL, we
employed focused proteomic profiling of the CD4*CD25"CCR4™ T-cell subpopulation
in which HTLV-1-infected cells were enriched. Comprehensive quantification of 14064
peptides and subsequent 2-step statistical analysis using 29 cases (6 uninfected controls,

. e 5 asymptomatic carriers, 9 HTLV-1-associated myelopathy/tropical spastic paraparesis
patients, 9 ATL patients) identified 91 peptide determinants that statistically classified 4 clinical groups with an accuracy rate of 92.2%
by cross-validation test. Among the identified 17 classifier proteins, a-ll spectrin was drastically accumulated in infected T cells derived
from ATL patients, whereas its digestive protease calpain-2 (CAN2) was significantly downregulated. Further cell cycle analysis and celi
growth assay revealed that rescue of CAN2 activity by overexpressing constitutively active CAN2 (A15CAN2) could induce remarkable cell
death on ATL cells accompanied by reduction of a-ll spectrin. These results support that proteomic profiling of HTLV-1—infected T cells
couid provide potential diagnostic biomarkers and an attractive resource of therapeutic targets for ATL. (Blood. 2013;121(21):4340-4347)

Introduction

Human T-lymphotropic virus type 1 (HTLV-1) is a human retrovirus
that is the pathogenic agent of HTLV-1-associated diseases, such as
adult T-cell leukemia (ATL) and HTLV-1-associated myelopathy/
tropical spastic paraparesis (HAM/TSP). Recent epidemiological
studies revealed that HTLV-1 is endemic mainly in Japan, the
Caribbean basin, Iran, Africa, South America, and the Melanesian
islands.! Other estimates have shown that 20 million to 30 million
people worldwide are infected with HTLV-1.2 The infection is
followed by a prolonged asymptomatic phase of 20 to 30 years, and
2% to 5% of the infected individuals develop ATL during their
lifetime.® ATL is one of the most aggressive hematologic malig-
nancies characterized by increased numbers of lymphocytes with
multilobulated nuclei, so-called flower cells, in blood circulation.
The prognosis is severe with the median overall survival period and
S-year survival rate of ATL patients of 7 months and 20%,
respectively.* Recently, humanized anti-CCR4 (KW-0761) thera-
peutic antibody achieved a great improvement in ATL treatment in
a phase 3 study. However, the disease control rate was restricted to
50%, and long-term prognosis has yet to be known.> For future
improvements in the management of ATL, novel biomarkers for early
diagnosis are urgently needed for early therapeutic intervention.

To date, comprehensive genomic or proteomic studies using
CD4" T cells have been performed for this purpose,® but repro-
ducibility and reliability of quantification results in the discovery

phase were uncertain due to the diverse individual variety of HTLV-
1-infected cell contents in CD4 ™" T cells. To overcome the etiologic
variety of samples, we focused on the CD4*CD25"CCR4™ T-cell
subpopulation since Yamano et al'” recently revealed that HTLV-1
preferentially infected CD4"CD25*CCR4™" T cells in both ATL
and HAM/TSP patients. By targeting CD4"CD25"CCR4™ T cells, we
here provide the first quantitative proteome map illustrating
molecular disorders in pathogenic human T cells directly associated
with the onset or progression of ATL. The comprehensive and com-
parative interpretation of total proteome in infected cells, especially
between asymptomatic HTLV-1 carriers and ATL patients, could
immediately lead to specific candidates for biomarkers and drugs.
Another challenge to emphasize in this study is our recently
established proteomic profiling technologies. It is indisputable
that the greater the number of clinical samples analyzed, the
more confidently statistical analysis can be undertaken in order to
identify diagnostic markers and druggable targets. Despite this fact,
previous proteomics reports could not provide high-throughput
quantitative methodologies that were sufficient for dealing with
even more than 10 clinical samples, excepting a study utilizing
a surface enhanced laser desorption/ionization time of flight mass
spectrometer. Although the surface enhanced laser desorption/
ionization time of flight method drastically improved the performance
in both quantification and throughput, allowing relative quantification
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