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FIGURE 4. JMJD®6 hydroxylates histones H2A/M2B and H3/H4 in mouse embryos. A, a representative image of JMID6 knock-out and wild-type E14.5
embryos. 8, IMJD6 knock-out was confirmed by gRT-PCR. GAPDH was used as an internal control. C, JMJID6 knock-out was confirmed by Western blotting. The
asterisk indicates a nonspecific band. -Actin was used as a loading control. D, result of amino acid composition analysis of histones derived from two Jmjdé
wild-type (left) and knock-out {right) E14.5 embryos. £, % of 5-hydroxylysine in total lysine of histones H2A/H2B (blue) and H3/H4 (red) was calculated from the

HPLC data (D). 1B, immunoblat; arb. unit, arbitrary units.

(nm) of the methylated substrate was calculated based on the
basis of radioactivity.

RESULTS

JMJD6 Effectively Hydroxylates Histone Lysyl Residues in
Vitro—During screening of UHRF1-interacting proteins, we
identified JMJD6 as a novel binding partner of UHRF1 (data not
shown). Because UHRF1 recognizes hemimethylated DNA and
histone modifications, we assumed that JMJD6 might be
recruited by UHRF1 to nucleosomes and modify histone lysyl
residues. In vitro experiments showed that recombinant GST-
JMJD6 possessed the ability to bind to histone H3,_,; tail and
histone H4 (Fig. 1, A and B) and hydroxylate multiple lysyl res-
idues in the N-terminal tails of histone H3,_,, and H4 | _,,,
which was detected as of 16, 32, or 48 Da shifts by MS analysis
(Fig. 1, € and D); subsequent MS/MS analysis revealed that
IMJD6 mediates monohydroxylation of lysyl residues. As indi-
cated by Webby et al. (1), JMJD6 preferentially hydroxylated
lysyl residues in the basic peptides, and no apparent sequence
preference was observed in vitro (data not shown).

Next, we established a sensitive hydroxylysine detection
method based on amino acid composition analysis as an alter-
native to the MS-based method. For aminoe acid composition
analysis, we briefly hydrolyzed peptides or proteins with HCl
and separated each amino acid residue by reversed phase HPLC

""" o evaluate this method, we first
performed reversed phase HPLC using simplicial synthetic
28,5R-hydroxylysine and synthetic racemic mixture of 5-hy-
droxylysine composed of 25,55 (SS)-, 2R,5R (RR)-, 2R,58 (RS)-,
and 25,5R (SR)-stereoisomers (Fig. 24). We detected two peaks
corresponding to SS/RR- and RS/SR-hydroxylysine by analyz-
ing these synthetic 5-hydroxylysines without HCI treatment

(Fig. 2A4). After HCI treatment of these synthetic 5-hydroxy-
lysines, another peak was appeared (Fig. 24, arrow). This peak
possibly corresponds to a lactone derivative, 3-amino-6-(ami-
nomethyl)oxan-2-one, generated by dehydration condensation
between C5 hydroxyl group and carboxyl group, which is
described in a previous report (11). Next, we evaluated the
method using unmodified H4, _,. peptides and 5-hydroxy-
lysine containing H4,_,, peptides in which all the lysines at
positions 5, 8, 12, and 20 were substituted with 5-hydroxy-
lysines. After hydrolysis of these peptides, we detected two
peaks corresponding to SS/RR- and RS/SR-hydroxylysine only
in the 5-hydroxylysine containing peptides but not in the
unmodified peptides (Fig. 2, B and C). We also detected the
peak of the possible lactone derivative in the 5-hydroxylysine
containing peptides by reversed phase HPLC performed in
the same day of hydrolysis, but the peak disappeared in the next
day of hydrolysis, indicating that the derivative is unstable.
Because quantification of the derivative is technically difficult,
we only quantified SS/RR- and RS/SR-hydroxylysine.

Using this method, we analyzed H3,,_,,and H4,_,, peptides
treated with or without recombinant GST-JMJD6. First, we
confirmed hydroxylation of the peptides by GST-JMJD6 by MS
analysis (Fig. 34). Then, the peptides were separated from the
enzyme reaction mixture, by reversed phase HPLC. The sepa-
rated peptides were treated with HCl, and each amino acid res-
idue was separated by reversed phase HPLC (Fig. 3, B and C).
Comparison of the chromatograph between amino acids
derived from the JMJD6-treated and -untreated peptides iden-
tified two additional peaks in the peptides treated with JMJD6,
which are matched with the standard synthetic 5-hydroxylysine
(Fig. 3, Band C).
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FIGURE 5. Amount of 5-hydroxylysine in JMJD6 overexpressed HEK 293 cells, mouse testis, and ES cells. A, expression levels of JMJD6 in Dox-inducible
JMID6 stable cells were examined by gRT-PCR before and after 48-h Dox induction. B, induction of JIMID6 by Dox in the cells was confirmed by Western blotting.
C, amino acid composition analysis of histonies derived from Dox-inducible JMJD6 stable cell lines. The blue and red bars indicate % of 5-hydroxylysine in the
total lysine of histone H2A/H2B and in the H3/H4, respectively. D, relative expression levels of Jmjdé in various mouse tissues and cells were examined by
GRT-PCR. E, expression of Jmjdé in a 6-month-old mouse testis was examined by immunohistochemistry. F, amino acid composition analysis of histones

derived from 6-month-old mouse testis and J1 ES cells. The blue and red bars indicate % of 5-hydroxylysine in the total lysine of histone H2A/H2B and in the

H3/H4, respectively.

JMJD6 Hydroxylates Histone Lysyl Residues in Vivo—To
investigate histone lysyl hydroxylation in vivo, we performed
the amino acid composition analysis for analyzing a mixture of
histone H2A/H2B and a mixture of histone H3/H4 proteins
isolated from two JMJD6 wild-type and two JMJD6 knock-out
whole embryos at E14.5 (Fig. 44). IMJD6 knock-out was con-
firmed by qRT-PCR and Western blotting (Fig. 4, Band C}. The
results showed that 0.097 and 0.080% of total lysyl residues in
histone H2A/H2B and 0.094 and 0.046% of those in histone
H3/H4 were 5-hydroxylated in each of the two IMJI)6 wild-type

mice (Fig. 4, D and E), whereas 0.004 and 0.011% of total lysyl
rvesidues in histone H2A/H2B and 0.000 and 0.000% of those in
histone H3/H4 were 5-hydroxylated in each of the two JMJD6
knock-out mice (Fig. 4, D and E), indicating that JMJD6
hydroxylates histone lysyl residues in vivo.

We also generated Dox-inducible JMID6 stable HEK293
cells. JMJD6 induction by Dox was confirmed by qRT-PCR and
Western blotting (Fig. 5, A and B) and increased 5-hydroxyl-
ation levels of histone lysyl residues (Fig. 5C). In addition, we
purified histones from a 6-month-old IMJD6 wild-type mouse
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FIGURE 6. 5-Hydroxylation of lysyl residue impairs N-acetylation and N-methylation in vitro. A-C, the in vitro colorimetric HAT assay was performed using
a fixed amount of p300 (0.44 ;m) and control H4,_,; peptides (@) or 5-hydroxylysine-containing peptides (H4,_,, OH, B). BSA was used as a negative control
(&, 4). After the reactions, absorbance (405 nmj of the coproduct (CoA) was measured. A, reactions were terminated at the indicated time points, and the
concentration of CoA was calculated on the basis of a standard curve that was generated from B2-mercaptoethanol. B and E, substrate concentration-velocity
(s-v) plot. C and F, Lineweaver-Burk plot. The vertical axis is 1/velocity [v], and the horizontal axis is 1/substrate concentration [S). D-F, the in vitro histone
methyitransferase assay was performed using a fixed amount of SMYD3 (1 um) and control H4,_,, peptides (@) or S-hydroxylysine-containing peptides
(H4,_,;OH, B). AdoMet was used as a methyl donor. After the reactions, radioactivity (cpm) of the *H-methylated substrates was measured. The concentration
of incorporated *H-methy! groups (nm) was calculated based on the basis of radicactivity (1 cpm was 0.02563 nwm in the reaction). D, reactions were performed
with fixed amounts of the peptides (141 um) and terminated at the indicated time points.

testis, which expressed JMJI)6 at the highest level among vari-
ous tissues and cells (Fig. 5, D and E). In the testis, 0.238 and
0.054% of total lysyl residues in histone H2A/H2B and H3/H4,
respectively, were 5-hydroxylated (Fig. 5F). In the mouse J1 ES
cells, 0.053 and 0.020% of total lysyl residues in histone H2A/
H2B and H3/H4, respectively, were 5-hydroxylated (Fig. 5F).
5-Hydroxylation Prevents N-Acetylation and N-Methylation
of Histone Lysyl Residues in Vitro—Because lysyl residues in
histone tails are often subjected to N-acetylation and N-meth-
ylation, we examined whether 5-hydroxylation of lysyl residues
affects modifications at the e-amino groups. First, we examined
the effect of lysyl 5-hydroxylation on histone H4 N-acetylation
by p300, which catalyzes N-acetylation of the e-amino group of
lysyl residues, including histone H4K5 and H4KS8, through its
HA'T domain (12). Kinetic analysis using the unmodified and
the 5-hydroxylysine containing H4, ., peptides in which all the
lysines were substituted with 5-hydroxylysines as substrates
revealed that 5-hydroxylation largely interfered with the HAT
activity of p300 in vitro (Fig. 6, A-C). Lineweaver-Burk plot
analysis was performed to calculate the maximum velocity (V, ...)
and ’vimhaehs constant (K} values (Table 1; Fig. 6C, R* = 0.9981
and 0.9902). V... of the reactions in which p300 acetylated the
5-hydroxylysine-containing peptides (H4,_,;OH) was 5-fold

TABLE 1

Effect of 5-hydroxylation on N-acetylation of ¢-amino group of lysyl
residues

Lineweaver-Burk plots werce used for estimation of the kinetic constants, V., and
K. R% is the determination cocfficient (sce Fig. 6C).
Vinax K.,
pMnin M

H4, _,, + p300
4, _,, OH + p300

35.34 % 1.65 (R* = 0.9981) 204.51 * 10.12
6.95 = 0.45 (R* = 0.9902) 200.37 *+ 14.32

TABLE 2
Effect of 5-hydroxylation on N-methylation of e-amino group of lysyl
residues
Lincweavcr-Burk plots were used for estimation of the kinetic constants, V., and
K, R*is the determination coefficient {sec Fig. 6F).

v, K,

max i

nlvf/m{n
10.90 = 0.92 (R* = 0.9918)
L OH -+ SMYD3 048 = 0.26 (R? = 0.9366)

80.63 + 16.26 um
75.26 % 9.60 pm

less than that of the control peptides (6.95 % 0.45 and 35.34 *
1.65 pm/min, respective})) whereas K, of the two reactions
was quite similar (204.51 £ 10.12 and 200.37 £ 14.32 um,
respectively), indicating that -hydroxylation does not inhibit
binding of lysyl residues to p300 but reduces the catalytic
efficiency.
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FIGURE 7. N-Acetylation and N-methylation of lysyl residues impairs 5-hydroxylation by JMID6 in vitro. A, the in vitro hydroxylation assay was performed
using GST-JMJD6 {10 um) and 85 um of control H4,_,, peptides or N-acetyl-lysine-containing peptides. 8, the in vitro hydroxylation assay was performed using
GST-JMID6 (10 um) and 85 pm control H4,_,, peptides or N-monomethyl-lysine-containing peptides. BSA was used as a negative control. 5-Hydroxylation by

JMID6 was detected by MS analysis.

We also examined the effect of lysyl 5-hydroxylation on the
histone methyltransferase activity of SMYD3, which catalyzes
lysyl N-methylation of histone H3 (13) and also H4 (data not
shown) through its SET (su(var) 3—-9 enhancer-of-zeste tritho-
rax) domain by the histone methyltransferase assay. The results
showed that 5-hydroxylation at lysyl residues almost com-
pletely inhibited N-methylation catalyzed by SMYD3 (Table 2
and Fig. 6, D—F); V., values of the reactions with the control
peptides (H4, _,,) and the 5-hydroxylysine-containing peptides
(H4,_,;0H) as substrates were 10.90 = 0.92 and 0.48 % 0.26
nM/min, respectively. Similar to the HAT assay, K, values of
the two reactions were ~80.63 = 16.26 and 75.26 = 9.60 uM,
respectively.

Subsequently, we performed reciprocal experiments using
H4, o5 or Hédq_,; peptides, in which all the lysines are either
unmodified, N-acetylated, or N-monomethylated. JMJD6 effec-
tively hydroxylated the control peptides (Fig. 7, A and B, left

panels); however, N-acetylation and N-monomethylation at the
e-amino group of the lysines completely blocked 5-hydroxyl-
ation by IMJD6 (Fig. 7, A and B, right panels).

DISCUSSION

We found a novel histone modification, 5-hydroxylation, by
IMID6. IMJD6 reportedly hydroxylates a splicing factor,
U2AF65 (1). That study and another report (1, 14) stated that
evidence of histone lysyl hydroxylation was not found by MS-
based analysis in vivo. In the present study, we developed an
alternative method, amino acid composition analysis, to detect
5-hydroxylation of histone lysyl residues. As reported previ-
ously, we have not detected clear evidence of 5-hydroxylation of
histone lysylresidues by MS-based analysis. We think that there
are several causes for this. 1) The amount of 5-hydroxylysine is
too small to detect by MS-based analysis. 2) Artificial methio-
nine oxidation during preparation of samples for MS analysis
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FIGURE 8. Structure around the active site of HAT domains and SET domains,
a lysine side chain, and an S-adenosyl methionine {AdoMet). A, spatial local-
ization among the HAT domain of GCN5 (gray), a lysine side chain (magenta),
and CoA {cyan) {Protein Data Bank code 1QSN). The 5-hydroxyl group may
locate close to acetyl-CoA, indicating that this may work as a steric barrier and
prevent effective N-acetylation by the catalytic domain. B, structure of the
HAT domain of p300 {gray) in complex with inhibitor, Lys-CoA {(magenta)
{Protein Data Bank code 3BlY). The 5-hydroxy! group may restrict the confor-
mation of lysine side chain in the catalytic pocket of p300. The figures were
prepared by using program PyMOL. (, spatial localization among the SET
domain of N.crassa Dim-5 (green), a histone H3 peptide {magenta), and
AdoMet (cyan) (Protein Data Bank code TPEG). D, spatial association among
the SET domain of human SETD7/9 (greeny), a histone H3 peptide containing
monomethylated Lys-4 (magenta), and AdoMet (cyan) (Protein Data Bank
code 109S). A side chain of a lysine residue locates in tightly hydrophobic
pocket of the SET domains (Cand D). Hydroxylation at position C; of the chain
may prevent a lysine side chain to locate in the pocket, causing inhibition of
N-rethylation by SET domains.

makes detection of 5-hydroxylysine difficult. 3) 5-Hydroxy-
lysine could be an intermediate form as it is in collagen, and a
further unknown modification(s) such as glycosylation could be
added; the final product of collagen is glucosylgalactosyl
hydroxylysine (4). The collagen hydroxylase, PLOD3, possesses
galactosyltransferase and glucosyltransferase activities. Unlike
PLOD3, IMJD6 does not appear to possess any other enzymatic
activities by domain search; therefore, it is difficult to assume
possible further modification(s) by its protein structure. We
may have been able to detect 5-hydroxylation in histone lysyl
residues by amino acid composition analysis but not by the
MS-based analysis because many modifications such as glyco-
sylation or galactosylation could be removed during the hydro-
lysis process of amino acid composition analysis. By this analy-
sis, we detected both SS/RR- and SR/RS-hydroxylysine in
JMJD6-treated histone peptides and also in JMJD6 wild-type
E14.5 embryos, ES cells, and the Dox-inducible JMJD6 stable
HEK293 cells. Because the relationship between RR and RS and
also between S8 and RS is a diastereomer, we were able to dis-
tinguish them. However, because a relationship between SS and
RR, and also between RS and SR is an enantiomer, we were not

JMJD6 Hydroxylates Histone Lysyl Residues

able to separate them by this method. Despite this, these two
pealks are most likely $S- and RS-hydroxylysine because JMJD6 is
reported to generate SS-hydroxylysine (11). The RS-hydroxylysine
could be generated from SS-hydroxylysine through the lactone
derivative, 3-amino-6-(aminomethyljoxan-2-one, which is unsta-
ble and difficult to be quantified. Because of this difficulty, we
only quantified SS/RR- and RS/SR-hydroxylysine in this report.
Therefore, actual quantity of 5-hydroxylysine in the samples
examined here could be a little higher.

Because we detected 5-hydroxylysines in the UHRF1 KO ES
cells (data not shown), UHRF1 is not required for 5-hydroxyl-
ation of histone lysyl residues by IMJD6. Therefore, biological
significance of the interaction between UHRF1 and JMJDé
remains unclear. Further analysis is also required to determine
the biological significance of 5-hydroxylation of histone lysyl
residues. [ vitro experiments suggest that 5-hydroxylation can
inhibit N-acetylation and N-methylation by p300 and SMYD3.
The active site structure of the p300 and general control of
amino acid synthesis 5 (GCN5) HAT domains showed that the
side chain of the 5-hydroxylysine can invade the catalytic pock-
et; however, the 5-hydroxyl group may disturb active form for-
mation of the substrate (Fig. 8, A and B). The catalytic site of
SET domains of Neurospora crassa Dim-5 and hauman SETD?7,
which are structurally similar to SMYD3 (15), suggested that
the side chain of 5-hydroxylysine can invade the catalytic pock-
et; however, the 5-hydroxyl group may disturb an active form
formation of the substrate (16, 17) similar to that in HAT
domains (Fig. 8, C and D). Therefore, 5-hydroxylation could be
important in the context of the histone code. It is known that
histones H2A and H2B move more dynamically between the
nucleosome and nucleoplasm. 5-Hydroxylation of these his-
tones may have some effects for the movement because the
medification was detected more in histones H2A/H2B than in
histones H3/H4. The expression pattern of JMJD6 is also inter-
esting. JMJD6 may play important role(s) in the testis, such as a
role in histone-protamine exchange. We believe that our pres-
ent finding provides a novel insight into epigenctic regulations
of gene transcription and/or chromosomal rearrangement.
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ABSTRACT: In prostate cancer diagnosis, PSA test has greatly —Rapid Low-molecular-weight proteome enrichment
contributed to the early detection of prostate cancer; however, expanding by QUEST-MS

overdiagnosis and unnecessary biopsies have emerged as serious issues, To

explore plasma biomarkers complementing the specificity of PSA test, we

developed 2 unique - protéomic- technology. QUEST-MS (Quick  Eririch-

ment of Small Targets for Mass Spectrometry). The QUEST-MS method

based on 96-well formatted sequential reversed-phase chromatography

allowing - efficient enrichment ‘of <20 kDa proteins quickly and

reproducibly. Plasma from 24 healthy controls, 19 benign prostate

fiypertrophy patients, and 73 prostate cancer patients were purified with

QUEST-MS and analyzed by LC/MS/MS. Among 153 057 nonredundant

peptides, 189 peptides showed prostate cancer specific detection pattern,

which included ‘a neurotransmitter’ polypeptide neuropeptide-Y (NPY).

We further validated the screening results by targeted multiple reaction monitoring technology using xndependent sample set (n-
=1110). The ROC curve analysis revealed that logistic regression-based combination of NPY, aiid PSA showed 81.5% sensitivity
and 82.2% specificity for prostate cancer ‘diagnosis. Thus QUEST-MS technology allowed comprehensive and high-throughput
profiling of plasma polypeptides and had potential to effectively uncover very low abundant tumor-derived small molecules, such
as neurotransmitters, peptide hormones, or cytokines.

KEYWORDS: low molecular weight, Biomarker, prostate cancer, plasma, PSA, mass spectrometzy, label-free quantlﬁcatzon

PSA test to overall survival rate of prostate cancer patients did
not worth the risk for expanding invasive prostate biopsy cases
and medical costs. It was estimated that 5.2 million U.S. dollars
would be spent for PSA screening to prevent one death from
prostate cancer.* Therefore, a new biomarker set that can
efficiently improve the poor specificity of PSA is urgently
required for the reduction of risks above derived from
overdiagnosis of prostate cancer.

& INTRODUCTION

Prostate-specific antigen (PSA), also known as kallikrein-3, was
discovered in 1969" and had been recognized as the best
diagnostic tool for prostate cancer since the Food and Drug
Administration (FDA) approved the PSA test in 1994.> Indeed,
at least 30 million men over 50 years old undergo PSA test in
the United States in a year. However, in October 2011, the U.S.
Preventive Services Task Force (USPSTF) published statistical
evidence about clinical outcomes of prostate cancer and urged

not to continue PSA test against healthy males anymore.® This
decision was simply based on the concept that the benefit of
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Table 1. 116 Plasma Samples Used for Biomarker Screening

19 19
PCa® (GS® 5-6) 20 17
PCa® (GS© 7) 28 30
PCa® (GS© 8—10) 25 18
total 116 110

“Benign prostate hypertrophy. “Prostate cancer. “Gleason score.

,24;,\“, ¢ iy :

o1 el ‘ male

68.9 68.9 male
65.3 65.9 male
69.7 64.2 male
68.1 66.1 male
68.2 64.0 male

Various sophisticated proteomic techniques have been
developed over a couple of decades to explore serum/plasma
biomarkers. Most studies utilized focused proteomic technol-
ogies to reduce the complexxty of serum/l;lasma proteome,
targeting glycosylated proteins,>® peptidome,”® degradome,” or
minor proteins. 10,11 Low-molecular-weight (LMW) proteome
profiling methods have been also employed for biomarker
discovery experiments to enrich and detect physiologically
important polypeptides, such as cytokines, hormones, and
antimicrobial peptides. Although previous LMW enrichment
methods significantly enforced the detection limit of small
polypeptides, it was difficult to guarantee throughput and
reproducibility, which were essential for biomarker studies
analyzing multiple clinical specimens.'>™"® For instance, size-
exclusion chromatography on HPLC shows better reproduci-
bility but lower throughput due to on-by-one injection of
samples. Ultrafiltration spin cartridges show higher throughput
but less reproducibility.

Therefore in this study we developed a novel LMW
proteome-focusing technology that allows rapid, highly
reproducible, and easy-to-operate enrichment of <20 kDa
subproteome from crude plasma samples. The principle of this
method was repeated purification of denatured undigested
protein mixture on 96-well reversed phase chromatography
plates. In the light of wide versatility, we named the method
quick enrichment of small targets for mass spectrometry
(QUEST-MS) technology. Here we applied QUEST-MS
technology to both discovery phase and validation phase of
prostate cancer biomarker development. Throughout the
present study, we show a small neurotransmitter neuro-
peptide-Y (NPY) as a specific prostate cancer biomarker,
which had potential to improve PSA test.

B MATERIALS AND METHODS

Reagents

Tris(2-carboxyethyl)phosphine (TCEP), iodoacetamide, and
ammonium bicarbonate were purchased from Sigma-Aldrich
(Saint Louis, MO). Urea was purchased from GE Healthcare
(Buckinghamshire, UXK.). Trypsin Gold was supplied by
Promega (Madison, WI). Trifluoroacetic acid (TFA) was
purchased from Shimadzu Corporation (Kyoto, Japan).
Plasma Samples

EDTA-plasma samples for biomarker screening (n = 116, Table
1) were collected in Kochi Medical School Hospital. For
biomarker validation step, 40 healthy controls were collected in
the Cancer Screening Center, The Cancer Institute Hospital of
Japanese Foundation for Cancer Research (JFCR). Plasma
samples from 20 benign prostate hyperplasia (BPH) patients
and 65 prostate cancer patients were collected for validation
study in Kochi Medical School Hospital, Kyoto University
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Hospital, and Iwate Medical University Hospital (Table 1).
Plasma from prostate cancer patients and BPH patients were
collected before any treatments. Healthy control samples were
collected in conjunction with cancer screening. Plasma fraction
was separated and stored in the standard operation procedure
at hospitals. In brief, withdrawn blood was immediately mixed
with EDTA-2K by converting container 10 times and
subsequently centrifuged at 1100g for 10 min. The supernatant
was aliquoted and stored at —80 °C until use. In all experiments
plasma with a single freeze—thaw cycle were used. The research
procedure was fully explained, and written informed consent
was obtained from all of the patients above. This study was
approved by individual institutional ethical committees: The
Ethical Committee of RIKEN (Approval code: Yokohama H20-
12 and H22-4), Institutional Review Board of Kochi Medical
School, JECR, Kyoto University, and Iwate Medical University.

QUEST-MS purification

On a 96-well polypropylene plate, 20 yL plasma samples were
mixed with 80 uL of 10 M urea in 50 mM ammonium
bicarbonate. After reduction with S mM TCEP at 37 °C for 15
min and alkylation with 25 mM iodoacetamide at room
temperature for 15 min, samples were diluted four times with
50 mM ammonium bicarbonate and loaded onto equilibrated
Oasis HLB 96-well uElution Plate (2 mg sorbent per well, 30
um particle size, Waters Corporation, Milford, MA). Here all
procedures on solid-phase extraction plates were performed
with the custom-made 96-well syringe robot (Supplementary
Figure S1 in the Supporting Information). The Qasis plate was
prewetted with 500 uL of 70% acetonitrile and equilibrated
with 500 pL of 0.1% TFA in 2% acetonitrile at 250 xL/min.
Following sample loading at 100 pL/min, plates were washed
twice with 500 uL of 0.1% TFA in 2% acetonitrile at 250 uL/
min. Proteins were eluted with 100 uL of 40% acetonitrile at
100 pL/min and subsequently diluted five times with 0.1% TFA
prior to second Qasis plate purification. The diluted samples
were processed with the same conditions as those described in
the first purification. The eluates were lyophilized by vacuum
spin dryer, followed by digestion with 50 uL of 8 ng/uL
Trypsin Gold (Promega) in S0 mM ammonium bicarbonate at
37 °C for 6 h. Digestive reaction was quenched by the addition
of 50 uL 1.2% TFA in 4% acetonitrile.

LC/MS/MS Analysis

Following QUEST-MS purification above, 1 uL of sample was
analyzed by LTQ-Orbitrap-Velos mass spectrometer (Thermo
Fisher Scientific, Waltham, MA) equipped with Ultimate 3000
nanoflow HPLC (Thermo Fisher Scientific). Using 0.1% formic
acid as Solvent A and 0.1% formic acid in acetonitrile as Solvent
B, peptides were separated on C18 Chip-column (75 gm X 200
mm, Nikkyo Technos, Tokyo, Japan) by the gradient of Solvent
B, 2 to 30% for 95 min and 30 to 95% for 15 min at the flow
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rate 250 nL/min. The eluted peptides were ionized with the
spray voltage 2000 V, and MS data were acquired in a data-
dependent fragmentation method in which the survey scan was
acquired between m/z 400 and 1600 at the resolution 60 000
with automatic gain control (AGC) target value of 1.0 X 10°
ion counts. The top 20 intense precursor ions in each survey
scan were subjected to low-resolution MS/MS acquisitions
using normal CID scan mode with AGC target value of 5000
ion counts in the linear ion trap.

Label-Free Quantification on Expressionist RefinerMS

The raw data from LTQ-Orbitrap-Velos mass spectrometer
were loaded onto Expressionist RefinerMS module (Genedata
AG, Basel, Switzerland), which worked on the in-house server
system for the subsequent data processing and label-free
quantification analysis. The whole workflow of RefinerMS
software is shown in Supplementary Figure S2 in the
Supporting Information. After setting the Spectrum Grid at
every 10 data points on 2D MS chromatogram planes (x = m/z
and y = RT), the first chemical noise subtraction was performed
using RT Window = 500 scans and Quantile = 80. Following
chromatogram smoothing by moving average estimator for
every three RT scans in the second chemical noise subtraction,
signals less than 1000 intensity were clipped in intensity
thresholding. The third and fourth chemical noise subtractions
were applied to data using RT structure removal at the
minimum RT length = 8 scans and m/z structure removal at
the minimum m/z length = 4 points, respectively. The
chromatogram grid was set at every 10 scans on noise-
subtracted data, followed by chromatogram RT alignment using
parameters: m/z window =10 points, RT window =10 scans,
gap penalty =1, RT search interval = 2 min, and alignment
scheme = pairwise alignment-based tree. Next, the summed
peak detection activity detected the peaks on a temporarily
averaged chromatogram with parameters as follows: summation
window = 2 min, overlap = 50, minimum peak size = 10 scans,
maximum merge distance = 4 data points, gap/peak ratio = 10,
method = curvature-based peak detection, peak refinement
threshold = 5, and consistency filter threshold = 0.6. Finally
summed isotope clustering activity grouped isotopic peaks
derived from single molecule into an isotope cluster. Here
parameters were used as follows: minimum charge = 1,
maximum charge = 8, maximum missing peaks = 0, first allowed
gap position = 3, ionization = protonation, RT tolerance = 0.1
min, m/z tolerance = 0.05 Da, and minimum cluster size ratio =
0.5.

Extraction of Biomarkers on Expressionist Analyst

Because the specificity of the new biomarker set should be
maximized, 153057 nonredundant detected peptides were
filtered by Absent/Present Search algorithm that extracted
peptides exhibiting all-or-nothing feature between two groups
(healthy control + BPH vs prostate cancer). Peptides detected
in at most 1 case among 43 controls and at least 11 cases
among 73 prostate cancer patients were selected to be
subjected to further validation experiments.

Protein ldentification

The SEQUEST database search was performed on Proteome
Discoverer 1.3 software (Thermo Fischer Scientific). The MS/
MS data were searched against human protein database
SwissProt 201209 (20235 sequences) using search parame-
ters as follows: enzyme name = trypsin, precursor mass
tolerance = 3 ppm, fragment mass tolerance = 0.8 Da, dynamic
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modification = oxidation (M), and static modification =
carbamidomethyl (C). We accepted peptide identifications
that satisfied the false discovery rate (FDR) <1% by Peptide
Validator activity in SEQUEST Decoy Database Search. The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository with
the data set identifier PXDO000383 and DOI 10.6019/
PXD000383.

Muliiple Reaction Monitoring for NPY

Plasma samples were processed with QUEST-MS procedure as
described above, except for the addition of final concentration
10 fmol/uL BSA tryptic digest as an internal control, prior to
analysis by 4000 QTRAP mass spectrometer (AB Sciex, Foster
City, CA) combined with Agilent 1200 nanoflow HPLC system
(Agilent Technologies, Santa Clara, CA). Peptides were
separated on C18 Chip-column (75 gm X 200 mm, Nikkyo
Technos) using solvent A (0.1% formic acid) and solvent B
(0.1% formic acid in acetonitrile). Two-step linear gradient of
solvent B was configured from 2 to 30% for 10 min and from
30 to 95% for S min at flow rate of 250 nL/min. The multiple
reaction monitoring (MRM) transitions specific to NPY and
BSA (KYA technologies, Tokyo, Japan) were simultaneously
monitored by the MRM mode in Analyst 1.5 software (AB
Sciex, Foster City, CA). The instrumental settings were as
follows: ionization spray voltage = 2200 V, curtain gas (N,) =
12 psi, CAD = 4, declustering potential = 70 V, entrance
potential = 10 V, Q1 resolution = HIGH, Q3 resolution =
LOW, and pause in between = 2 ms. The acquired MRM
chromatograms were analyzed with MultiQuant 2.02 software
(AB Sciex, Foster City, CA). The mass chromatogram of each
transition was smoothed by 1 pt window and quantified by
peak area. After optimizing the collision energy (CE) for 12
NPY transitions, quantification was eventually performed using
only Q1/Q3 = 466.23/272.20 corresponding to NPYg; g
peptide because this transition showed the highest sensitivity.
Finally, area of NPYy, g3 peak was normalized with equally
spiked BSA digest as follows: normalized NPY = area
(NPYq_ge QL/Q3 = 466.2/272.2)/area (BSAgs_rs, Q1/Q3 =
582.3/951.5) x 10 000.

Silver Staining and Image Analysis

To evaluate the efficacy of QUEST-MS purification, we
separated one-fifth of purified sample on 16% Tris-tricine
SDS-PAGE gel (Life Technologies, Carlsbad, CA). The gel was
stained with SilverQuest Silver Staining kit (Life Technologies)
by following the manufacturer’s instructions. Stained gel was
scanned with a GS-800 calibrated densitometer (Bio-Rad
Laboratories, Hercules, CA) and analyzed by Image J software.

immunchistochemical Staining

Immunohistochemical study was carried out using the Ventana
automated immunohistochemical systems (Ventana Medical
Systems, Tucson, AZ). We used formalin-fixed and paraffin-
embedded slice sections of surgical or biopsy specimens from
the eight patients with prostate cancer. The eight prostate
cancers included three with prostatic intraepithelial neoplasia
(PIN) lesions. Sections were incubated with a 1:400 diluted
solution of polyclonal anti-NPY antibody (Abcam, Cambridge,
UXK.) for 16 min. The automated protocol was based on an
indirect biotin—avidin system using a biotinylated universal
secondary antibody and diaminobenzidine substrate with
hematoxylin counterstaining. The specificity of the binding

dx.doi.org/10.1021/pr400547s | J. Proteome Res. 2013, 12, 44974506
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was confirmed by negative staining using rabbit nonimmune
serum as a primary antibody.

B RESULTS
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

A

Plasma 20 ul

30 min % Denature, r
60 min @ Reversed pl
2hr \%é} Lyophilize

6hr & Trypsin digestion

s

-
g3z myY: , .
W W W s oo
- foncdd ety
SPE cycles H
- —— 1
1

Cruds
B pasma 1

Cycle- 4 3

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, 153 057 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
1,sVGGWECEK;; (m/z = §39.25, z = +2),
H;,SQPWQVLVASR,s (m/z = 469.92, z = +3),
A, VCGGVLVHPQWVLTAAHCIR, (m/z = 782.08, z =
+3), and L,,SEPAELTDAVK y; (m/z = 636.84, z = +2), which
were detectable in 4, 3, 4, and 5 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 t
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

dx.doi.org/10.1021/pr400547s 1 J. Proteome Res. 2013, 12, 44974506
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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/mL,"” 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 3AD) or 4 + § (Figure 3B,E)

A B

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 3C,F 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

P01303 NPY_HUMAN pro-neuropeptide Y S®SPETLISDLLMR® 0 11
P02751 FINC_HUMAN fibronectin Q™YNVGPSVSK!®° 1 11
Q16134 ETFD_HUMAN electron transfer flavoprotein-ubiquinone oxidoreductase G**IATNDVGIQK** 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.
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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
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and CE out of three transitions for each four NPY peptide,
which could provide the highest intensity of MRM chromato-
gram peaks (Figure 4AB). From the analysis of case-1 in
Supplementary Figure S4 in the Supporting Information, the
transition Q1/Q3 = 466.2/272.2 corresponding to NPYy) g
peptide at CE = 17 eV was found to be the most sensitive
reporter ion pair for NPY. Because only NPYy; ¢ 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
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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
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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 5C). 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%,
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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.

B 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 half-ife 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,
NPY5_) is cleaved from pro-NPY by proconverting enzymes,
resulting in NPY,y 4. Following further cleavage at the C-
terminus of Gly®® by carboxypeptidase-like enzyme, the Glys
was finally truncated by peptidylglycine-amidating monoox-
ygenase to generate mature NPY,g ¢ In our biomarker
screening data, only NPYs, gy 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 NPY3,_,;, NPYg, ¢, NPYg gy, and NPYg 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;;_45, NPY;, 4, and NPYy,_gg 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,,_o,) whose C-terminus had
not been removed.

Although major physiological functions of active NPY,y_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.27 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 $ 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 5 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 = $9) 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
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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 varjety 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 ASSOQUCIATED 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.
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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,
such as 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

Received: November 29, 2012
Accepted: December 27, 2012

discussed in this review.
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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
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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 nlL, 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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Figure 1. Difficulties and reso-
lution for use of lectin column
chromatography in glycopro-
teomics. (A} Since detergent,
high sailt, and organic solvent
are unusable, lectin column
purification using undigested
protein samples results in sig-
nificant contamination of non-
specific proteins due to protein-
protein  interactions.  High
concentration of eluting sait is
also involved in final product.
(B) When starting with digested
peptide mixtures, glycopeptide
enrichment vield is relatively
high. However, direct analysis
of eluted glycopeptides is diffi-
cult because of low ionization
efficiency and impossibility of
automated database search. (C}

peplides

@’@ When captured glycopeptides
are eluted with N-glycosidase,
highly specific elution of orig-

SO — inally glycosylated peptide

¢ g{gg ° could be achieved. If this
i (Asri” 30a} f reaction is combined with
80-labeling method, direct

LC/MS/MS analysis can identify
glycosylation sites specifically
as 3 Da increased asparagine
residues.

(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 Cig-
cellulose mix-mode column chromatography and achieved
high-yield extraction of N- and O-glycosylated peptides from
mixture of ten standard proteins [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 wL 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 lectins (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 lecting along with optimum purification
protocols.
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Table 1. Serum glycopeptide enrichment rate by nine lectin

columns
Lectin  Protein IDs®  Peptide IDs?  1GEL(+)9  GEL (%)
LCA 109 173 153 88.3
Lotus 51 27 10 36.7
SNA-L 110 194 186 95.9
SNA-II 62 57 33 57.6
UEA-I 13 13 6 46.4
WGA 82 78 41 52.4
LPA 26 14 5 35.7
ConA 183 413 388 93.8
SSA 229 519 425 81.8

a) Number of identified proteins.

b) Number of identified peptides.

¢} 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
Dbreast 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 Quantitative 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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