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ABSTRACT: Protein phosphorylation is a key mechanism of cellular signaling pathways
and aberrant phosphorylation has been implicated in a number of human diseases. Thus,

approaches in phosphoproteomics can contribute to the identification of key biomarkers to
assess disease pathogenesis and drug targets. Moreover, careful validation of large-scale l  Protein digestions i
phosphoproteome analysis, which is lacking in the current protein-based biomarker
discovery, significantly increases the value of identified biomarkers. Here, we performed
large-scale differential phosphoproteome analysis using IMAC coupled with the isobaric tag
for relative quantification (iTRAQ) technique and subsequent validation by selected/
multiple reaction monitoring (SRM/MRM) of human breast cancer tissues in high- and

6 low-risk
tissue samples

6 high-risk
tissue samples

1 Phosphopeptide enrichment byFe- IMAC |

iTRAQ labeling
SCX fractionation

low-risk recurrence groups. We identified 8309 phosphorylation sites on 3401 proteins, of LCESTMS/MS analysis | (19 candid
which 3766 phosphopeptides (1927 phosphoproteins) were able to be quantified and 133 ec
phosphopeptides (117 phosphoproteins) were differentially expressed between the two

groups. Among them, 19 phosphopeptides were selected for further verification and 15

were successfully quantified by SRM using stable isotope peptides as a reference. The ratio of phosphopeptides between high-
and low-risk groups quantified by SRM was well correlated with iTRAQ-based quantification with a few exceptions. These results
suggest that large-scale phosphoproteome quantification coupled with SRM-based validation is a powerful tool for biomarker
discovery using clinical samples.

KEYWORDS: phosphoproteome, iTRAQ, SRM, mammaprint, breast cancer tissue

B INTRODUCTION labeling; representative examples of each label are stable isotope
labeling by amino acids in cell culture (SILAC)® and isobaric tag
for relative and absolute quantification (iTRAQ), respectively.
This large-scale phosphoproteome analysis has recently been
applied to biomarker discovery using cell culture and tumor
model mice. Zanivan et al. analyzed the phosphoproteome
of tumor tissues of melanoma model mice and identified more

Protein phosphorylation is a key regulator of cellular signal-
transduction processes, and its deregulation is involved in the
onset and progression of various human diseases, such as can-
cer, inflammation, and metabolic disorders.! ™ Recent advances
in proteomics, especially phosph(;peptide enrichment strategies”
and improved isotope labeling,®” enabled not only the identi- . ) : : ;
fication of up to several thousands of site-specific phospho- than 5600 phosphorylation sites on 2250 proteins, which

rylation events within one large-scale an alysiss"ls but also included many hits from pathways important in melanoma.”
accurate quantification of the phosphopeptides/proteins.'”~** Despite such a lgrge e‘ffor‘.c to generate a list 9f biomarker
Immobilized metal ion affinity chromatography (IMAC) is a candlldaFes, extensive validation by other methods is needed for
widely used affinity-based technique for the enrichment of application as a blf)mar'ker. Currently, the mqst commonly usjed
phosphopeptides prior to MS analysis. Metal ions are chelated approach for yerxﬁcatlon is Western blotting and sandwich
to nitrilotriacetic acid- or iminodiacetic acid-coated beads, form- enzyme-linked immunosorbent assay (ELISA); however, antibody
ing a stationary phase to which negatively charged phosphopep-
tides in a mobile phase can bind.” Isotope labeling techniques Received: June 18, 2012

are classified into two groups, metabolic labeling and chemical Published: September 17, 2012
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reagents of sufficient specificity and sensitivity for the assays are
generally not available, especially for phosphoproteins. Also, the
high cost and long development time required to generate high-
quality reagents are limiting factors; therefore, the development
of an alternate method for verification with high reproducibility
and througl';put is needed to improve the success rate of approved
biomarkers.”*

A new mass spectrometry-based analytical platform called
selected reaction monitoring (SRM) or multiple reaction moni-
toring (MRM) is a very sensitive technique for the quanti-
fication of targeted proteins and peptides, which makes it
possible to verify biomarker candidate proteins.”® Suitable sets
of precursor and fragment ion masses for a given peptide, called
SRM transitions, constitute definitive mass spectrometry assays
that identify peptides and the corresponding proteins. More
recently, SRM using stable isotope peptides has been adapted
to measure the concentrations of candidate protein biomarkers
in cell lysates as well as human plasma and serum.”*™** Con-
sequently, SRM technology shows potential to bridge the gap
between the generation of candidate lists and their verification
in biological specimens.

In this study, we applied large-scale phosphoproteome
analysis and SRM-based quantitation to develop a strategy for
the systematic discovery and validation of biomarkers using
tissue samples. We first identified differentially expressed phos-
phopeptides, using IMAC coupled with the iTRAQ technique,
between high- and low-risk recurrence groups of breast cancer
predicted by MammaPrint, an FDA-approved breast cancer
recurrence assay. The identified phosphopeptides were vali-
dated by the SRM method, which can find biomarkers of breast
cancer, augmenting MammaPrint. This systematic approach
has enormous potential for the discovery of bona fide disease
biomarkers.

B EXPERIMENTAL PROCEDURES

Human Tissue Samples

Tumor tissue samples were obtained from 12 patients with
breast cancer at Osaka Medical Center for Cancer & Cardio-
vascular Diseases. Information about the 12 patients is sum-
marized in Supporting Information Table S1. Tissue samples
were frozen in liquid nitrogen and stored at —80 °C until
analysis. The patients were classified into good (low-risk) or
poor (high-risk) prognosis groups using MammaPrint, as des-
cribed previously.>® Written informed consent was obtained
from each patient before surgery. The protocol was approved
by the ethics committees of the Proteome Research Center,
National Institute of Biomedical Innovation and the Osaka
Medical Center for Cancer & Cardiovascular Diseases.

Protein Exiraction and Digestion

Protein extraction and proteolytic digestion were performed
using a phase-transfer surfactant protocol.*’ Tissue samples or
pellets of cultured cells were homogenized by sonication in a
lysis buffer [12 mM sodium deoxycholate, 12 mM sodium
N-lauroylsarcosinate, 50 mM ammonium bicarbonate, and
PhosSTOP phosphatase inhibitor cocktail (Roche Applied
Science, Indianapolis, IN, USA)]. Protein concentration was
determined by a DC protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). A sample of 2 mg (for iTRAQ) or 500 yg
(for SRM) of extracted proteins was reduced with 10 mM
dithiothreitol (DTT), alkylated with S0 mM iodoacetamide
(I1AA), and diluted by S times with SOmM ammonium bi-
carbonate solution, and sequentially digested by 1:100 (w/w)
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LysC (Wako Pure Chemical Industries, Osaka, Japan) for 8 h at
37 °C and 1:100 (w/w) trypsin (proteomics grade; Roche) for
12 h at 37 °C. An equal volume of an organic solvent, ethyl
acetate, was added to the digested samples; the mixtures were
acidified by 1% trifluoroacetic acid (TFA) and vortexed to
transfer the detergents to the organic phase. After centrifuga-
tion, the aqueous phase containing peptides was collected.

Enrichment of Phosphopeptides

Phosphopeptide enrichment was performed using immobilized
Fe (III) affinity chromatography [Fe-IMAC], as described
previously.>> The Fe-IMAC resin was prepared from Probond
(Nickel-Chelating Resin; (Invitrogen, Carlsbad, CA, USA)) by
substituting Ni** on the resin with Fe**. Ni** was released from
Probond upon treatment with 50 mM EDTA-2Na, and then
Fe®* was chelated to ion-free resin upon incubation with 100
mM FeCl; in 0.1% acetic acid. Fe-IMAC resin was packed into
an open column for large-scale enrichment or on an Empore
C18 disk in a 200-4L pipet tip for small-scale enrichment.*®
After equilibration of the resin with loading solution (60%
acetonitrile/0.1% TFA), peptide mixture was loaded onto the
IMAC column (200 ug total peptides per 100 uL resin). After
washing with loading solution (9 times volume of IMAC resin)
and 0.1% TFA (3 times volume of IMAC resin), phosphopep-
tides were eluted by 1% phosphoric acid (2 times volume of
IMAC resin).

iTRAQ Analysis

iTRAQ Labeling. Enriched phosphopeptides were labeled
with isobaric tags for relative and absolute quantification
reagents (iTRAQ 4 plex; Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s instructions. Phospho-
peptide mixtures desalted with C18 Stage-Tips were incubated
in iTRAQ reagents for 1 h. iTRAQ 115, 116, and 117 were
used for labeling individual samples, and iTRAQ_114 was used
as the reference sample, a mixture of aliquots of all samples.
The reaction was terminated by the addition of an equal volume
of distilled water. The labeled samples were combined, acidified
by TFA, and desalted with C18-Stage Tips. Four sets of iTRAQ_
experiments were performed to compare the phosphorylation
profiles of 12 tissue samples

Strong Cation Exchange Chromatography (SCX). The
labeled peptides were fractionated using an HPLC system
(Shimadzu Prominence UFLC) fitted with an SCX column (50
mm X 2.1 mm, S pm, 300 A, ZORBAX 300SCX; Agilent
Technology). The mobile phases consisted of buffers A [25%
acetonitrile and 10 mM KH,PO, (pH 3)] and B [25% aceto-
nitrile, 10 mM KH,PO, (pH 3), and 1 M KCl]. The labeled
peptides were dissolved in 200 L of buffer A and separated at a
flow rate of 200 #L/min using a four-step linear gradient: 0% B
for 30 min, 0—10% B in 15 min, 10—-25% B in 10 min, 25—40%
B in 5 min, and 40—100% B in S min, and then 100% B
for 10 min. Thirty fractions were collected and desalted with

'C18-Stage Tips.

LC—MS/MS Analysis. Fractionated peptides were analyzed
by an LTQ-Orbitrap XL or Velos mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) equipped with a nanoLC
interface (AMR, Tokyo, Japan), a nanoHPLC system
(Michrom Paradigm MS2), and an HTC-PAL autosampler
(CTC Analytics, Zwingen, Switzerland). The analytical column
was made in-house by packing L-column2 C18 particles
[Chemical Evaluation and Research Institute (CERI), Japan]
into a self-pulled needle (200 mm length X100 gm inner diam-
eter). The mobile phases consisted of buffers A (0.1% formic
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acid and 2% acetonitrile) and B (0.1% formic acid and 90%
acetonitrile). Samples dissolved in buffer A were loaded onto a
trap column (0.3 X S mm, L-column ODS; CERI). The
nanoLC gradient was delivered at 500 nL/min and consisted of
a linear gradient of buffer B developed from S to 30% B in 135
min. A spray voltage of 2000 V was applied.

Full MS scans were performed using the orbitrap mass
analyzer (scan range 350—1500 m/z, with 30000 fwhm resolu-
tion at 400 m/z). The three (LTQ XL) or five (LTQ_ Velos)
most intense precursor ions were selected for the MS/MS
scans, which were performed using collision-induced dissocia-
tion (CID) and higher energy collision-induced dissociation
(HCD, 7500 fwhm resolution at 400 m/z) for each precursor
ion. The dynamic exclusion option was implemented with a
repeat count of 1 and exclusion duration of 60 s. The values of
automated gain control (AGC) were set to 5.00 X 10° for full
MS, 1.00 X 10* for CID MS/MS, and 5.00 X 10* for HCD MS/
MS. The normalized collision energy values were set to 35% for
CID and 50% for HCD.

The CID and HCD raw spectra were extracted and searched
separately against the human IPI database (version 3.67)
combined with the reverse-decoy database using Proteome
Discoverer 1.3 (Thermo Fisher Scientific) and Mascot v2.3.
The precursor mass tolerance was set to 3 ppm, and fragment
ion mass tolerance was set to 0.6 Da for CID and 0.01 Da for
HCD. The search parameters allowed one missed cleavage for
trypsin, fixed modifications (carbamidomethylation at cysteine
and iTRAQ labeling at lysine and the N-terminal residue), and
variable modifications (oxidation at methionine, iTRAQ
labeling at tyrosine, and phosphorylation at serine, threonine,
and tyrosine). In the workflow of Proteome Discoverer 1.3,
following the Mascot search, the phosphorylated sites on the
identified peptides were assigned again using the PhosphoRS
algorithm, which calculated the possibility of the phosphory-
lated site from the spectra matching the identified peptides.**
The score threshold for peptide identification was set at 1%
false-discovery rate (FDR) and 75% phosphoRS site proba-
bility. Peptides identified at a threshold with 5% FDR were also
accepted in the case that a peptide with the same sequence
was identified at a threshold with 1% FDR in any other three
iTRAQ_ experiments.

The iTRAQ quantitation values were automatically calcu-
lated on the basis of the intensity of the iTRAQ reporter ions in
the HCD scans using Proteome Discoverer. Quantitation of
peptides identified from CID scans was performed using the
reporter ion information extracted from the HCD spectra
of the same precursor peptide. In the case that peptides with
the same sequence were identified repeatedly from different
precursor peptides in the same iTRAQ_experiment, the median
of their quantitation values was calculated. For comparison
among 4 sets of iTRAQ_ experiments, iTRAQ quantitation
values of individual samples (iTRAQ 115, 116, and 117) were
normalized with the values of the reference sample (iTRAQ
114) in each iTRAQ experiment.

SRM Analysis

Stable Isotope-Labeled Peptides. For SRM measure-
ment of the 19 targeted phosphopeptides, stable isotope-
labeled peptides (SI peptides, crude grade) were synthesized
(Thermo Fisher Scientific, Ulm, Germany). A single lysine,
arginine, or alanine was replaced by isotope-labeled lysine
(°Cq, 98%; SN, 98%), arginine (PCg, 98%; N, 98%), or
alanine (°C,, 98%; '*N, 98%). The SI peptides were dissolved
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in distilled water at a concentration of 1 yg/uL and stored at
—80 °C. A mixture of these SI peptides was added to each
sample during the period between tryptic digestion and
detergent extraction processes in the PTS protocol.

Setting SRM Transition. First, the mixture of SI peptides
was analyzed by LC—~MS/MS using LTQ-Orbitrap XL (CID
mode), and an msf file was generated using Proteome Dis-
coverer and Mascot. The msf file was opened with Pinpoint
software (version 2.3.0; Thermo Scientific), and a list of MS/
MS fragment ions derived from SI peptides was generated.
Four MS/MS fragment ions were selected for SRM transitions
of each targeted peptide based on the following criteria: y-ion
series, strong ion intensity, at least 2 amino acids in length, and
no signature of neutral loss.

LC-SRM. Protein extracts were digested, spiked with the SI
peptides, and subjected to phospho-enrichment with IMAC.
The enriched phosphopeptides dissolved in 2% acetonitrile
solution containing 0.1% TFA and 25 ug/mL of EDTA were
analyzed by a TSQ-Vantage triple quadruple mass spectrometer
(Thermo Fisher Scientific) equipped with the LC system
mentioned above. The parameters of the instrument were set as
follows: 0.002 m/z scan width, 0.7 fwhm QI resolution, 1 s
cycle time, and 1.8 mTorr gas pressure. The S-lens voltage was
set to a normalized value determined using polytyrosine and
angiotensin II as references. Collision energy (CE) was opti-
mized for every SRM transition around the theoretical value
calculated according to the following formulas: CE = 0.044
(m/z) + 5.5 for doubly charged precursor ions and CE =
0.051(m/z) + 0.55 for triply charged precursor ions. If the
theoretical value was over 35 eV, the value was set to 35 eV.
The nanoLC gradient was delivered at 300 nL/min and
consisted of a linear gradient of mobile phase B developed from
S to 23% B in 45 min. A spray voltage of 1800 V was applied.
Data were acquired in time-scheduled SRM mode (retention
time window: 8 min). Targeted phosphopeptides were quanti-
fied using Pinpoint. The peak area in the chromatogram of each
SRM transition was calculated, and the values of endogenous
targeted peptides were normalized to those of the correspond-
ing SI peptides. SRM transition peak with more than 3 times
the standard deviation of the average value of the blanks was
used for quantitation. We checked that ratios among the peak
areas of individual SRM transitions for each targeted phos-
phopeptide were comparable to those of the corresponding SI
peptide.

Western Blot Analysis

Proteins were separated by electrophoresis on 5—20% gradient
gels (DRC, Tokyo, Japan) and transferred to an Immobilon-P
Transfer membrane (0.45 ym) (Millipore, Bedford, MA, USA)
in a tank-transfer apparatus. The membrane was blocked
with Immuno Block (DS Pharma Biomedical Co., Ltd., Osaka,
Japan). Anti-Mucin-1 antibody (Thermo Scientific, Rockford,
IL, USA), diluted 1:1000 in blocking buffer, was used as the
primary antibody. Goat anti-Armenian Hamster IgG horse-
radish peroxidase (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA), diluted 1:5000 in blocking buffer, was
used as the secondary antibody. Antigens on membranes were
detected with enhanced chemiluminescence detection reagents
(GE Healthcare, Little Chalfont, Buckinghamshire, U.K.).
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