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B RESULTS

iTRAQ Analysis of Phosphoproteins Prepared from Breast
Cancer Tissues and Identification of Potential Prognostic
Biomarkers

Recent advances in phosphoproteomics enabled not only the
identification of up to several thousands of site-specific phos-
phorylation events within one large-scale analysis,”** but also
the accurate quantification of phosphopeptides/proteins.'® >
This large-scale phosphoproteome analysis has recently been
applied to biomarker discovery using cell culture, a tumor
model mouse,”® and human tissues.> In order to discover
candidate prognostic biomarkers for breast cancer, we identified
and validated the differentially expressed phosphoproteins in
breast cancer tissues from 12 patients who had been classified
by Mammaprint into the high- or low-risk group, as shown in
the strategy in Figure 1. To identify the differentially expressed
phosphoproteins, quantitative phosphoproteomics of the 12
samples of breast cancer tissue was performed by iTRAQ
analysis combined with enrichment of phosphopeptides
(Supporting Information Figure S1). In each experiment, the
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Figure 1. Strategy for the discovery of candidate prognostic
biomarkers for breast cancer using iTRAQ-based proteomic analysis
and SRM-based proteomic analysis. In order to discover biomarker
candidates, we quantitatively compared protein phosphorylation
between 12 breast cancer tissues that were classified into a high- or
low-risk group by MammaPrint using iTRAQ-based proteomic
analysis combined with IMAC. Subsequently, the differentially
expressed phosphoproteins were validated using SRM-based proteo-
mic analysis combined with IMAC.

sample prepared from the 12 individual samples of tissue lysate
(Pooled sample) was always used as the internal standard
labeled by iTRAQ reagent with 114-reporter. Meanwhile, three
individual samples were labeled with iTRAQ reagents having
115-, 116- and 117-reporters. The pooled and three individual
samples were each processed into peptide mixtures and applied
to Fe-IMAC to enrich the phosphopeptides. The resulting
samples were labeled with iTRAQ reagents followed by mixing
the four samples. The iTRAQ-labeled sample was fractionated
into 30 fractions by SCX chromatography, and the fractions
were analyzed by LC~MS/MS using LTQ Orbitrap XL or
LTQ_ Orbitrap Velos. In each experiment, 3897, 3873, 5067,
and 6371 unique phosphopeptides were identified at FDR <1%
(Table 1A, Supporting Information Figure S2). All 9267 unique
phosphopeptides (FDR <1%) were identified in all experiments
(Table 1B, Supporting Information Table S2), and those
peptides corresponded to 8309 unique phosphorylated sites
(serine: 7139 sites, threonine: 1049 sites, tyrosine: 121 sites) on
3401 proteins (Table 1B). In all the identified phosphopep-
tides, we quantitatively compared those that were repeatedly
identified in more than 3 experiments. A total of 3766 unique
phosphopeptides were compared (Table 1B, Supporting
Information Table S3). Thresholds set for p values (<0.1)
and fold changes (>2) were used as criteria to filter comparison
data sets. Phosphopeptides (phosphoproteins) for a significance
difference were 133 (117) in iTRAQ analysis (Table 2,
Supporting Information Table $4).

Verification of Phosphopeptide Abundance

Biomarkers discovered by large-scale phosphoproteomics are
often difficult to validate because highly specific antibodies for
the phosphoproteins are not available. In order to validate bio-
marker candidate phosphoproteins discovered by iTRAQ-based

Table 2. Number of Phosphopeptides with Significant
Difference between Two Groups by iTRAQ Analysis

ratic, p-value (high vs low ris‘ky)‘ phosphoprotein ' phosphopeptide

>2.0 (p < 0.1) s3 58
<0.5 (p > 0.1) 64 75
total 117 133

Table 1. Analyzed Samples and the Number of Identified Phosphopeptides in iTRAQ-Based Proteomic Analysis

. A”
, . iITRAQ , ,
# of experiment 114 115 116 117 - unique phosphopeptides '  mass épécfr;ﬁmetef ‘
1 Pool Ho1 Ho2 L10 3897 LTQ_ Orbitrap XL
2 Pool L1l L12 HO03 3873 LTQ Orbitrap XL
3 Pool HO04 L13 HOS 5067 LTQ_Orbitrap XL
4 Pool L14 H6 L1s 6371 LTQ Orbitrap Velos
. B : . il et e
- unique unique oo £ e s
R phosphoproteins phosphopep tides _unique phosphorylation sites
# of 3401 9267 8309 Ser: 7139
identifica- Thr: 1049
tion in all
experiments Tyr: 121
# of those 1927 3766 3476 Ser: 3102
quantitative- Thr: 350
ly compared '
Tyr: 24

“The analyzed sa.mples' and the number of identified phosphopeptidesin each experiment of iTRAQ_analysis. ®The total number of identified
phosphoproteins, phosphopeptides and phosphorylation sites in all experiments of iTRAQ analysis, and the number of those used for quantitative

comparison.
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Table 3. iTRAQ-Based Relative Quantification of Phosphopeptides”

gene” :
symbol

RPL23A
TOP2A

MX1

CDKl1
CDK2
CDK3
BRCA1

LMO7
ALG3

PDSSA

CCR1
MCM2

CDK1
CDK2
CDK3
MPZL1
NCORI1
KRT8
MUC1
PKP2
INADL
MKI1.2

- uniprot: e
~accession . -

P62750
P11388—1

P20591

P06493
P24941
Q00526
P38398—1

QSWWI1
Q92685

Q29RF7—-1

P32246
P49736

P06493
P24941
Q00526
0952971
075376—1
P05787
P15941—1
Q999591
QSNI35—1

protem name .
6OS rlbosomal protem 1232 IRTpSPTFR

Putative uncharacterized protein; VPDEEENEEpSDNEK
TOP2A

Interferon-induced GTP-binding WpSEVDIAK
protein Mxl

Cell division protein kmase 1/2/3 IGEGpTYGWYK

Breast cancer typel susceptibility NYPpSQEELIK
protein
LIM domain only protein 7 pSYTSDLQK

Dolichyl-P-Man:Man(5)GIcNAc  SGpSAAQAEGLCK
(2)-PP-dolichyl

mannosyltransferase

Sister chromatid cohesion protein IISVpTPVK
PDSS homolog A

C—C chemokine receptor type 1 VSSTSPSTGEHELpSAGF

DNA replication licensing factor GLLYDpSDEEDEERPAR
MCM2

Cell division protein kinase 1/2/3 IGEGTpYGWYK

Myelin protein zero-like protein 1 SESWpYADIR
Nuclear receptor co repressor I NQQIARPpSQEEK

Keratin, type II cytoskeletal 8 YEELQpSLAGK
Mucin-1 YVPPSSTDRpSPYEK
Plakophilin-2 LELpSPDSSPER
InaD-like protein LFDDEApSVDEPR

Q9ULH7—4 MKL/myocardin-like protein 2~ EEPpSPISK
SHROOM3 Q8TF72—1

shroom family member 3 protein pSPENSPPVKPK

“Ex: number of iTRAQ_experiments.

ta.rg;:fedy ?h‘bsph(‘)fe‘ptide‘

43
Si142

S4

T14

51524

5417
S13

T1208

§352
5139

Y1S

Y263
§509
8291
§1227
S151
5645
5882
5439

; Pllqsphofylatéd . high/low

L osite ratio

678
417

4.11

3.47

2.8
2.4

226

22
22

2.09

0.48
0.44
0.43
0.42
041
04

0.39
0.35

. HOL -
T.TEST (Bxl) (Bxl).

00532

0.0156

0.0642

0.0966

0.0561

0.0156
0.0099

0.0269

0.0052
0.0414

0.0451

0.0088
0.0096
0.0126
0.009

0.0439
0.0001
0.0074
0.0226

22.34
2.39

0.87

145

0.76

0.78
3.59

1.06

1.31
1.44

36

0.64
0.63
0.07
0.49
0.61
0.76

HO2
4.86

0.63

0.2

1.14

3.11
2.07

1.01
0.85

1.03

0.96

0.29
0.46
0.27
0.27
0.44
0.34

HO3

(Bx
2)
3‘43
1.56

2.98

4.5

197
1.68

0.73
2.67

0.98
0.5

0.74
0.72
0.16
0.49
0.77
0.69

- 'HOS
HO4 (BEx
(Ex 3) 3
2439 31.05
306  1.64
169 039
338 02
1.88 249
23 193
22 1

1.6 091
232 114
331 24
0.57 1.09
038 058
0.63 07
048 034
0.52 038
028 034
047 086

HO6
(Ex 4) (Exl) (Bx2) (Bx 2) (Ex 3) (Ex 4) (Ex 4)

2.83
0.83

1.96

0.61

1.1
4.06

1.23

171
0.94

0.75
0.65
0.6
0.64
0.3
0.5
0.36
0.24

0.85
0.75

0.07

0.11

0.46

0.43
0.85

0.4
1.09

139

1.91
1.02
1.11
1.14
121
3.14

L L12 L13 L14
418 098 125 21
012 021 0.85 03
049 0.5 012 027
034 048 0.01 1.02
043 0.27 0.28
091 11 029 043
0.96 0.67  0.11 1.57
0.51 0.8 0.13 0.83
0.45 0.71 0.58  0.67
0.55 064 072 046
1.06 1 016  0.67
15 1.06 022 LS
0.9 1.67 091 1.14
096 081 086 221
1.1 2.03 1.84
032 022 596 084
122 122 1.18 0.7
0.79 198 074 099
1.29 1.18 1.04 081

2.81
0.64

0.31

1.08

0.48
0.81

1.32

2.63
1.05
1.14
1.28
0.78
1.19
0.94
1.62
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phosphoproteomics, the identified phosphoproteins were
validated by the SRM method. Of the 117 phosphopeptides
with a significant difference, we selected 19 phosphopeptides
for the SRM assay (Table 3), including the following peptides
that showed greater changes in phosphorylation: 60S ribosomal
protein L23a (fold change: 6.78), interferon-induced GTP-
binding protein Mxl (4.11), LIM domain-only protein 7
(2.80), shroom family member 3 protein (0.35), InaD-like
protein (0.40), plakophilin-2 (0.41) and peptides of the protein
that were previously reported to indicate a relationship with a
poor prognosis or malignancy of breast cancer: DNA
topoisomerase 2-alpha (4.17),°%%” breast cancer type 1
susceptibility protein (3.47),%*7* cell division protein kinase
1/2/3 (3.56/2.09),*' DNA replication licensing factor MCM2
(2.20),* sister chromatid cohesion protein PDS5 homologue A
(2.26),® mucin-1 (0.42),*** keratin, type II cytoskeletal 8
(0.43),** MKL/myocardin-like protein 2 (0.39),*® nuclear
receptor corepressor 1 (0.44),"°° and the peptide of the
membrane proteins: dolichyl-P-Man:Man(5)GlcNAc(2)-PP-
dolichyl mannosyltransferase (2.40), C—C chemokine receptor
type 1 (2.20), myelin protein zero-like protein 1 (0.48). The
SRM study is described in detail in Supporting Information
Figure S1. The SRM transitions of each targeted peptide and
CE were optimized with SI peptides (Supporting Information
Table SS). The breast cancer tissues were treated with the
phase-transfer surfactant protocol and spiked with SI peptides
followed by phosphopeptide enrichment using Fe-IMAC, as
described in the Experimental Procedures. Quantification
of a target phosphopeptide was based on the following criteria:
(i) the signal-to-noise ratio of transition was greater than
10; (ii) the ratio of each transition peak of the endogenous
phosphopeptide was equal to that of the corresponding SI
peptide; (iii) the elution time of the endogenous phosphopep-
tide well accorded with the corresponding SI peptide. The
amount of each peptide was calculated on the basis of the peak
area of each SI peptide. As a result, 15 phosphopeptides were
successfully quantified (Figure 2, Table 4). Among then, a sig-
nificant difference in the phosphopeptide level between high-
and low-risk groups was observed in sister chromatid cohesion
protein PDSS homologue A T1208, C~C chemokine receptor
type 1 8352, LIM domain-only protein 7 S417 and dolichyl-
P-Man:Man(5)GlcNAc(2)-PP-dolichyl mannosyltransferase
S13 (p < 0.05) (Figure 2A). Eight phosphopeptides showed a
difference between the two groups, although not significantly
(p < 0.2). This included shroom family member 3 protein $439,
cell division protein kinase 1/2/3 Y15, cell division protein
kinase 1/2/3 T14, interferon-induced GTP-binding protein
Mxl §4, 60S ribosomal protein L23a S43, DNA replication
licensing factor MCM2 S139, mucin-1 $1227 and myelin
protein zero-like protein 1 Y263 (Figure 2B). Three
phosphopeptides, plakophilin-2 S151, keratin, type II cytoske-
letal 8 5291 and inaD-like protein S645, showed no significant
difference between the two groups (Figure 2C).

To examine the correlation of the quantitation data between
SRM and iTRAQ analyses, we compared the expression level of
phosphopeptides obtained by SRM with that of iTRAQ, Figure 3
shows examples of the correlation. Cell division protein kinase
1/2/3 T14, LIM domain-only protein 7 S417, sister chromatid
cohesion protein PDSS homologue A T1208, C—C chemokine
receptor type 1 $352, DNA replication licensing factor MCM2
S139, cell division protein kinase 1/2/3 Y15, myelin protein
zero-like protein 1 Y263, keratin type II cytoskeletal 8 S291,
plakophilin-2 S151 and shroom family member 3 protein S439
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were highly correlated between iTRAQ and SRM (* > 0.6),
whereas 60S ribosomal protein L23a S43, interferon-induced
GTP-binding protein Mxl S4 and dolichyl-P-Man:Man(5)-
GlcNACc(2)-PP-dolichyl mannosyltransferase S13 were less well
correlated (7 > 0.4 to < 0.6), and inaD-like protein S645 and
mucin-1 $1227 showed no correlation. The reason for this
discrepancy might be due to the low abundance of
phosphopeptides, small sample size, heterogeneity of tissue
samples, and complicated procedure of phosphoproteomic
analysis without suitable internal standards (also see the
Discussion section).

Since the Mucin-1 expression level has been reported to
inversely correlate with recurrence and distal metastasis, we
examined Mucin-1 protein expression in breast cancer tissues in
high- and low-risk recurrence groups because the difference in
the Mucin-1 phosphoprotein level might be due to its protein
level. Mucin-1 is expressed as a stable heterodimer after
translation and is cleaved into two subunits, N-terminal and C-
terminal subunits.** Since the Mucin-1 phosphopeptide
identified in our analysis is located in the C-terminal subunit,
we used a monoclonal antibody against the C-terminus that has
previously been reported (Ab-5).** Increased expression of
Mucin-1 protein was observed in some breast .cancer tissues,
although the protein expression did not correlate with the
phosphopeptide levels observed (Supporting Information
Figure S3). Thus, the difference in Mucin-1 phosphopeptide
levels was not due to Mucin-1 protein expression, and further
evaluation of the phosphorylated Mucin-1 level is needed.

B DISCUSSION

In this paper, we established a discovery-through-verification
strategy for large-scale phosphoproteomic analysis using breast
cancer tissues. By comprehensive quantitative analysis using
iTRAQ, we identified 8309 phosphorylation sites on 3401
proteins, of which 3766 phosphopeptides (1927 phosphopro-
teins) were quantified and 133 phosphopeptides (131
phosphoproteins) were differentially expressed between high-
and low-risk recurrence groups predicted by MammaPrint.
Nineteen phosphopeptides were verified by SRM using stable
isotope peptides, and 15 underwent successful SRM-based
quantitation. These results suggest that large-scale phospho-
proteome quantification coupled with SRM-based validation is
a powerful tool for biomarker discovery using clinical samples.

The number of phosphorylation site identifications has
exponentially increased since the mid-2000s,>" probably due to
the improvement of phosphopeptide enrichment methods such
as IMAC' or TiO,** and antiphospho specific antibody.*
A phosphoproteomic study of HeLa cells arrested in the G and
mitotic phases of the cell cycle identified more than 65 000
phosphopeptides with a combination of phosphopeptide
enrichment and strong cation exchange (SCX) chromatog-
raphy.** Several phosphoproteomic studies using tissue samples
have been reported and identified: 5195 phosphogeptides from
the human dorsolateral prefrontal cortex® and 5698
phosphorylation sites from tumor tissues of melanoma model
mice.”® In the study, we were able to identify 8309 phosp-
horylation sites, far beyond the number of previous phos-
phoproteomic reports using tissue samples.

iTRAQ quantitative analysis is very useful for comprehensive
analysis of the phosphoproteome in tissue samples. In our
analysis, the ratios (the ratio of high-risk to low-risk group’s
average) of completely digested peptides were mostly similar
to those of incompletely digested peptides with the same

dx.doi.org/10.1021/pr3005474 | J. Proteome Res. 2012, 11, 53115322
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internal peptide to SI peptide and each horizontal bar indicates the mean value. Y-axis shows the normalized peak area. The “internal peptide” and “SI peptide”
are based on the transition from internal peptides and SI peptides, respectively. (A) indicates significant difference groups (p < 0.05), (B) different propensity

(p > 0.0, <02), and (C) no significant difference between two groups (p > 0.2). Closed circle indicates samples that were satisfactorily quantified.
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Figure 2. Relative quantitation of phosphopeptides between two groups from breast tissues by SRM. The scatter plots indicate the peak area ratio of the
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Table 4. SRM-Based Quantification of Phosphopeptides”

Uniprot

‘. gene symbol - accession
RPL23A P62750
MX1 P20591
CDK1 CDK2  P06493
CDK3 P24941
Q00526
LMO7 Q8wwil
ALGS Q92685
PDSSA Q29RF7—1
CCR1 P32246
MCM2 095297-1
CDK1 CDK2  P60493
COK3 P24941
Q00526
MPZLL 0952971
KRT8 P05787
MUC1 P15941~1
PKP2 Q99959—1
INADL Q8NI35—1
SHROOM3 Q8TF72-1

“ND: not detected.

- protein-name
608 ribosomal protein [23a

Interteron-induced GTP-binding

protein Mx1
Cell division protein kinase

1/2/3

LIM domain only protein 7

Dolichyl-P-Man;Man(5)GleNAc
(2)-PP-dolichyl
mannosyltransferase

Sister chromatid cohesion
prolein PDS5 homologue A

C—C chemokine receptor type |

DNA replication licensing faclor
MCM2

Cell division protein kinase

1/2/3

Myelin prolein zero-like protein
1

Keratin, type I cytoskeletal 8
Mucin-1

Plakophilin-2

InaD like protein

shroom family member 3 protein

IRTpSPTER
WpSEVDIAK

IGEGpTYGWYK

pSYTSDLOK
SGpSAAQAEGLCK

HSVpTPVK

VSSTSPSTGEHELpSAGF
GLLYDpSDEEDEERPAR

IGEGTpYGWYK

SESVVPYADIR

YEELQpSLAGK
YVPPSSTDRpSPYEK
LELpSPDSSPER
LEDDEApSVDEPR
PSPLNSPPVKPK

. St phosphorylated
targeted phosphopeptide

‘site
S$43
S4

T4

S§417
S13

T1208

$352

$139

Y1S

Y263

8291
$1227
Sts1
8645
5439

high/

2

ratio
0.20

394

6.99

3.07
274

0.39

0.81
3.10
0.37
1.08

0.46

\TEST

0.149

0.123

0.077

0.048
0.049

0.044

0.046
0.156

0.074

0.183

0.533
0.170
0.243
0.834
0.071

area ratio (ufdabe‘ed/ staB}e-isoiope labeted. peptid:e‘)g ¥

Hol
38 x 107"

2.1 % 1072

19 % 1072

22X 1077

2.1 x 107

67 x 107

13 % 107

3.6 % 107

10 x 107

2 x 1w

ND
0.63
0.07
L1 x 167

6.9 x 107*

“HO4
2.8 x 107t

60 % 107

4.8 x 1072

5.0% 1072

21x 107"

23x 107

14 x 107

2.0

Lix 107!

21 107

35x 107
046
027
93x 107*
47 % 107

“HO6
24 % 107

29 X 107

17 % 107

14 % 107

14 x 107

21 % 107

9.0 X 107*

25 % 107!

1.5 X 1072

17 % 107

1.8 x 107
072
0.16
40 % 107
19 x 107

HO7
23 % 107!

14 x 107

8.9 x 1072

3.5 % 107
2.0 x 107!
26 % 107"

10 x 107"
21

2.1 x 107

LS x 107

54 % 107

0.48
LIx 107

37 x 107

Hog

14 x 107!

32X 107

72% 1073

85 % 1072
5.1 x 1072
10 % 107!

3.8 x 1072

39 % 1077

2.5 X 107

97 x 107
26 x 1072
0.34

ND
1.9 x 1073

CHO9
9.5 x 1072

ND

1.6 % 1072

32 107

2.6 X 107

36X 107

2.7 x 107

13 % 107

4.0 x 1072

17 x 107!

19 x 107
0.64

03

ND

63 % 107

SLLE

1.0 x 107!

LI x 107

5.1 x 107

1.3 x 107

45 %X 107

24 x 107

3.4 % 1072

13 % 107!

15 x 1072

46 % 107

39 x 107
1.02
LIt
L5 % 1072

1.0 X 1073

L3

65x 107

1§ x 1072

ND

ND

2.8 x 107%

L1 X107

ND
ND

ND

L5 x 107!

48 % 107

2.8 x 107

32 x 107
ND

54 % 107
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17 x 107

31x 107

9.4 % 107
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3.8 x 107!

66X 107
2.03
022
39 %x 107
43 x 107

LIS

3.1 x 107
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L1
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21X 1072

13x Lo

2.7 X 107
1.84
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ND
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Figure 3. Linear regression comparing peptide ratio results obtained by iTRAQ and SRM assay. The iTRAQ and SRM ratios were plotted on each
graph. Each data point represents a given peptide ratio in the same samples, which were quantified by either iTRAQ_ or SRM assay. Correlation

coefficients are shown in plots.

phosphorylation site. For example, FVpSEGDGGR (fold
change: 0.26) and RFVpSEGDGGR (0.48) peptides with
pS457 of programmed cell death protein 4 and AGG-
SAALpSPSK (2.49) and AGGSAALpSPSKK (2.08) pep-
tides with pS31 of Histone Hlx both showed significant

differences between high- and low-risk groups (Supporting
Information Table $4), which would indicate that our large-
scale phosphoproteomic analysis had sufficient quantitative
reproducibility to search for putative phosphoprotein

biomarkers.
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Verification of the phosphorylation state is essential in the
search for phospho-biomarkers. If specific and well-characterized
antibodies for these candidates are available, the valida-
tion step could be performed easily using Western blotting and
ELISA. However, highly specific antibodies for most phos-
phoproteins are not available, and the development of good
antibodies that recognize a specific phosphorylation frame is a
cumbersome, expensive and time-consuming process that
requires a priori knowledge of the protein and its phosphor-
ylation sites. On the other hand, SRM does not require anti-
bodies and is able to validate multiple phosphorylation sites

. within a single run. Recently, SRM anal;rsis was used to validate
the evidence for a large-scale proteome;”> ™ however, phospho-
peptide SRM has only been performed for specific protein phos-
phorylation such as Akt*® Lyn,” EGFR® or tyrosine phos-
phorylated peptides after EGF treatment.** In this study, we
selected and validated 19 phosphopeptides from 133 biomarker
candidate phosphopeptides of breast cancer tissue discovered by
iITRAQ-based phosphoproteomics. To our knowledge, this study
is the first to validate phosphopeptides discovered by large-scale
phosphoproteomic analysis using SRM.

Recently, several reports identified biomarker candidates by
quantitative shotgun proteomics and subsequent validation by
SRM,>”%? but these studies carried out the SRM assay without SI
peptides. Although this method has the advantage of reducing
the cost and time for SI peptide synthesis, difficulties occur in
SRM analysis without internal standards, which provide the
correct retention time for target peptides and verify the speci-
ficity of the analyte.*® Also, the use of SI peptide provides the
most favorable SRM information, such as the highest intensity
fragment jons for each peptide. Thus, inclusion of SI peptides
as an internal control is indispensable, especially for quantita-
tion of low-abundance proteins such as phosphopeptide. Whit-
eaker et al. pointed out that the choice of candidates for
quantitative SRM assay development was limited to the most
abundant proteins or peptides without internal standards.*®
Our successful quantitation of low abundant phosphopeptides
was largely a result of the inclusion of SI peptides.

In this study, only four of 15 potential biomarker candidate
phosphopeptides quantified by iTRAQ_ showed a significant
difference between high- and low-risk groups of breast cancer
(Figure 2) and quantification of the amount of phosphopep-
tides by iTRAQ and SRM was not always correlated (Figure 3).
Several reasons could be considered for the discrepancy. First,
the sample size used for both discovery and verification was
very small. In addition to the four phosphopeptides with a
significant difference obtained by our SRM analysis, eight candi-
date phosphopeptides showed quite different expressions,
although not significantly, between high- and low-risk groups.
If we could increase the number of samples, more biomarker
candidate phosphopeptides identified by the discovery
approach could be verified. Second, quantitative variation
might be generated in the discovery phase of phosphoproteo-
mics. This includes one additional step of phosphopeptide enrich-
ment by IMAC as compared with the usual iTRAQ method,
which might create such variation. Moreover, the heterogeneity of
cancer tissue samples could further highlight quantitative variation
in a step of phosphopeptide enrichment. This is evidenced by the
fact that good reproducibility and correlation were obtained
between the quantitation of phosphopeptides by iTRAQ and
SRM when their analysis was performed using samples pre-
pared from cell lysate (data not shown). Phosphopeptide
enrichment might be more sensitive to the composition of the
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sample and the solution used for lysis or digestion of protein
extracts; therefore, validation by SRM analysis is very important
for the biomarker candidate phosphopeptides discovered by
iTRAQ analysis combined with IMAC. Third, the endogenous
phosphopeptide level is near the limit of quantitation so that
the number of phosphopeptides quantified even with highly
sensitive SRM was not accurate enough. We have observed that
iTRAQ-based discovery and SRM-based validation of bio-
marker candidates of membrane proteins obtained from breast
cancer tissues were well correlated.®> This was probably due to
the abundance of membrane proteins as compared with phos-
phoprotein. Thus, further improvement of the sensitivity of
SRM is needed for accurate quantitation of low-abundance
protein such as phosphoprotein.

In conclusion, we performed a large-scale phosphoproteome
quantification and subsequent SRM-based validation using
breast cancer tissue samples. The significance of this study is to
provide a strategy for the quantitation and validation of low-
abundance phosphopeptides using the most recent proteomic
technologies, which might lead to a fundamental shift from
traditional validation using antibodies. Quantitation of phos-
phopeptides by SRM will be applied to examine various kinase
activities and signaling pathways in cells in the near future.
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ABSTRACT: The Chromosome—centric Human Proteome Project (C_ Fdennified missing membrane proweing on whole cirompsome
HPP) aims to define all proteins encoded in each chromosome and

especially to identify proteins that currently lack evidence by mass
spectrometry. The C-HPP also prioritizes particular protein subsets such
as membrane proteins, post-translational modifications, and low-
abundance proteins. In this study, we aimed to generate deep profiling
of the membrane proteins of human breast cancer tissues on a g ,
chromosome-by-chromosome basis using shotgun proteomics. We i

identified 7092 unique proteins using membrane fractions isolated from

pooled breast cancer tissues with high confidence. A total of 3282 proteins

were annotated as membrane proteins by Gene Ontology analysis, which ‘, 11 § ig,i
covered 45% of the membrane proteins predicted in 20 859 protein- P e e R EE
coding genes. Furthermore, we were able to identify 851 membrane e

proteins that currently lack evidence by mass spectrometry in neXtProt. Our results will contribute to the accomplishment of the
primary goal of the C-HPP in identifying so-called “missing proteins” and generating a whole protein catalog for each
chromosome.

Numbres of proteing

KEYWORDS: missing protein, shotgun proteomics, membrane protein, neXtProt, chromosome, C-HPP

B INTRODUCTION early diagnosis, progression of diseases, and suitable drug targets;
however, there have been difficulties in enrichment/solubiliza-
tion and also subsequent protease digestion in membrane
proteome analysis.””” Recently, several protocols have been
reported to increase the solubilization and digestion of proteins,
which has greatly improved membrane proteomic analysis of
cells and tissues.">"!

In this study, to generate a chromosome-based membrane
protein list, we integrated membrane proteomic analys1s data

Completed in 2003, the Human Genome Project (HGP) was a
13-year project coordinated by the U.S. Department of Energy
and the National Institutes of Health." The project was to
identify all of the approximately 20 000—25 000 genes in human
DNA."? Results were published as the human genome database.
The age of whole-genome sequencing has made the research field
of proteomics possible. In 2008, the Human Proteome

Organization (HUPO) develo.ped a strategy for the ﬁrst‘phase from human breast cancer tissues with previous data' and
of the human proteome project (HPP). The _C'HPP 1s one analyzed with Proteome Discoverer and Database for
component of the HPP and focuses on constructing a proteomic Annotation, Visualization and Integrated Discovery (DAVID)

catalog in a chromosome-by~chromosome fa.shion and aims to Bioinformatics Resources followed by chromosome-based
define the full set of proteins encoded in whole-chromo- categorization using the neXtProt database.

somes.> The initial goal of the C-HPP is to identify and
characterize proteins that currently lack MS evidence, referred to B MATERIALS AND METHODS

as “missing proteins” P in neXtProt, a new human protein-centric

knowledge platform.® “Missing proteins” are likely due to their Human Tissue Samples
very low-abundance and/or absence of exPressu)n in given (?ells Tissue samples were obtained from 18 patients with high-risk or
or tissues. Thus, more in-depth proteomic studies of cell lines low-risk MammaPrint breast cancer who underwent surgery at

and patient tissues are needed.

The C-HPP also underscores the mapping of particular
protein subsets such as membrane proteins and/or post-
translational modifications. Membrane proteins are of great Received: August 30, 2012
interest, particularly because they could be key biomarkers for Published: November 15, 2012
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the Osaka Medical Center for Cancer & Cardiovascular Diseases
(Supplementary Figure 1, Supporting Information). All samples
were frozen by liquid nitrogen and were stored at —80 °C until
analysis. Written informed consent was obtained from all
subjects. The Ethics Committee of our institute and the Osaka
Medical Center for Cancer & Cardiovascular Diseases approved
the protocol.

Enrichment of Membrane Proteins

For enrichment of membrane proteins, frozen tissue samples
were homogenized in PBS containing a protease inhibitor
mixture (Complete; Roche, Mannheim, Germany) using a
Dounce homogenizer (WHEATON, Millville, NJ) following
centrifugation (1000X g) for 10 min at 4 °C. The postnuclear
supernatant was centrifuged at 100 000X g for 1 h at 4 °C. The
pellet was suspended in ice-cold 0.1 M Na,CO; solution
following centrifugation (100 000X g) for 1 h at 4 °C. After
centrifugation, the pellet was treated using an MPEX PTS
reagent kit (GL sciences, Tokyo, Japan) as follows.' Briefly, the
pellet was solubilized with PTS B buffer at 95 °C for 5 min
followed by sonication for S min using a Bioruptor sonicator
(Cosmo Bio, Tokyo, Japan). The solution was centrifuged at 100
000X g for 30 min at 4 °C. Supernatant containing membrane
proteins was stored at —80 °C. Protein concentration was
determined using a DC protein assay kit (Bio-Rad, USA).

In Solution Digestion and iTRAQ Labeling

Membrane proteins from pooled high-risk (1 = 9) or low-risk (n
= 9) breast cancer tissue samples were digested with Lys-C
(Wako Pure Chemical Industries, Osaka, Japan), followed by
trypsin (Proteomics grade; Roche, Swiss). Tryptic digests were
treated according to the PTS protocol and desalted using C18
StageTips."® Briefly, a sample of 90 ug of pooled membrane
proteins was reduced with 10 mM dithiothreitol (DTT),
alkylated with 20 mM iodoacetamide (IAA), and sequentially
digested by 1:100 (w/w) 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 digested samples,
the mixtures were acidified by 1% trifluoroacetic acid (TFA), and
vortexed to transfer detergents to the organic phase. After
centrifugation, the aqueous phase containing peptides was
collected. BSA (045 ug) was spiked into membrane protein
samples as a quality control for iTRAQ labeling. The tryptic
digest sample was desalted using C18 stage Tips. Desalted
samples were dissolved in 30 yL of dissolution buffer and labeled
with two different iTRAQ reagents at room temperature for 1h
and quenched by Milli-Q water. Sample labeling was as follows:
high-risk breast cancer tissue samples with 114 tag and low-risk
breast cancer tissue samples with 115 tag. Labeled samples were
mixed and dried by a Speed-Vac concentrator, dissolved in 100
UL of 2% acetonitrile (ACN), 0.1% formic acid (TFA), and
desalted with C18 stage Tips.

Separation with Strong Cation Exchange Chromatography
(SCX)

The tryptic peptide sample was fractionated using a HPLC
system (Shimadzu prominence UFLC) fitted with a SCX column
(50 mm X 2.1 mm, 5 gm, 300 A, ZORBAX 300SCX, Agilent
technology). The mobile phases consisted of (A); 25% ACN
with 10 mM KH,PO, (pH 3.0) and (B); (A) containing 1 M
KCl. The mixed sample was separated at a flow rate of 200 uL/
min using a four-step linear gradient; 0% B for 30 min, 0 to 10% B
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in 15 min, 10 to 25% B in 10 min, 25 to 40% B in S min, and 40 to
100% B in S min, and 100% B in 10 min.

NanoLC—MS/MS

NanoLC—MS/MS analysis was conducted by an LTQ-Orbitrap
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, Switzer-
land). L-column2 C18 particles (3 yim) (Chemicals Evaluation
and Research Institute (CERI), Japan) were packed into a self-
pulled needle (200 mm length X 100 #m inner diameter) using a
Nanobaume capillary column packer (Western Fluids Engineer-
ing). Mobile phases consisted of (A) 0.1% FA and 2% ACN and
(B) 0.1% FA and 90% ACN. SCX-fractionated peptides
dissolved in 2% ACN and 0.1% TFA were loaded onto a trap
column (0.3 X § mm, L-column ODS; CERI). The nanoLC
gradient was delivered at 500 nL/min and consisted of a linear
gradient of mobile phase B developed from $ to 30% B in 135
min. A spray voltage of 2000 V was applied.

Data Acquisition with LTQ-Orbitrap Velos

Full MS scans were performed in the orbitrap mass analyzer of
LTQ-Orbitrap Velos (scan range 350—1500 m/z, with 30K
fwhm resolution at 400 m/z). In MS scans, the ten most intense
precursor ions were selected for MS/MS scans of LTQ-Orbitrap
Velos respectively, in which a dynamic exclusion option was
implemented with a repeat count of one and exclusion duration
of 60 s. This was followed by collision-induced dissociation
(CID) MS/MS scans of selected ions performed in the linear ion
trap mass analyzer, and further followed by higher energy
collision-induced dissociation (HCD) MS/MS scans of the same
precursor ions performed in the orbitrap mass analyzer with 7500
fwhm resolution at 400 m/z. The values of automated gain
control (AGC) were set to 1.00 x 10*% for full MS, 1.00 x 10***
for CID MS/MS, and S5.00 X 10™* for HCD MS/MS.
Normalized collision energy values were set to 35% for CID
and S0% for HCD. CID, also known as collision-activated
dissociation, is performed in the linear ion trap. It is able to
increase the number of peptide identifications, and, thus, is
applied to obtain peptide sequence information. HCD is
performed in the C-trap of the LTQ Orbitrap and is a useful
tool for elucidating the structure of small molecules, metabolites,
peptides, and PTM peptides, and for de novo sequencing of
peptides. It allows quantitative information to be obtained from
iTRAQ ions in the lower mass area. By analyzing the sample
using a combination of CID with HCD, we are able to obtain the
best conditions for both peptide sequencing and iTRAQ
quantitation.

Identification and Quantification of Membrane Proteins

CID and HCD raw spectra were extracted and searched
separately against UniProtKB/Swiss-Prot (release-2010_05)
containing 20 295 sequences of Homo sapiens using Proteome
Discoverer (Thermo Fisher Scientific, Beta Version 1.3) and
Mascot v2.3.1. Search parameters included trypsin as the enzyme
with one missed cleavage allowed; Carbamidomethylation at
cysteine and iTRAQ labeling at lysine and the N-terminal residue
were set as fixed modifications while oxidation at methionine and
iTRAQ labeling at tyrosine were set as variable modifications.
Precursor mass tolerance was set to 7 ppm and a fragment mass
tolerance was set to 0.6 Da for CID and 0.01 Da for HCD.
Protein identification required at least one unique peptide and
quantification required at least two peptides. FDR was calculated
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by enabling peptide sequence analysis using Percolator. High
confidence peptide identification was obtained by setting a target
FDR threshold of <1.0% at the peptide level. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository
(http://www.ebi.ac.uk/pride/) with the data set identifier
PXD000066.

Bioinformatics Analysis

The subcellular locations of identified proteins were annotated
by DAVID Bioinformatics Resources 6.7, available at http://
david.a‘bcc.ncifcrf.gov/home.jsp;14 The chromosomal locations
and missing protein analysis of identified proteins were
elucidated by neXtProt, available at http://www.nextprot.org/
db/. The function of identified missing membrane proteins was
elucidated by the Ingenuity system, available at www.ingenuity.
com.

B RESULTS

C-HPP is collecting protein data identified by the chromosome-
independent shotgun approach and then sharing this data

Table 1. Comparison of the Number of Identified Membrane
Protein with Our Result and Previously Reported Results

 Muraoka etal. - Polisetty et al” " ‘Hanetal'”:
Protein identified 7092 1834 1482
Membrane protein 3282 1027 642

according to the chromosome number to ensure a complete parts
list."® In this study, we integrated membrane proteomic analysis
data from human breast cancer tissues and analyzed with
Proteome Discoverer and DAVID Bioinformatics Resources and

characterized them on a chromosome-by-chromosome basis
using the neXtProt database.

A total of 7092 unique proteins were identified with high
confidence. A list of proteins and peptides are presented in
Supplementary Tables 1 and 2, Supporting Information.
Identified unique proteins were examined with respect to
subcellular localization using Gene Ontology annotation analysis
in DAVID Bioinformatics Resources. It revealed that 3282 (46%)
were annotated to membrane proteins (Supplementary Table 3,
Supporting Information), 692 (10%) proteins were extracellular
space, 4030 (57%) proteins were cytoplasm proteins, and 1782
(25%) proteins were nucleus proteins by GO analysis. As shown
in Table 1, this number of identified membrane proteins is much
greater than previously reported.

To generate a chromosome-based membrane protein list, the
identified 3282 membrane proteins were examined with respect
to chromosomal location using the neXtProt database. The
chromosomal distribution of protein-coding genes in the
neXtProt database, identifying total proteins, and membrane
proteins are shown in Figure 1. The neXtProt database annotates
7326 proteins as membrane proteins in the 20859 protein-
coding genes, and surprisingly, we identified 45% of them in this
study (Figure 2). These results support the effectiveness of the
method to solubilize and digest integral membrane proteins,
allowing large-scale detection and identification of this protein
class with no bias against membrane proteins.

A primary goal of the C-HPP is to identify and characterize
proteins that currently lack MS evidence and are referred to as
“missing proteins”. Thus, we examined how many missing
proteins were identified in this study. We compared our
membrane protein list with a list of no proteomic proteins
(missing proteins) in the neXtProt database. Surprisingly, 851
membrane missing proteins (22.7%) were identified in this study
(Figure 3 and Supplementary Table 3, Supporting Information).

2300
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Number of proteins
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4 15 16
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Chromosome number

Figure 1. Distribution of identified total and membrane proteins on a whole-chromosomal location. Black bar, neXtProt database proteins; white bar,
identified total proteins; gray bar, identified membrane proteins; N/A, no protein in the neXtProt database; MT, mitochondria. *
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Lipid metabolism, small molecule biochemistry, cell-to-cell
signaling and interaction, hematological system development
and function, and immune cell trafficking were the major
molecular and cellular processes identified by IPA (Figure 4).
These results indicate that our in-depth membrane proteomic
study of breast cancer tissue samples was able to identify and
characterize a number of low-abundance missing proteins.

"B DISCUSSION

The objective of C-HPP is to map and annotate all protein-
coding genes on each human chromosome, especially so-called
“missing proteins”, which only have transcriptomic evidence and
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a predicted sequence. To accomplish this, deep profiling for low-
abundance proteins and subcellular proteins such as membrane
proteins is needed. In this study, we performed an in-depth
membrane proteomic study of breast cancer tissues. A total of
7092 proteins were identified, of which 3282 proteins were
annotated as membrane proteins by Gene Ontology analysis.
Furthermore, we could identify not only nearly 50% of the
membrane proteins mapped on the whole chromosome but also
851 proteins among the 3738 missing membrane proteins.
Several previously published reports have described mem-
brane proteome analysis.**®'” Polisetty and co-workers recently
performed a large-scale proteomic study utilizing shotgun

dx.doi.org/10.1021/pr300824m i J. Proteome Res. 2013, 12, 208-213
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Figure 4. Bar chart indicating the cellular function of proteins found
with missing proteins determined using Ingenuity software.

technology and identified 1834 distinct proteins from membrane
fractions of glioblastoma multiforme patient specimens, with
56% of them (1027) being annotated as membrane proteins.7 In
this study, we identified a total of 7092 proteins in the membrane
fraction; with 46% of them (3282) being known membrane
proteins associated with major cellular processes. This number of
membrane proteins is much greater than those previously
reported. Moreover, we were able to identify a number of missing
proteins that currently lack MS evidence. This is probably due to
utilization of the PTS method-based isolation of membrane
proteins and SCX fractionation before LC—~MS/MS analysis.
Efficient isolation and solubilization of membrane proteins can
be achieved with PTS by allowing the use of a high detergent
concentration while avoiding interference with tryptic digestion
before LC—MS/MS analysis.18 SCX prefractionation is also able
to improve the number of proteins identified by reducing the
complexity of clinical samples and consequently avoiding ion
suppression. We have succeeded in large scale identification of
membrane proteins and phosphoproteins using the above
technique.'>"”

In conclusion, a subcellular fractionation of membrane
proteins would improve low-abundance proteome coverage for
identification of missing proteins. Our in-depth membrane
proteomic studies of human cancer tissue will greatly contribute
to the progression of the C-HPP.
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