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Abstract We integrated LC-MS/MS-based and protein

antibody array-based proteomics with genomics approa-

ches to investigate the phosphoproteome and transcriptome

of gastric cancer cell lines and endoscopic gastric biopsies

from normal subjects and patients with benign gastritis or

gastric cancer. More than 3,000 non-redundant phosphor-

ylation sites in over 1,200 proteins were identified in

gastric cancer cells. We correlated phosphoproteome data

with transcriptome data sets and reported the expression of

41 protein kinases, 5 phosphatases and 65 phosphorylated

mitochondrial proteins in gastric cancer cells. Transcrip-

tional expression levels of 190 phosphorylated proteins

were [2-fold higher in gastric cancer cells compared to

normal stomach tissue. Pathway analysis demonstrated

over-presentation of DNA damage response pathway and

underscored critical roles of phosphorylated p53 in gastric

cancer. This is the first study to comprehensively report the

gastric cancer phosphoproteome. Integrative analysis of the

phosphoproteome and transcriptome provided an expansive

view of molecular signaling pathways in gastric cancer.
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Abbreviations

RTK Receptor tyrosine kinase

MS Mass spectrometry

HPLC High-performance liquid chromatography

FDR False discovery rate

ERLIC Electrostatic repulsion-hydrophilic interaction

chromatography

SCX Strong cation exchange

IMAC Immobilized metal ion affinity chromatography

DDR DNA damage response

Introduction

Gastric cancer is the one of the most prevalent cancers and

a major cause of cancer mortality worldwide [1]. Gastric

cancer is generally refractory to curative radiotherapy and

chemotherapy. Despite decades of steadily declining inci-

dence, gastric cancer fatality rates remain paradoxically

high in most countries. Multiple reasons contribute to

gastric cancer’s poor 5-year survival rate that remains low

at about 33%. Surgical resection offers the only cure at

present; therapy with conventional cytotoxic agents has

only modest efficacy in extending survival [2].

Recent improvements in survival of some malignancies,

including chronic myeloid leukemia, non-small cell lung
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cancer and breast cancer, among others, owe much to

advances in uncovering aberrantly active molecular path-

ways, from which molecule-targeting agents have been

developed as new strategies to control cancers [3].

Experimentally and clinically validated agents include, but

are not limited to, inhibitors of receptor and non-receptor

tyrosine kinases (EGFR, HER2, HER3, insulin-like growth

factor receptor, MET, fibroblast growth factor receptor and

HSP 90 inhibitors), intracellular signaling pathways (PI3K,

AKT, mTOR) and angiogenesis, and agents that interfere

with DNA repair (PARP inhibitors) [4].

The efficacy of targeted agents appears to be cell context

dependent. Deeper understanding is needed to identify

molecular predictors of responses of cancer cells to such

agents [5]. Cancer cells that are initially sensitive to sup-

pression of a specific target commonly become resistant

within 1 year of treatment [6]. Recent molecular mecha-

nistic studies attribute acquired resistance to activation of

alternative oncogenic signaling pathways that successfully

bypass the point of inhibition. This is facilitated by

extensive cross-talk known to exist among multiple

receptor tyrosine kinase (RTK) signaling pathways [7].

Non-small cell lung cancer cells initially sensitive to EGFR

inhibition acquire resistance by activating the MET-HER3-

PI3K signaling pathway [8]. Acquired resistance of HER2-

overexpressing breast cancers is dependent on activation of

the insulin-like growth factor 1 receptor-PI3K/Akt signal-

ing pathway [9]. There is evidence of improved efficacy

when multiple targets are concomitantly suppressed [10].

Advancing these insights to durable clinical benefit will

require in-depth understanding of oncogenic signaling

networks in specific cancer types from which molecular

predictors of response and strategies for avoiding or sub-

verting acquired resistance may be devised.

Investigations into oncogenic signaling networks in

gastric cancer have lagged relative to other common

malignancies like lung cancer, breast cancer and leukemia.

Therapeutics targeting HER2, EGFR, VEGFR, MET,

IGFR and FGFR, which have proven efficacy in other

cancers, are being tested in gastric cancer [11–15]. To date,

a clinical trial directed at only one target, HER2, has

reported significant but modest extension of survival of

gastric cancer patients [11]. This remains to be confirmed

in independent trials, especially as a related study found

HER2 expression to be uncommon in gastric cancer and

unrelated to prognosis [16]. A major challenge in devel-

oping targeted therapy is the current paucity of mechanistic

understanding of gastric oncogenesis as mediated by sig-

naling pathways [15].

Phosphoproteomic profiling sheds light on key compo-

nents in oncogenic signaling networks [17, 18]. Although

there are databases of the phosphoproteomes of various

organisms and cell types, e.g., Phospho.ELM [19, 20],

PhosphoSitePlus [21], phosphoPep [22], PHOSIDA [23]

and Uniprot, these have limited relevance for gastric cancer

research because phosphorylation profiles are highly

diverse and differ in a cell type-dependent manner. A global

inventory of the kinome and phosphoproteome specific to

gastric cancer has yet to be reported and is an essential first

step to mapping disease-specific oncogenic pathways.

Protein kinases are the most frequently dysfunctional

proteins in various cancers [24]. The human kinome intri-

cately regulates phosphorylation of approximately one-third

of the proteome. The gastric cancer kinome has not been

systematically investigated yet. Protein phosphatases are

the obverse of kinases and an equally important class of

phosphorylation regulators [25]. More than 130 protein

phosphatase genes have been identified in the human gen-

ome [26], several of which, e.g., CDC25, SHP2, phosphatase

of regenerating liver (PRL) and CD45, have been proposed

as critical oncoproteins and potential drug targets [27].

As an essential prerequisite to understanding oncogenic

signaling networks in gastric cancer, we have performed a

comprehensive investigation of the gastric cancer phos-

phoproteome and transcriptome. We report an expansive

view of the gastric cancer oncokinome and phosphoprote-

ome from an integrated bioinfomatics analysis of

phosphoproteomics and transcriptome data sets.

Materials and methods

All chemicals were purchased from Sigma–Aldrich

(St. Louis, MO) unless otherwise stated.

Cell culture and primary gastric tissues

Seventeen gastric cancer cell lines and endoscopic biopsies

of stomach tissues were investigated in this study. AGS,

Kato III, SNU1, SNU5, SNU16, NCIN87 and Hs746T were

from the American Type Culture Collection (the ATCC,

Manassas, VA). MKN7 and IM95 cells were from the Japan

Health Science Research Resource Bank. All YCC cell

lines were gifts from Dr. Sun Young Rha (Yonsei Cancer

Center, Seoul, Korea). Normal stomach RNA samples were

reference controls for transcriptome analysis. First Choice

Human Stomach Total RNA was RNA from a single indi-

vidual, whereas MVP Total RNA Human Stomach was

pooled RNAs from two individuals. Fresh stomach biopsies

were obtained from patients during gastroscopy performed

for clinical indications and immediately frozen in liquid

nitrogen before protein array analysis. After histopatholo-

gical diagnosis, two histologically normal gastric biopsies,

seven biopsies of benign gastritis and three pairs of gastric

adenocarcinoma with their matched normal gastric tissues

were analyzed (supplemental Table 1). Clinical specimens
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were obtained in conformity with principles of the Declara-

tion of Helsinki under a protocol approved by the SingHealth

Centralised Institutional Review Board, Singapore.

Gene expression analysis

Transcriptomes of 17 gastric cancer cell lines and normal

stomach RNA samples were analyzed using two micro-

array formats, i.e., Affymetrix HG-U133 and HG-U133

Plus 2.0 GeneChip�. Microarray data sets were averaged

and normalized. Normal gastric tissue RNA served as

reference controls to identify differentially expressed

genes. Signal intensities of normal stomach tissue genes

were averaged for each probe and used as divisors for

cognate signal intensities of gastric cancer cell lines. The

product values were regarded as the relative expression

levels of the respective genes in gastric cancer. Values for

probes belonging to the same gene were grouped and

averaged.

Protein sample preparation

Gastric cancer cells were lysed in 50 mM HEPES (pH 7.5),

8 M urea, 75 mM NaCl, complete protease inhibitors

cocktail (Roche Applied Science, Indianapolis, IN) and

phosSTOP phosphatase inhibitors cocktail (Roche Applied

Science). Proteins were reduced by adding dithiothreitol

(final concentration 10 mM) to the sample solution at 33�C

for 1 h, and then alkylated by adding iodoacetamide to a

final concentration of 55 mM and incubating the samples at

room temperature for 30 min, before diluting eight times

with 50 mM HEPES (pH 7.5) and digestion with trypsin in

a 1:100 (trypsin/protein) mass ratio. Protein concentrations

were measured using bicinchoninic acid (BCA) assay.

Peptide samples were desalted using SEP-PAK C18 car-

tridges (Waters Corp., Milford, MA) and vacuum-dried

prior to phosphopeptide enrichment.

Phosphopeptide enrichment

Phosphopeptides were enriched using both ERLIC and

SCX-IMAC as described [28]. Briefly, for ERLIC,

approximately 2 mg of peptides was injected into a PolyLC

PolyWAX LP column (4.6 9 200 mm, 5 lm particle size,

300Å pore size) mounted on a Shimadzu Prominence UFLC

unit (Shimadzu Corporation, Kyoto, Japan). For SCX-

IMAC, approximately 2 mg of peptides was fractionated

using a PolySULFOETHYL A column (4.6 9 100 mm,

5 lm particle size, 200 Å pore size) on the UFLC unit. Each

SCX fraction was dissolved in 100 ll of wash buffer

(250 mM acetic acid with 30% acetonitrile, pH 2.6) and

subsequently added to 20 ll of IMAC slurry (50% gel)

(PHOS-Select, Sigma-Aldrich) for 1 h at room temperature

with end-over-end rotation. Phosphopeptides were eluted

with 100 ll of 200 mM Na3PO4 (pH 8.4) by incubating at

room temperature for 5 min. Elution was repeated twice

using 100 ll each of 50 mM Tris (pH 10) and 400 mM

NH4OH (pH 11). For each fraction, all the three eluents

were combined immediately and pH adjusted to 2.6 using

10% formic acid. Peptides in salt solutions were desalted

using SEP-PAK C18 cartridges and vacuum-dried.

LC-MS/MS analysis

Each dried peptide fraction was reconstituted in 0.1%

formic acid and analyzed at least twice using an LTQ-FT

ultra mass spectrometer (Thermo Fisher Scientific, Inc.,

Waltham, MA) coupled with a ProminenceTM HPLC unit

(Shimadzu), as described previously [29, 30] with some

modifications. Briefly, the peptide samples were injected

from an auto-sampler (Shimadzu) and concentrated in a

Zorbax peptide trap (Agilent, Palo Alto, CA), and subse-

quently resolved in a capillary column (200 lm

ID 9 10 cm) packed with C18 AQ (5 lm particles, 100 Å

pore size; Michrom BioResources, Auburn, CA). Mobile

phase buffer A (0.1% formic acid in H2O) and buffer B

(0.1% formic acid in acetonitrile) were used to establish the

90-min gradient, which began with a ramp from 5 to 30%

B over 66 min, followed by 10 min of 50% B and a ramp

from 50 to 80% B in 4 min. The gradient was maintained at

80% B for 2 min before re-equilibrating the column at 5%

B for 8 min. HPLC was operated at a constant flow rate of

20 ll/min, and a splitter was used to create a flow rate

of approximately 300 nl/min at the electrospray emitter

(Michrom BioResources). Samples were ionized in an

ADVANCETM CaptiveSprayTM Source (Michrom BioRe-

sources) with an electrospray potential of 1.5 kV. The gas

flow was set at two, ion transfer tube temperature at 180�C

and collision gas pressure at 0.85 mTorr. The LTQ-FT

ultra was set to perform data acquisition in the positive ion

mode. A full MS scan (range 350–2,000 m/z) was acquired

in the FT-ICR cell at a resolution of 100,000 and a maxi-

mum ion accumulation time of 1,000 ms. The AGC target

for FT was set at 1e?06, and precursor ion charge state

screening was activated. The linear ion trap was used to

collect peptides and measure peptide fragments generated

by CID. The default AGC setting was used (full MS target

at 3.0e?04, MSn 1e?04) in the linear ion trap. The ten most

intense ions above a 500 count threshold were selected for

fragmentation in CID (MS2), which was performed con-

currently with a one maximum ion accumulation time of

200 ms. Dynamic exclusion was activated for this process,

with a repeat count of one, exclusion duration of 20 s and

±5 ppm mass tolerance. For CID, the activation Q was set

at 0.25, isolation width (m/z) 2.0, activation time 30 ms

and normalized collision energy at 35%.
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Database search

The extract_msn (version 4.0) program in Bioworks

Browser 3.3 (Thermo Electron, Bremen, Germany) was

used to extract tandem MS spectra in the dta format from

the raw data of LTQ-FT ultra. Dta files were then con-

verted into MASCOT generic file format using an in-house

program for each raw file. Intensity values and fragment

ion m/z ratios followed the default setting. These data were

used to obtain protein identities by searching against the

IPI human protein database (version 3.70; 174,138

sequences) via multiple database search engines separately,

including an in-house MASCOT server (version 2.2.03)

(Matrix Science, Boston, MA), Sequest engine in Bioworks

Browser, X!Tandem [31] (Tornado edition, version

2010.01.01.4) and OMSSA (command line version 2.1.7)

[32]. All searches were limited to a maximum of two

missed trypsin cleavages, mass tolerances of 10 ppm for

peptide precursors (0.05 Da precursor tolerance for search

in OMSSA) and 0.8-Da mass tolerances for fragment ions.

The fixed modification was carbamidomethyl at Cys resi-

dues, whereas variable modifications were oxidation at Met

residues and phosphorylation at Ser, Thr and Tyr residues.

A combination of target and reverse sequence version

decoy databases were used in Mascot, Sequest and OMSSA

for estimation of false discovery rates (FDR). Here,

FDR = 2 9 Md/(Md ? Mt), where Md represents the

number of decoy matches, and Mt is the number of target

matches. In X!Tandem, FDR was estimated by a default

algorithm. FDR was adjusted to \1% for all searches by

regulating cutoff values for peptide scores or expectation

values. Output results from these engines were analyzed

using in-house scripts.

Motif analysis

Phosphorylated sites for serines, threonines and tyrosines

were submitted to Motif-X algorithm (http://motif-x.med.

harvard.edu) for motif extraction, using the IPI human

database as background. Extendible peptide sequences were

centered on each phosphorylation site and extended to 13

amino acids (±6 residues). The minimum reported number

of occurrences for a given motif was set at 2% of the total

number of phosphorylation sites found for a given residue.

Significance was set at 0.000001. Scansite [33] was also

employed to predict the most likely kinases responsible for

the phosphorylation sites in gastric cancer phosphoproteome.

Protein antibody array experiments

Protein lysates from stomach biopsies were probed for

phosphorylated signaling proteins using Proteome Profil-

erTM antibody arrays (R&D Systems, Minneapolis, MN).

Manufactured in sets of two, the arrays interrogate 46

kinases and kinase substrates, with specific anti-phospho-

amino acid antibodies spotted in duplicate. Experiments

were performed according to the supplier’s instructions.

Briefly, 100 lg protein lysate was diluted with blocking

buffer in 5:1 ratio and incubated overnight with pre-blocked

nitrocellulose membranes. After three washes, the mem-

branes were incubated with a mixture of biotinylated

detection antibodies for 2 h at room temperature. Phos-

phorylated proteins were detected on washed membranes

using streptavidin-horseradish peroxidase provided with the

arrays and a chemiluminescent substrate reagent (Amer-

sham ECLTM Western Blotting System, GE Healthcare,

UK) on Amersham HyperfilmTM ECL (GE Healthcare,

UK). Developed x-ray films were scanned on a GS-800

Calibrated Densitometer (Bio-Rad Laboratories, UK). Pixel

intensities for each spotted antibody were analyzed using

Axon GenePix Pro 6.0 (Molecular Devices, USA).

Pathway analysis

Canonical pathway mapping was performed using ingenuity

pathway analysis (IPA) application (www.ingenuity.com)

against ingenuity pathway knowledge base.

Results

LC–MS/MS-based phosphoproteomic analysis

of gastric cancer cell lines

Owing to the substoichiometric nature of protein phos-

phorylation, it is essential to enrich phosphopeptides in

shotgun LC-MS/MS analysis [18]. Multiple enrichment

methods are recommended for comprehensive shotgun

phosphoproteome analysis [28, 34]. We employed two

methods, electrostatic repulsion-hydrophilic interaction

chromatography (ERLIC) and SCX-IMAC, to enrich

phosphopeptides [28, 35]. The benefits of using two dif-

ferent enrichment methods are shown in supplemental

Figure 1. SCX-IMAC and ERLIC increased the coverage

of SNU5 phosphoproteome by 122% and 58%, respec-

tively. Only 8% of non-redundant phosphopeptides were

identified by both methods. Five cell lines, i.e., SNU5,

SNU1, AGS, YCC1 and KatoIII, were included in the

phosphoproteomic analysis. Different gastric cancer cells

are heterogeneous, and their phosphoproteomes exhibit

different characteristics. However, due to the qualitative

nature of this study, we did not compare phosphoproteomes

between cell lines; instead, we combined spectral data from

all cell lines to achieve a comprehensive picture of the

gastric cancer phosphoproteome from diverse gastric

cancer cells.

1986 T. Guo et al.
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The complete translation of MS spectra obtained in

LC-MS/MS experiments into peptide and protein assign-

ments remains a major computational challenge in

proteomics. Multiple protein sequence database search

algorithms are available to interpret MS spectra, including

Mascot, Sequest, X!Tandem [31] and OMSSA [32], among

others. The sensitivity and specificity of database search

engines are subject to substantial variations. While most

studies are dependent on a single database search engine,

the use of multiple database search engines has been shown

to enhance the sensitivity of shotgun proteomics consid-

erably [36, 37]. In this study, we analyzed MS spectra

using four different database search engines. False dis-

covery rates (FDRs) were set at \1% for all searches

(supplemental Table 2). The benefit of using multiple

engines is illustrated in Fig. 1, showing that spectra not

identified in one engine, e.g., Mascot, could be character-

ized by another, e.g., Sequest.

Mascot and Sequest identified 718 and 441 phosphory-

lated proteins, respectively. A total of 210 and 227

phosphoproteins were identified by X!Tandem and OMSSA,

respectively. The advantage of combining multiple database

search engines in phosphoproteomics is further shown in

Fig. 2. A single engine identified only 17–59% of all phos-

phoproteins. By combining results from four search engines,

the numbers of phosphoproteins and unique phosphorylation

sites were substantially increased to a total of 3,021 unique

phosphorylated peptides in 1,211 phosphorylated proteins

from gastric cancer cells (supplemental Table 3). Among

these, 547 (18%) phosphorylation sites and 295 (24%)

phosphoproteins were identified by at least two search

engines. Non-redundant phosphorylation sites comprised

2,144 phosphorylated serines, 673 phosphorylated threo-

nines and 204 phosphorylated tyrosines. The distribution of

pS, pT and pY was 71, 22 and 7%, respectively. These

results are consistent with other findings that in some pro-

teins phosphorylation sites with high occupancy are likely

associated with serine, whereas those of low occupancy

involve threonine and tyrosine [38]. Compared to previous

reports of global phosphoproteome profiling [28], higher

percentages of low-abundance phosphorylated threonines

and tyrosines were identified in this study, reflecting

increased sensitivity and greater phosphoproteome coverage

of our workflow that combined different phosphopeptide

enrichment methods (ERLIC and SCX-IMAC) and used

multiple MS spectra interpretation approaches.
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Confidence measures for correct localization

of phosphorylation sites

In shotgun proteomics, it is often difficult to pinpoint the

correct position of phosphorylation sites with single amino

acid resolution, especially for multiple phosphorylated

peptides. To localize phosphorylation sites accurately, we

first undertook a computational assessment of the phos-

phorylation site assignment using the Ascore algorithm [39].

As shown in supplemental Figure 2, 64% of the localiza-

tions were assigned with[90% confidence (P \ 0.05) and

56% with [95% confidence (P \ 0.01). Near certainty

([99% confidence, P \ 0.001) of localization was achieved

for 44% of the data set. It should be noted that the Ascore

algorithm did not take into account 207 phosphopeptides

with unambiguous localization, i.e., those for which the

number of potential phosphorylation sites was equal to the

number of phosphorylation sites. After including these 207

unequivocal phosphopeptides, the number of localizations

with 99, 95 and 90% confidence increased from 726, 930 and

1,056 to 915, 1,117 and 1,242, respectively. This indicated

that the majority of phosphorylation assignments were of

high confidence.

The quality of identification was further supported by

the fact that many phosphorylation sites were found mul-

tiple times and in peptides that contained different numbers
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proteome. a Number of phosphorylated proteins identified from

database search engines Mascot, Sequest, X!Tandem and OMSSA.
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and forms of phosphorylation sites. For instance, a phos-

phorylation site could be identified from fully or partially

trypsin-digested peptides, with/without oxidized methio-

nine, peptides with different charges and peptides with

different numbers of phosphorylation modifications. As

shown in supplemental Figure 3, 51% of phosphopeptides

were singly phosphorylated, 27% were doubly phosphor-

ylated, and 11% were triply phosphorylated. Only 1% of

phosphopeptides carried four or more phosphates. This

distribution was similar to phosphopeptides characterized

in an earlier report [28]. Phosphopeptides detected in MS

were ionized with different charges, as shown in supple-

mental Figure 3.

To further confirm phosphorylation site localization of

the whole data set, we performed a final manual inspection

of MS/MS spectra of phosphopeptides. All the identified

MS/MS spectra with their database search identification

information are listed in supplemental Table 3. In most

cases, multiple spectra were interpreted as a single phos-

phopeptide sequence; only the spectrum with the highest

identification score was manually inspected and is supplied

in our website (http://proteomics.sbs.ntu.edu.sg/).

Characterizing the gastric cancer phosphoproteome

To characterize the gastric cancer phosphoproteome, we

first checked whether the phosphoproteins we identified in

this study were also present in other human phosphopro-

teome data sets. Of the 3,021 phosphorylation sites we

identified, 1,194 (40%) were annotated in the Uniprot

database. Thus, our data revealed 1,827 novel phosphory-

lation sites in gastric cancer (Fig. 2e).

Subcellular localizations of gastric cancer phosphopro-

teins were annotated using Gene Ontology (Fig. 3a). The

majority were localized to the nucleus (38%), cytoplasm

(34%) and plasma membrane (11%). It is noteworthy that

we uncovered 141 non-redundant phosphorylation sites in

65 mitochondrial proteins, 108 phosphorylation sites (77%)

of which have not been documented previously (supple-

mental Table 4).

Biological process classification showed that transcrip-

tion, RNA splicing, signal transduction, mRNA processing,

cell cycle and DNA damage responses were dominant

processes represented in the gastric cancer phosphoprote-

ome. Proteins involved in protein transport, apoptosis, anti-

apoptosis, protein phosphorylation, differentiation, adhe-

sion and proliferation were also phosphorylated in gastric

cancer cells (Fig. 3b).

Motif analysis of gastric cancer phosphoproteins

Protein kinases phosphorylate their substrates at specific

motifs. Motif analysis thus helps to shed light on the pres-

ence of activated protein kinases. To infer the identities of

protein kinases that are active in gastric cancer, we analyzed

our phosphoproteome data using Motif-X [40]. By limiting

the significance to no more than 0.000001, 11 pS motifs and

2 pT motifs were identified, each occurring in a minimum of

41 pS and 14 pT peptide sequences. The enriched motifs

were further annotated according to the Human Protein

Reference Database [41]. Logo-like representations of the

motifs are shown in Fig. 4. Five acidic motifs associated

with casein kinase 2 (CK2) and G protein-coupled receptor

kinase (GPCR kinase) were identified, and one basic motif

Nucleus (499)

38%

Cytoplasm (442)

34%

Plasma membrane (145)

11%

Mitochondrion (65)

Endoplasmic reticulum (60)

5%
5%

Golgi apparatus (56)

4%

Extracellular region (33)

3%

regulation of transcription (87)
RNA splicing (72)

signal transduction (65)
mRNA processing (55)

cell cycle (50)

DNA repair (22)
cell proliferation (23)

metabolic process (24)
immune response (24) 

mitosis (25)

response to DNA damage stimulus (36)
protein transport (34)

apoptosis (30)
anti-apoptosis (30)

cell differentiation (30)
cell adhesion (26)
cell division (26)
oxidation reduction (26)
protein amino acid phosphorylation (25)

A
B

Fig. 3 Classification of phosphoproteins based on Gene Ontology. Phosphorylated proteins in gastric cancer cells were classified according to

subcellular localization (a) and biological process (b). Only biological processes with a hit number over 20 are shown

Gastric cancer phosphoproteome and transcriptome 1989

123

http://proteomics.sbs.ntu.edu.sg/


identified was predicted to be specific to protein kinase A

(PKA), PKC and AKT. Four proline-directed motifs were

also identified. These were predicted to reflect activation of

MAP kinase (MAPK), extracellular signal-regulated kinase

1/2 (ERK1/2), PKA, AKT, PKC, glycogen synthase kinase

3 alpha/beta (GSK3A/B) and CDK5. Motif-X analysis

failed to identify any pY motif from a total of 193 non-

redundant pY peptides, probably due to the low-abundance

of tyrosine-phosphorylated peptides. To evaluate the kinase

specificity of the tyrosine phosphopeptides, we individually

checked pY peptides based on known motifs retrieved from

the literature [41] using in-house programs. This revealed

B

C ED
n=117

F
n=27

MAP kinase (n=98)

CK2 (n=96) CK2 (n=44)

PKA and PKC kinase Akt-like (n=47)

CK2 (n=123) CK2; GPCR kinase (n=85)

PKA and PKC kinase; Akt-like (n=47)

CK2 (n=114)

MAP kinase-like; GSK3; Erk1; Erk2 
and CDK5-like (n=76)

Proline-directed motifs

CK1-like (n=188)

ERK1,2-like (n=275)

A

ALK kinase 
substrate 
motifs (37)

EGFR kinase substrate motif 
(19)

JAK2 kinase substrate motif (24)

SHP1 phosphatase substrate motif 
(11)

Src kinase substrate motif (49)

TC-PTP phosphatase substrate motif (1)

1%

26%

13%
17%8%

35%

pY[D/E]X[I/L/V/M] (n=6)
[D/E]XXpY (n=22)
pYXXXX[F/Y] (n=9) 

X[D/E]pYX 

pYXX[L/I/V] 

[D/E]XpY

pY[A/G/S/T/D/E] 

[E/D/Y]pY

G

Acidic motifs

Basic motifs

Fig. 4 Motif analysis of gastric cancer phosphoproteome. Non-

redundant 13-mer phosphorylated peptide sequences were analyzed in

Motif-X. Motifs were classified according to annotations in Human

Protein Reference Database. Logo-like representations of motifs are

classified into acidic (a), proline-directed (b), basic (c) and others

(d–f). Tyrosine-phosphopeptide motif was not identified by Motif-X,

and thus manual evaluation of a total of 193 non-redundant pY

peptides was carried out for known motifs. Tyrosine phosphorylation

motifs and their counts in gastric cancer cells are shown in (g)
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six types of motifs, i.e., anaplastic lymphoma receptor

tyrosine kinase (ALK), EGFR, JAK2, SHP1, Src kinase

substrate motifs and TC-PTP phosphatase substrate motif in

193 non-redundant tyrosine phosphopeptides (Fig. 4g).

Motif-X analysis is based on phosphopeptide sequences

that were detected in LC-MS/MS experiments. However,

as our analysis may still have missed some low-abundance

phosphopeptides, we employed Scansite to analyze kinase

motifs in the full protein sequence database of the gastric

cancer phosphoproteome. This identified motifs for ABL,

AKT, AMPHI, ATM, CAM, CASN, CDC2, CDK5, CLK2,

CORT, CRK, DNA-PK, EGFR, ERK1, FGR, FYN, GRB2,

GSK3, INSR, ITK, ITSN, LCK, NCK, p38, p85, PDGFR,

PDK1, PDZ, PIP3, PKA, PKC, PLCg, SHC, SHIP, SRC

and 14-3-3 (supplemental Table 5).

Protein kinases and phosphatases in gastric cancer

In LC-MS/MS-based phosphoproteomics experiments, we

were able to identify 15 phosphorylated protein kinases,

i.e., adaptor-associated kinase 1 (AAK1), calcium/calmo-

dulin-dependent serine protein kinase (CASK), CDK3,

DYRK1B, EGFR, GSK3B, insulin receptor (INSR), mito-

gen-activated protein kinase kinase 2 (MAP2K2), MET,

polycystic kidney disease 2 (PKD2), protein kinase N2

(PKN2), PI-3-kinase-related kinase SMG1, serine/arginine-

rich protein-specific kinase 2 (SRPK2), NCK interacting

kinase (TNIK) and tau tubulin kinase 2 (TTBK2)

(Table 1).

We also found ten phosphorylation sites in five protein

phosphatases (phosphorylation sites shown in parentheses),

i.e., PTPN12 (S435), PTPN14 (S312, S314), PTPRA

(S171, S172, T161), PTPRF (T1801, T1811, T1825) and

MTMR7 (S213) in gastric cancer cells (Table 1). Four of

these, i.e., PTPN12, PTPN14, PTPRA and PTPRF, belong

to classical transmembrane protein tyrosine phosphatases.

Nine of the ten phosphorylation sites have never been

reported in the literature. As most of these protein phos-

phatases tended to be overexpressed in the 17 gastric

cancer cells, this class of enzymes may participate in

modulating the phosphoproteome in gastric cancer.

We next evaluated the expression of these kinase and

phosphatase genes in our transcriptome data sets of 17

gastric cancer cell lines that quantified the expression of

[12,000 genes relative to pooled normal stomach tissues.

Relative expression of 221 protein kinase and 80 protein

phosphatase genes were quantified in 17 gastric cancer cell

lines (supplemental Tables 6 and 7). These data showed

overexpression of subsets of protein kinase and phospha-

tase genes. Taking the geometric mean of 17 cell lines,

PLK1, NEK2, CDC2, FGFR4, TRRAP, MELK, MET,

PBK, PLK2 and TTK were the top ten overexpressed

protein kinase genes, while the top ten over-expressed

protein phosphatase genes were DUSP9, CDC25B,

PTPRU, DUSP14, CDKN3, PTPN14, PTPRF, TPTE,

PTPN12 and MTMR10.

The relative expression of protein kinases and phospha-

tases that were phosphorylated in gastric cancer (Table 1)

confirmed EGFR, MET and CDKs as overexpressed and

activated kinases, and also revealed many novel kinases

whose involvement in gastric cancer was hitherto unknown.

These novel gastric cancer protein kinases include fibro-

blast growth factor receptor 4 (FGFR4), nemo-like kinase

(NLK) and NIMA (never in mitosis gene a)-related kinase 2

(NEK2), among others. Although protein kinase N2

(PKN2) has not yet been linked to any cancer type, it had

unusually high transcriptional expression and was phos-

phorylated in gastric cancer.

Phosphoproteomics of primary gastric tissues using

antibody arrays

To extend our study of gastric cancer phosphoproteome

from cell lines to in vivo clinical samples for the detection

of low-abundance phosphoproteins that are beyond the

sensitivity of LC-MS/MS-based phosphoproteomics, we

utilized antibody arrays that interrogated 46 phosphory-

lated signaling molecules to investigate the kinome in flash

frozen gastric tissues obtained by endoscopic biopsies.

These tissues comprised two histologically normal antral

biopsies, seven cases of benign gastritis, and three pairs of

gastric adenocarcinoma (two intestinal histotype and one

diffuse histotype) with their cognate matched normal tis-

sues. All tissues were frozen within seconds after biopsy.

Compared to absent signals in the phosphate-buffered

saline-spotted negative controls, the antibody array results

revealed the expression of 40 phosphoproteins in gastric

tissues (Figs. 5, 6, supplemental Figure 4). Of these, 27

were phosphorylated protein kinases (Table 1).

Several phosphorylated proteins displayed substantially

stronger signals in tumor tissues than in normal antral tis-

sues and benign gastritis samples, implying potentially

critical roles in gastric cancer. They were TP53 (S15, S392,

S46), SRC (Y419), YES (Y426), STAT5b (Y699), nitric

oxide synthase 3 (eNOS) (S1177), STAT2 (Y689), STAT6

(Y641), MEK1/2 (S218/S222, S222/S226), AKT (S308),

ribosomal S6 kinase 1 (RSK1) (S221, S380), RSK2 (S221,

S380), RSK3 (S380) and ribosomal protein S6 kinase I

(p70S6K) (T229, T389, T421/S424).

Our results also showed that inflammation in gastric

tissues induced substantial changes in phosphoproteins.

Benign gastritis samples had clearly different patterns of

phosphorylated signaling molecules compared to normal

stomach tissues. Tyrosine 412 of Src family tyrosine

kinase FGR/SRC2 was highly phosphorylated in gastritis,

but not in normal or cancerous stomach tissues. Other

Gastric cancer phosphoproteome and transcriptome 1991
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phosphorylation sites specifically associated with stomach

inflammation included Y402 in PYK2, S78/S82 in HSP27,

T202/Y204 and T185/Y187 in ERK1/2, T180/Y192 in p38a,

Y118 in paxillin, S63 in c-Jun and Y701 in STAT1. Several

tyrosine kinases appeared deactivated in gastritis compared

to normal stomach, including FAK, YES, FYN, HCK, JUN,

CHK2, LCK, GSK3A/B, AMOKa1 and p70S6K. Compared

to gastritis, cancerous tissues exhibited higher levels of

nuclear phosphoproteins including TP53, STATs, CREB

and CHK2 as well as tyrosine kinases such as GSK3A/B,

FAK, FYN, LCK, AMPKA1, JNK, HCK and p70S6K. It is

noteworthy that matched cancerous and non-cancerous

tissues from the same patient had very similar phospho-

proteome patterns, consistent with field cancerization in this

disease [42, 43] (supplemental Figure 4 and Figure 6).

LC-MS/MS-based and antibody array-based phospho-

proteomics analysis jointly identified 74 phosphorylation

sites in 41 protein kinases in gastric cancer cell lines and

primary stomach tissues (Table 1). Eighteen of these

phosphorylation sites (24%) are novel. Literature mining

revealed that 37 of the 41 identified protein kinases (90%)

have been implicated in a range of different non-gastric

cancers, whereas only 19 (46%) have been associated with

gastric cancer.

Discussion

In this study, we have integrated LC-MS/MS-based phos-

phoproteomic, protein antibody array and transcriptomic

techniques, undergirded by bioinformatic analysis, to gen-

erate an expansive view of phosphoproteome and molecular

signaling pathways in gastric cancer. This is the first com-

prehensive view of the gastric cancer phosphoproteome.

Phosphoproteins are the most pervasive signaling mol-

ecules, whereas many overexpressed proteins are likely to

be critical in carcinogenesis. We have investigated the

phosphoproteome of both gastric cancer cell lines and

clinical samples. Protein antibody array-based phospho-

proteomics was employed to detect low-abundance

phosphorylated proteins in clinical tissues. Since the main

focus of this study is not to compare phosphoproteomes

between cancer and normal samples, only three pairs of

gastric adenocarcinoma with their cognate matched normal

tissues, in addition to nine normal and benign samples,

were included in this study. However, to characterize the

differential expression of the phosphoproteins as identified

in gastric cancer, more comprehensive clinical investiga-

tions are required.

It is noteworthy that the overlap between the phospho-

proteome from LC-MS/MS and the phosphoproteome from

protein antibody array is negligible. One reason is that the

commercially available protein antibody array for probingT
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phosphoproteins contains only 46 phosphoproteins. In

addition, most of these proteins are low-abundance sig-

naling proteins that are rarely identified by LC-MS/MS

approaches due to the dynamic range.

Integrating phosphoproteome and transcriptome data

sets is a powerful strategy for understanding cancer biol-

ogy and mining potential gastric cancer biomarkers.

Moreover, cancer therapeutics is being transformed by

highly efficacious agents targeted at abnormally activated

oncogenic tyrosine kinases. Focusing on phosphorylated

proteins that were[2-fold transcriptionally overexpressed,

we identified 190 dysregulated phosphoproteins (supple-

mental Table 9). Our study confirmed previous reports that

MET transcriptional overexpression ([40-fold higher than

normal stomach tissues) is a prominent feature of some

gastric cancer cells [44, 45], while our phosphoproteomics

data set identified the presence of MET in its phosphor-

ylated and active state. Selective inhibition of MET is

known to kill MET-overexpressing gastric cancer cells

effectively [14, 46] and is the rationale for ongoing clin-

ical trials of MET inhibitors for gastric cancer therapy.

Our data also showed overexpression of several genes

whose protein products were phosphorylated and have

been proposed as useful prognostic markers and/or thera-

peutic targets for gastric cancer, including EGFR [47],

TOP2A [48], minichromosome maintenance 2 (MCM2)

[49], erythropoietin-producing hepatocellular (Eph) A2

receptor [50], CTNNB1 [51] and hepatoma-derived

1 2 3 4 5 6 7 8 9 10

a Pos
p38α 

(T180/Y192)
ERK1/2 (T202/Y204, 

T185/Y187)
JNK pan (T183/Y185, 

T221/Y223) GSK3α/β (S21/S9)

b EMPTY
MEK1/2 (S218/S222, 

S222/S226) MSK1/2 (S376/360) AMPKα1 (T174) Akt (S473)

c TOR (S2448) CREB (S133) HSP27 (S78/S82) AMPKα2 (T172) β-catenin

d Src (Y419) Lyn (Y397) Lck (Y394) STAT2 (Y689) STAT5α (Y699)

e Fyn (Y420) Yes (Y426) Fgr (Y412) STAT3 (Y705) STAT5β (Y699)

f Hck (Y411) CHK2 (T68) FAK (Y397) STAT6 (Y641) STAT5α/β (Y699)

g Pos EMPTY Neg

1 2 3 4 5 6 7 8

a EMPTY P53 (S392) EMPTY Pos

b Akt (T308) P53 (S46) EMPTY EMPTY

c p70 S6 kinase (T389) P53 (S15) P27 (T198) Paxillin (Y118)

d p70 S6 kinase (T421/S424) RSK1/2/3 (S380) P27 (T157) PLCγ1 (Y783)

e p70 S6 kinase (T229) RSK1/2 (S221) c-Jun (S63) PYK2 (Y402)

f STAT1 (Y701) STAT4 (Y693) eNOS (S1177) Neg

A

B
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Fig. 5 Representative antibody array images of primary gastric

tissues. Proteome ProfilerTM Human Phospho-Kinase Array Kit

(R&D Systems) was used to simultaneously detect phosphorylation

sites in a panel of protein kinases and key signaling proteins in fresh

frozen primary endoscopic gastric tissues, i.e., normal, gastritis and

gastric cancer tissues. a Layout of protein antibody array composed of

membrane A and membrane B. b Representative images of protein

arrays of two cases of primary gastric cancers, each with its matched

non-cancerous tissue, one case each of normal stomach and benign

gastritis biopsies. Refer to supplemental Figure 4 for all images
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growth factor (HDGF) [52]. The data sets also reveal

novel overexpressed and phosphorylated proteins whose

roles in gastric cancer have yet to be defined, such as

EIF2S3, LMNB2, KIF23, SLC7A5/CD98 and MCM3

(supplemental Table 9), although some have been associ-

ated with other types of cancers. For instance, SLC7A5/

CD98 is a proposed prognostic indicator of adult acute

leukemia [53], breast cancer [54], lung cancer [55] and

renal cancer [56]. Our integrated analyses suggest that

such molecules could provide helpful insights into pro-

cesses underlying gastric oncogenesis.

The DNA damage response (DDR) pathway appears

overrepresented in the pathway analysis of the 190 over-

expressed phosphoproteins. DNA damage in the absence of

physiological repair responses is the origin of many dis-

eases, including cancers [57]. DDR comprises a variety of

signaling pathways, which are activated by DNA damage

and replication stress, and are transduced by kinase cas-

cades, mainly through a pair of protein kinases, ataxia

telangiectasia mutated (ATM) and ATR (ATM and Rad3-

related). Both ATM and ATR in turn phosphorylate a

number of substrates, including checkpoint kinase 1

(CHK1) and CHK2, and influence cell cycle, DNA repair,

DNA replication and many other biological processes

involving nucleic acids, as well as diverse signaling path-

ways like the insulin/IGF-1-PI3K-AKT pathway [58]. As

shown in Fig. 7, our data sets identified overexpression of

mRNA levels of many components in this pathway.

Moreover, phosphorylation of some critical player in this

pathway was identified. Specifically, our data suggest that

hyperphosphorylated TP53 might be one characteristic of

gastric cancer. While normal stomach tissues consistently

displayed basal levels of phosphorylated TP53, cancerous

tissues from both intestinal-type gastric adenocarcinomas

had markedly elevated levels of TP53 phosphorylated at

S392, S46 and S15. In contrast, matched non-cancerous

gastric tissue from the same patients displayed only basal

phosphorylation (supplemental Figure 4).

Fig. 6 Phosphorylated signaling molecules determined by antibody

array analysis of primary gastric tissues. One pooled sample of

histologically normal stomach tissue from two individuals, seven

cases of histologically benign gastritis, as well as three pairs of gastric

adenocarcinoma and matched normal tissues were analyzed on

protein antibody arrays. Each phosphorylation site for every sample

was detected in duplicate. a Normalized intensities of gastritis tissues,

cancer and matched normal tissues relative to normal stomach tissues

are shown. b Normalized intensities of a case of gastric cancer and its

matched normal tissue relative to benign gastritis tissues are shown

1998 T. Guo et al.
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The integrated approach we adopted generated an unbi-

ased view of the gastric oncokinome. The human kinome

contains 518 protein kinases classified into 10 groups based

on catalytic domain sequence similarities, i.e., AGC,

CAMK, CK1, CMGC, STE, TK, TKL, RGC, Atypical and

Other [59]. Protein phosphatases play equally critical roles

in setting the levels of protein phosphorylation in cells and

in regulating many physiological processes [26]. However,

proportionately much less research has focused on protein

phosphatases in cancer cells. Protein phosphatases are

classified according to their substrate specificities into

protein tyrosine phosphatase (PTP), serine/threonine phos-

phatase (STP), protein histidine phosphatase (PHP) and

dual-specific phosphatases (DSPs) [26, 27]. Like protein

kinases, phosphorylation of protein phosphatases is an

important regulatory mechanism [26]. Relative expression

levels of protein kinases and phosphatases, as well as their

phosphorylation status, are functionally crucial to cancer

phenotypes. By integrating transcriptional expression levels

of 221 protein kinase and 80 protein phosphatase genes in

17 gastric cancer cell lines with phosphoproteomic data, our

data help to define the dynamic molecular terrain of protein

kinases and protein phosphatases (Table 1) from which key

pathways in gastric oncogenesis may be discerned.

It is also worth noting that 30 overexpressed phospho-

proteins (16%) were associated with mitochondria, implying

critical roles for this organelle in gastric oncogenesis

(supplemental Table 4). Mitochondria are pivotal in cell

metabolism, survival and apoptosis. Several protein kinases

and protein tyrosine phosphatases are known to reside in

mitochondria, whereas other mitochondrial proteins are

themselves kinase substrates. As well as being the target of

all major kinase signaling pathways, intramitochondrial

signaling also occurs [60, 61]. Mitochondrial phosphopro-

teomes of mammalian cardiomyocytes [62], hepatocytes

[63], pancreatic beta-cells[64], yeast[65] and Arabidopsis

thaliana [66] have been reported. However, there is as yet no

systematic documentation of mitochondrial phosphopro-

teins in cancer cells. Our data demonstrated that TOMM20

(translocase of outer mitochondrial membrane 20) was

S15,
S46,
S392

2.37

T68
3.56

S691,S692

2.56

S691,S692
2.56

S387
2.34

0.82

1.58

1.15

1.47

1.68
0.97

0.95 (RFC1)
1.75(RFC2)
3.62(RFC3)
1.98(RFC4)
3.94(RFC5)

1.00

1.15

1.47

5.47 2.57

0.50

1.95

1.02(TLK1)
1.86(TLK2)

2.27

2.88

1.75

3.06(E2F1)
1.32(E2F2)
2.81(E2F3)
1.73(E2F4)
1.31(E2F5)
1.36(E2F6)
1.46(E2F8)

Fig. 7 DNA damage response pathway in gastric cancer. The

pathway is modified based on the cell cycle checkpoint control

pathway from ingenuity pathway analysis (IPA). Overexpressed

phosphoproteins are shaded in grey. The relative mRNA expression

level of proteins is shown in blue. Phosphorylation sites are shown in

red
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overexpressed and phosphorylated in some gastric cancer

cells. This protein is a central receptor component of the

TOM complex (translocase of the outer membrane of

mitochondria) that recognizes and translocates cytosolically

synthesized mitochondrial preproteins. In addition to

TOMM20, several mitochondrial proteins were also

dysregulated in gastric cancer. Mitochondrial ribosomal

proteins (MRPS16, MRPL11 and DAP3) were all phos-

phorylated and highly expressed, reflecting active synthesis

of mitochondrial proteins. Among other phosphorylated

mitochondrial proteins we identified were proteins of the

electron transfer chain, mitochondrial permeability transi-

tion pore, mitochondrial ribosomal proteins, as well as

various enzymes involved in apoptosis and metabolism.

These data not only support the role of phosphorylation in

regulating mitochondrial proteins, but also point to key roles

of mitochondrial functions in oncogenic processes.

Conclusion

In conclusion, this is the most comprehensive report to date

of the phosphoproteome of gastric cancer cells. We also

provide the first documentation of gastric cancer kinome and

phosphatome at both transcriptional and post-translational

levels. Moreover, we documented phosphorylated mito-

chondrial proteins. Nonetheless, this study marks an early

phase of unraveling global oncogenic signaling networks in

gastric cancer as many of the phosphoproteins identified here

are completely novel. Hence, elucidation of their functions

and roles in gastric cancer require further investigations.
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