l@y © 2015 Nature America, Inc. All rights reserved.

nature

medicine

ARTICLES

Molecular analysis of gastric cancer identifies subtypes
associated with distinct clinical outcomes
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Gastric cancer, a leading cause of cancer-related deaths, is a heterogeneous disease. We aim to establish clinically relevant
molecular subtypes that would encompass this heterogeneity and provide useful clinical information. We use gene expression
data to describe four molecular subtypes linked to distinct patterns of molecular alterations, disease progression and prognosis.
The mesenchymal-like type includes diffuse-subtype tumors with the worst prognosis, the tendency to occur at an earlier

age and the highest recurrence frequency (63%) of the four subtypes. Microsatellite-unstable tumors are hyper-mutated
intestinal-subtype tumors occurring in the antrum; these have the best overall prognosis and the lowest frequency of recurrence
(22%) of the four subtypes. The tumor protein 53 (TP53)-active and TP53-inactive types include patients with intermediate
prognosis and recurrence rates (with respect to the other two subtypes), with the TP53-active group showing better prognosis.
We describe key molecular alterations in each of the four subtypes using targeted sequencing and genome-wide copy number
microarrays. We validate these subtypes in independent cohorts in order to provide a consistent and unified framework for

further clinical and preclinical translational research.

Gastric cancer (GC) is the fourth-most-common cancer globally and
the second-leading cause of cancer deaths!. It accounts for 989,600
cases annually, with East Asia accounting for more than half of those
cases!. Current approach to GC management largely consists of endo-
scopic detection followed by gastrectomy and chemotherapy (CT)
or chemo-radiotherapy (CRT) in a neoadjuvant or adjuvant setting.
However, recurrence rates for GC patients classified as stages II-IV
(American Joint Committee on Cancers; AJCC2) range from 25% to
40% in an adjuvant setting>-%, with metastatic cases not amenable
to re-resection.

One of the key reasons for observed heterogeneity in response to
treatments is a one-size-fits-all approach to treatment. Insufficient
attention is paid to the underlying molecular mechanisms driving
differences in cancer aggressiveness and treatment outcomes. Recent
research in GC has shown that it is a heterogeneous disease. The pres-
ence of molecular heterogeneity has been shown through the existence
of subtypes that have been described on the basis of anatomic site”,

histopathology and anatomic site$, gene expression®13, gene
amplification!®!4, DNA methylation'®!>-17, numerous cancer-
relevant aberrations!®1418-20 and oncogenic pathways!%21:22. The
subtypes are associated with prognosis or clinical outcomes in a
limited number of cases®12-1517:21.22 However, some of these studies
were done in small cohorts®!13, whereas others!2141517.21.22 reported
subtypes based on several genetic and epigenetic processes, thus
making it difficult to decide which basis to adopt for subtyping.
Limited work has been done to create a consensus with respect to
different ways of subtyping and their clinical relevance for widespread
use in preclinical research, the development of anti-cancer agents or
patient selection in clinical trials.

We, the Asian Cancer Research Group (ACRG), previously per-
formed whole-genome sequencing of n = 49 GC tumors, in which
we identified recurrent somatic mutations?3. Here we report on
additional n = 251 primary tumors with gene expression profiling,
genome-wide copy number microarrays and targeted gene sequencing.
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We use expression data to define four distinct GC molecular subtypes.
These subtypes are associated with distinct genomic alterations, sur-
vival outcome and recurrence patterns after surgery. We validate the
GC subtypes and their prognostic significance in different GC cohorts,
thereby providing a molecular subtyping framework that can be used
in preclinical, clinical and translational studies in GC.

RESULTS
Molecular classification of gastric cancer
We procured # = 300 primary GC tumor specimens at the time of total
or subtotal gastrectomy from Samsung Medical Center. We selected
the cases on the basis of >60% histological purity and availability of
long-term follow-up data (Online Methods, Supplementary Data 1
and Supplementary Fig. 1) and generated gene expression profiles to
derive a novel molecular classification scheme. We conducted prin-
cipal component analysis (PCA)?* of expression data and compared
the association of the first three principal components (PC1-3) with
a small pre-defined set of gene expression signatures (epithelial-to-
mesenchymal transition (EMT)2°, microsatellite instability (MSI)2°
cytokine signaling?’, cell proliferation?®, DNA methylation!”, TP53
activity?, and gastric tissue3?) considered relevant to GC biology
(see Online Methods, Fig. 1a and Supplementary Fig. 2). PC1 sig-
nificantly correlated with the EMT signature (Spearman correlation:
0.82, P < 1e-10) and negatively correlated with the cell proliferation
signature (Spearman correlation: —0.76, P < 1e—10). PC2 significantly
correlated with a gastric tissue signature (Spearman correlation:
0.89, P < 1e-10). PC3 significantly correlated with signatures of
MSI (Spearman correlation: 0.57, P < 1e-10), cytokine signaling
(Spearman correlation: 0.53, P < 1e—10), cell proliferation (Spearman
correlation: 0.47, P < 1e—7) and methylation (Spearman correlation:
0.32, P = 1.3 e—6). Both the EMT signature and the MSI signature
showed long-tailed distributions, delineating samples with positive
markers for each signature (Supplementary Fig. 3).

The EMT and MSI distribution outliers exhibited a mutually exclu-
sive pattern (Fisher test, P < 6.6e—5). We named the sample groups
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Figure 1 The four distinct subtypes in GC. (a) Gene expression signatures define four

corresponding to the two distribution tails as MSS/EMT and MSI,
respectively. Furthermore, we checked and confirmed the loss of
cadherin 1 (CDHI) and mutL homolog 1 (MLHI) expression in
EMT and MSI subtypes respectively (Fig. 1a). We further divided
the remaining (i.e. non-MSI and non-EMT) tumors on the basis of
the status of TP53 activation (TP53 is the most frequently mutated
gene in GC), using a two-gene (CDKNIA (also known as p21) and
MDM?2) TP53-activity signature. The signature shows a high score in
tumors with intact TP53 activity and a low score in tumors with TP53
functional loss. We named these groups MSS/TP53* and MSS/TP53~.
We discerned the appropriateness of the signature-based approach for
the two TP53-related groups using somatic TP53 mutations, and we
found significant association between the TP53 activity signature and
TP53 mutation status (Wilcoxon P = 2e—7, Supplementary Fig. 4).
We confirmed the presence of the proposed molecular subtypes in
previously published GC cohorts (The Cancer Genome Atlas (TCGA)
gastric cohort!? and the Gastric Cancer Project '08 Singapore cohort
(GSE15459)21; (hereafter referred to as TGCA gastric and Singapore
cohorts, respectively) We applied Asian Cancer Research Group
(ACRG) subtype classification to gene expression data from both
cohorts and observed that both data sets could be divided into four
subtypes, as seen in the ACRG cohort (Fig. 1b), which suggested that
our molecular subtypes could be reproduced in other GC cohorts.

Molecular subtypes are associated with clinical phenotypes

We correlated the molecular subtypes with clinical covariates of the
ACRG cohort (Table 1). We observed three main trends. (i) The
MSS/EMT subtype occurred at a significantly younger age (P = 3e—2)
than did other subtypes. The majority (>80%) of the subjects in this
subtype were diagnosed with diffuse-type (P < le—4) at stage III/IV
(P = 1e-3). (ii) The MSI subtype occurred predominantly in the
antrum (75%), >60% of subjects had the intestinal subtype, and >50%
of subjects were diagnosed at an early stage (I/II). (iii) Epstein-Barr
virus (EBV) infection occurred more frequently in the MSS/TP53*
group (n = 12/18, P = 2e—4) than in the other groups.
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We conducted survival analysis and observed a substantial differ-
ence in overall survival among the four GC subtypes (Fig. 2a). We
observed that the MSI subtype had the best prognosis, followed by
MSS/TP53* and MSS/TP53~, with the MSS/EMT subtype showing

Table 1 The four molecular subtypes and patient characteristics.
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the worst prognosis of the four (log-rank, P =0.0004). The MSS/EMT
subtype retained its statistical significance for survival in the ACRG
cohort (Cox P =0.019, hazard ratio (HR) = 1.899) in the multivariable
analysis after adjusting for several covariates listed in Table 1 (Online
Methods and Supplementary Table 1).
Next, we validated the survival trend of

GC subtypes in three independent cohorts:

Characteristics MSS/TP53- MSS/TP53+ MSI MSS/EMT P value Samsung Medical Center cohort 2 (SMC-2,
N . 107 (35.7%) 79 (26.3%) 68 (22.7%) 46 (15.3%) n = 277, GSE26253)31, Singapore cohort
g:xdlan age 65 (30-82) 64 (24-81) 66 (31-84) 53 (28-86) 0.03242 (n = 200, GSE15459)21 and TCGA gastric
Male 70 (65.4%) 57 (72.2%)  45(66.2%) 27 (58.7%)  0.4863 cohort (1= 205). We saw that the GC subtypes
Female 37(34.6%) 22 (27.8%) 23 (33.8%) 19 (41.3%) showed a significant association with overall
Location of tumor survival in the SMC-2 cohort (GSE26253,
Antrum 61(57.0%) 26(32.9%) 51 (75.0%) 17 (37.0%) Fig. 2b, P = 0.0004 by Cox trend test), the
Body 37(34.6%) 36(45.6%) 13(19.1%)  21(45.6%) <0.0001 Singapore cohort (GSE15459, Fig. 2c,
Cardia, GE junction 9(8.4%)  14(17.7%) 4 (5.9%) 5(10.9%) P =0.01 by Cox trend test), and the TCGA
Whole, multicentric 0(0.0%) 3(3.8%) 0(0.0%) 3 (6.5%) gastric cohort (Fig. 2d, P = 0.04 by Cox
Grade and WHO classification trend test), consistent with overall survival
W/D and M/D tubular 54 (50.5%) 32 (40.5%) 33 (48.5%) 4.(8.7%) trends in the ACRG cohort. Case summaries,
P/D tubular 37 (34.6%) 31 (39.2%) 29 (42.7%) 19 (41.3%) <0.0001 including mean and median time to survival
Signet ring cell 9 (8.4%) 5 (6.3%) 3 (4.4%) 20 (43.5%) and confidence intervals, are reported in
Mucinous 4(3.7%) 3(3.8%) 0(0.0%) 1(2.2%) Supplementary Data 2. We observed that
Others 3(2.8%) 8(10.1%) 3(4.4%) 2 (4.3%) the proportions of molecular subtypes var-
La”re'f type ied across data sets (Supplementary Data 3).
Inltestmal 58 (54.2%) 38(48.1%) 42 (61.8%) 8(17.4%) For example, the MSS/EMT subtype pro-
Diffuse 42 (39.3%) 36 (45.6%) 20 (29.4%) 37 (80.4%)  <0.0001 . . . .

Mixed 7 (6.5%) 4 (5.1%) 5(7.4%) 1(2.2%) portion was hlgher in the Smgapore FOhort
Missing 0.(0.0%) 1(1.2%) 1(1.0%) 0.(0.0%) (43%, n = 86/200) when compared with the
oT stage ACRG (15.3%, n = 46/300) or SMC-2 cohorts
T2 70 (65.4%) 57 (72.1%)  47(69.1%) 14 (30.4%) (19.6%, n = 55/277). Additionally, the TCGA
T3 29(27.1%) 18(22.8%)  17(25.0%) 27 (58.7%)  0.0003 cohort had a relatively short follow-up time
T4 8(7.5%) 4 (5.1%) 4 (5.9%) 5(10.9%) (Supplementary Data 3) We further veri-
pN Stage fied whether the variation in the proportion
NO 12(11.2%)  4(5.1%) 16 (23.5%) 6 (13.0%) of subtypes and follow-up time might affect
N1 41(38.3%) 45(57.0%)  31(45.6%)  14(30.4%)  0.0058 overall survival by investigating the aggre-
N2 31(29.0%) 19(24.0%)  15(22.1%)  15(32.6%) gated prognosis association in the combined
N3 23(21.5%) 11 (13.9%) 6 (8.8%) 11 (23.9%) data set, which was formed by merging the
AJCC stage (6" ed.) samples in the three validation sets (n =707).
Ib 10 (9.4%) 4 (5.1%) 14 (20.6%) 2 (4.3%) We observed highly significant association
I 33(30.8%) 31(39.2%)  26(38.2%)  7(15.2%)  0.0011 of ACRG subtypes with overall survival
I 33(30.8%) 26(32.9%)  19(28.0%)  18(39.1%) (Fig. 2e, P = 3e~10 by Cox trend test), despite
% 31(29.0%) 18(22.8%) 9(13.2%) 19 (41.3%) the differences in subtype frequency and
EBV_ ) follow-up data across the cohorts. Finally,
Positive 2 (1.9%) 12 (15.2%) 0 (0.0%) 4(8.7%) 0.0002 we conducted survival analysis on the
Negative 94 (87.9%) 60 (75.9%) 63 (92.6%) 40 (87.0%) . .
Missing 11(10.2%) 7 (8.9%) 5 (7.4%) 2(4.3%) combined set that resulted from merging
Lymphovascular invasion all four data sets (Fig. 2f). We again saw a
Positive 76 (71.0%) 55(69.6%)  43(63.2%)  31(67.4%)  0.3142 highly significant survival association with
Negative 26 (24.3%) 19(24.1%) 20 (29.4%) 8 (17.4%) the ACRG subtypes (P = le-13, Cox trend
Missing 5(4.7%)  5(6.3%) 5 (7.4%) 7 (15.2%) test), suggesting that these molecular sub-
Venous invasion types are robust and discrete.

Positive 15(14.0%) 14 (17.7%) 9(13.2%) 6 (13.0%) 0.0757 Finally, we analyzed the pattern of recur-
Negative 38(35.5%) 37(46.8%)  38(55.9%) 16 (34.8%) rence for each GC subtype as an exploratory
Missing 54 (50.5%) 28(35.4%)  21(30.9%) 21 (52.2%) analysis (Table 2) using clinical data from the
Perineural invasion ACRG and SMC-2 cohorts (rates of recur-
Positive 30 (280%) 27 (342%) 11 (162%) 20 (435%) 0.0013 rence were Similar among the Cohorts at the
Negative 56 (52.3%) 43 (54.4%) 47 (69.1%) 13 (28.3%) time of analysis). The MSS/EMT group had a
Missing 21 (19.6%) 9(11.4%) 10 (14.7%) 13 (28.3%) higher chance of recurrence compared to the

Adjuvant chemotherapy + RT 50 (46.7%) 46 (58.2%) 29 (42.6%)

Abbreviations: W/D, well differentiated; M/D, moderately differentiated; P/D, poorly differentiated; EBV, Epstein Barr

19 (41.3%) 0.1727 MSI group (63% versus 23%). Additionally,
we observed that the first site of recurrence

Virus; RT, radiotherapy; GE, Gastroesophageal; pT stage, pathological assessment of the primary tumor (pT); pN stage,

pathological assessment of the regional lymph nodes (pN).

was related to subtypes as follows: (i) we

a0ne-way analysis of variance (ANOVA) test was used. For all other variables, Chi-square test was used. observed a higher percentage of subjects with
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Figure 2 Molecular subtype and survival
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Cox trend test overall P= 1e—13 and log-rank test overall P= 6e-12.

peritoneal seeding in the MSS/EMT GC subtype (64%, n = 41/64)
versus all other subtypes (23%, n = 39/172); (ii) we found a higher
percentage of liver-limited metastasis in the MSI (23%, n = 6/26) and
MSS/TP53~ subtypes (21%, n = 18/85) versus the MSS/EMT (4.6%,
n=3/64) and MSS/TP53* (8%, n = 5/61) subtypes, further reinforcing
the clinical relevance of this classification.

Molecular subtypes are associated with somatic alterations

We generated targeted gene sequencing and copy number profiles
for the ACRG cohort (Online Methods). We assessed whether the
ACRG subtypes are associated with distinct molecular mechanisms,
and we identified the somatic alterations associated with each GC
subtype (Fig. 3a and Table 3). We observed that the MSI subtype
was associated with the presence of hypermutation333, with muta-
tions in genes such as KRAS (23.3%), the PI3K-PTEN-mTOR pathway
(42%), ALK (16.3%) and ARIDIA (44.2%)18. We observed enrich-
ment of PIK3CA H1047R mutations in the
MSI samples, and we saw enrichment of

We defined a genomic instability index (termed CNV GI) by counting
the number of chromosomes altered either by deletion or amplifi-
cation per sample (>2.3 x median average deviation) with respect
to the population median for each chromosome. We observed that
the CNV GI was present in 28% of cases, and it was significantly
associated with TP53 mutations (Fisher’s test, P = 0.01) and the
MSS/TP53~ subtype (Fisher’s test, P = 8e—6). We observed that
recurrent focal amplifications in ERBB2, EGFR, CCNEI, CCNDI,
MDM?2, ROBO2, GATA6 and MYC were common and signifi-
cantly enriched (Fisher’s test, P = le—6) in the MSS/TP53~ group
(Table 3), with a corresponding increase in mRNA expression
levels (Supplementary Fig. 5) and protein levels (EGFR and ERBB2;
Supplementary Fig. 6). Moreover, the most prevalent amplifications
(ERBB2, EGFR, CCNEI, CCND1I) tended toward mutual exclusivity
in the MSS/TP53~ subtype (49, 34 and 3 samples with 0, 1 and 2 focal
amplifications respectively; P = 0.05).

Table 2 Pattern of recurrence according to molecular subtypes.

E542K and E545K mutations in MSS tumors  Characteristics

MSS/TP53~ MSS/TP53* MSI MSS/EMT

(Supplementary Data 4)!0. The EMT sub-
type had a lower number of mutation events
when compared to the other MSS groups
(P =1e-3). The MSS/TP53~ subtype showed
the highest prevalence of TP53 mutations
(60%), with a low frequency of other muta-
tions, whereas the MSS/TP53* subtype
showed a relatively higher prevalence (com-
pared to MSS/TP53") of mutations in APC,
ARIDIA, KRAS, PIK3CA and SMADA4.

We next analyzed the copy number pro-
files in terms of both focal amplifications in

ACRG cohort

SMC-2 cohort

TOTAL

Pattern of recurrence?

ACRG cohort

SMC-2 cohort

TOTAL

Liver metastases only®
ACRG cohort

SMC-2 cohort

TOTAL

85/195 (43.6%)

No. of documented recurrences/No. of total subjects per subgroup
47/107 (43.9%)

31/79 (39.2%)
30/85 (35.3%)
61/164 (37.2%)

16/68 (23.5%)
10/49 (20.4%)
26/117 (22.2%)

31/46 (67.4%)
33/55 (60.0%)
64/101 (63.4%)

38/88 (43.2%)

Peritoneal seeding (with malignant ascites)?

2/16 (12.5%)
2/10 (20.0%)
4/26 (15.4%)

24/31 (77.4%)
17/33 (51.5%)
41/64 (64.1%)

11/47 (23.4%)
9/38 (23.6%)
20/85 (23.5%)

6/31 (19.4%)
9/30 (30.0%)
15/61 (24.6%)

6/47 (12.8%)
12/38 (31.6%)
18/85 (21.2%)

3/31(9.7%)
2/30 (6.7%)
5/61 (8.2%)

4/16 (25.0%)
2/10 (20.0%)
6/26 (23.1%)

0/31 (0.0%)
3/33(9.1%)
3/64 (4.6%)

known cancer genes and chromosome-wide
copy number variation (Table 3 and Fig. 3b).

20f all recurrences per group. Of first site of recurrences with peritoneal seeding/malignant ascites/no. of all recurrences per
group. °Of first site of recurrences with limited liver metastases/no. of all recurrences per group.
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Figure 3 Molecular alteration landscape of ACRG GC. (a) Mutational landscape. Samples are sorted § 06
by the total number of mutations in each sample. Blue to red codes for the clinical parameters as g
follows: Stage, early to late; differentiation, poor to well differentiated; Lauren histology, intestinal § oal
to diffuse. The recurrent mutations are sorted from top to bottom by Spearman correlation with the g ’
total number of mutations. Two key patterns are the number of mutations (blue to red for small to large), & ozl
which associate with MSI subtype, and TP53 mutation, which associates with the TP53-inactive subtype. ’
Most prevalent mutations correlate to the total number of mutations. (b) Copy number variation 0 ) ) ) ) ) )
(CNV) landscape. The major pattern observed is the higher prevalence of low-level chromosome-wide 0 20 40 60 80 100 120

amplifications (red) and deletions (blue), typically in TP53-mutant cases and in the MSS/TP53~

Overall survival (months)

molecular subtype. Focal amplifications in oncogenes (red) and focal deletions in tumor-suppressor

genes (blue) also occur on a broad CNV damage background. EBV+ and MSS/EMT tumors lack CNV alterations as well. (c) Distribution of TCGA gastric
data set tumors using ACRG subtypes and compared to TCGA GC subtypes!9. (d) Distribution of ACRG GC tumors using the TCGA subtype compared to
the ACRG subtypes. (e) Overall survival associations using TCGA genomic classifiers in the ACRG GC data set: CIN (n=66), EBV (n=14), MSI (n= 39),

and GS (n = 123). Log-rank test showed overall P=0.07.

Comparison with other reported molecular subtypes

We compared the similarity and differences of our classification
approach with the expression clusters and genomic subtypes derived
by TCGA, as well as with the expression classifiers derived by the
Singapore study. The TCGA study reported expression clusters (sub-
types named C1-C4) and genomic subtypes (subtypes named EBV*,
MSI, Genome Stable (GS) and Chromosomal Instability (CIN)).
A follow-up study of the Singapore cohort?! described three expres-
sion subtypes (Proliferative, Metabolic and Reactive)34.

The comparison of the ACRG subtypes with the TCGA genomic
subtypes when applied to both ACRG and TCGA data sets showed
similarities such as tumors with MSI in both data sets, and it showed
that the TCGA GS, EBV* and CIN subtypes were enriched in ACRG
MSS/EMT, MSS/TP53* and MSS/TP53~ subtypes, respectively
(Fig. 3¢,d). However, we saw several differences in terms of cohort,
molecular mechanism, driver gene and prognosis association. We
observed that the tumors classified as the TCGA CIN subtype were
present across all ACRG subtypes in the TCGA data set (Fig. 3c).

Tumors classified as the GS subtype in the TCGA set were present
across all ACRG subtypes in the ACRG data set (Fig. 3d). We saw a
substantially lower percentage of Lauren’s diffuse-subtype cases in
the TCGA cohort (24% in TCGA versus 45% in ACRG) with the
majority (57%, n = 37/65) of Lauren’s diffuse-subtype cases present
in the TCGA GS group but only 27% (n = 37/135) cases present in the
ACRG MSS/EMT subtype (Table 1 and ref. 10). This is suggestive of
less heterogeneity in the diffused subtype in the TCGA cohort. We
also saw that CDHI mutations were highly prevalent in the TCGA GS
subtype (37%), but that they were infrequent in the ACRG MSS/EMT
subtype (2.8%). CDHI mutations in sporadic GC are low-frequency
events, but they appeared with high frequency in the TCGA cohort!°.
Furthermore we saw that RHOA, a driver gene in the TCGA GS
group, was not prevalent in the ACRG MSS/EMT subtype (n = 1/8,
see Table 3), and in fact, RHOA mutations were more prevalent in the
MSS/TP53~ and MSS/TP53* groups of the ACRG cohort (n = 7/8).
Overall, the differences related to Lauren classification and to CDH1
and RHOA alterations suggested that the TCGA GS type is not
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Table 3 Highlights of genomic alterations in each subtype.

enrichment of PIK3CA mutations (40% ver-

Gene aberrations MSS/TP53~ MSS/TP53+ MSI MSS/EMT Pvalue sus 6%, P = 5e-3) and ARIDIA mutations
Gene amplifications (47% versus 10%, P = 5e—3) within EBV* GC
CCND1 4/86 (4.7%) 2/66 (3.0%) 2/61 (3.3%) 3/41(7.3%)  0.7190 compared to MSS subtypes!?. We also identi-
CCNE1I 15/86 (17.5%) 10/66 (15.2%) 3/61 (4.9%) 5/41 (12.2%) 0.2077 fied signiﬁcant association of EBV infection
EGFR 6/86 (7.0%) 2/66 (3.0%) 1/61 (1.6%) 0/41 (0.0%)  0.2685 with cytokine signature (receiver operating
HER2 15/86 (17.4%)  2/66 (3.0%)  0/61 (0.0%) 0/41 (0.0%)  0.0001 characteristic (ROC)-area under the curve
FGFR2 1/86 (1.2%) 2/66 (3.0%)  0/61 (0.0%) 2/41 (4.9%)  0.2594 (AUC) = 0.86, P = le-3), consistent with
KRAS 4/86 (4.7%) 5/66 (7.6%) 1/61 (1.6%) 1/41 (2.4%) 05112 reports of increased immune infiltrate in
MDM2 0/86 (0.0%) 5/66 (7.6%) 1/61 (1.6%) 2/41 (4.9%)  0.0316 . . 35 )

virally driven cancers’>. We did not observe
MET 3/86 (3.5%) 2/66 (3.0%) 1/61 (1.6%) 0/41 (0.0%)  0.8028 any significant association of molecular
PIK3CA 1/86 (1.1%) 0/66 (0.0%)  0/61 (0.0%) 0/41 (0.0%)  0.5805 ) o )
myc 8/86 (9.0%)  2/66(0.0%)  0/61(0.0%)  1/41(2.4%)  0.0365 subtypes with H. pylori infection (P = 0.3).
Somatic mutations We observed that the co-infection is not
ALK 2/85 (2.4%)  0/59(0.0%)  7/43(16.3%) 0/36(0.0%)  0.0001 significantly associated with ACRG subtypes
APC 7/85(8.2%)  9/59 (15.3%)  7/43(16.3%)  1/36 (2.8%)  0.1748 in tumors for which infection status informa-
ARIDIA 5/85(5.9%)  11/59 (18.6%) 19/43 (44.2%)  5/36(13.9%) 2.8x10-5 tionis available for both pathogens.
BRAF 3/85 (3.5%) 1/59 (1.7%) 5/43 (11.6%)  1/36 (2.8%)  0.0969
CDH1 3/85 (3.5%) 1/59 (1.7%) 3/43 (7.0%) 1/36 (2.8%)  0.5657 DISCUSSION
CTNNBI 2/85 (2.4%) 3/59 (5.1%) 1/43 (2.3%) 0/36 (0.0%) 0.5158 Molecular signatures associated with dis-
EGFR 1/85 (1.2%) 1/59 (1.7%) 2/43 (4.7%) 0/36 (0.0%) 0.4257 tinct clinical outcomes have been deline-
ERBB2 4/85 (4.7%) 0/59 (0.0%) 7143 (16.3%) 1/36 (2.8%) 0.0042 ated in various solid tumors, thereby laying
ERBB3 5/85 (5.9%) 3/59 (5.1%) 6/43 (14.0%) 0/36 (0.0%) 0.0916 the groundwork for improved clinical
FBWX7 2/85 (2.4%) 1/59 (1.7%) 7/43 (16.3%)  1/36 (2.8%)  0.0030 management through the development of
KRAS 3/85 (3.5%) 5/59 (8.5%)  10/43(23.3%)  0/36 (0.0%)  0.0006 personalized medicine36-40. Several mole-
MTOR 3/85 (3.5%) 1/59 (1.7%) 6/43 (14.0%)  0/36 (0.0%)  0.0097 cular characterization studies have been
PIK3CA 4/85(4.7%)  10/59 (16.9%) 14/43 (32.6%)  3/36(8.3%)  0.0007 conducted in GC7-2. However, a consensus
PTEN 3/85 (3.5%) 2/59 (3.4%) 6/43 (14.0%)  2/36(5.6%)  0.1002 .

on clinically relevant subtypes that encom-
RHOA 3/85 (3.5%) 4/59 (6.8%)  0/43 (0.0%) 1/36 (2.8%)  0.3497 passes molecular heterogeneity and that can
SMAD4 2/85 (2.4%) 5/59 (8.5%) 2143 (4.7%) 1/36 (2.8%)  0.3629 ) o e
P53 51/85 (60.0%) 14/59 (23.7%) 11/43 (25.6%) 12/36 (33.3%) 0.0016 be used in preclinical and clinical research

equivalent to the ACRG MSS/EMT subtype. Next we looked at the
MSS/TP53* subtype and EBV in both cohorts. We saw that the EBV*
cases represent a small proportion of samples in the MSS/TP53* sub-
type with n = 12/18 EBV* tumors present in n = 79 tumors in the
MSS/TP53* group (Fig. 3d,c), suggesting that these two subtypes
are probably different. Finally, we classified ACRG tumors using the
TCGA genomic scheme and saw a much weaker association with the
prognosis trend (n = 242 samples with information on EBV, MSI,
CIN and GS; Fig. 3e), compared with the original prognosis trends
(Fig. 2). We saw that CIN and GS show no difference in prognosis
in the ACRG cohort, with the MSI group consistently showing better
prognosis across the two classification systems.

Further comparison of expression subtypes from the ACRG,
Singapore and TCGA cohorts (Supplementary Fig. 7) showed high
similarity between the Singapore and TCGA expression subtypes,
except for the cytokine or TCGA C2 cluster, which was missing
from the expression subtypes from the Singapore classification. No
equivalent subtype that corresponded to the ACRG MSS/TP53* or
MSS/TP53~ groups was present in either the TCGA or Singapore
cohorts. Our overall analysis suggested that the ACRG classification
scheme is unique.

Association between GC pathogens and subtypes

We observed EBV infection in 6.5% (n = 18/275) and Helicobacter
pylori infection in 42.5% (n = 55/127) of cases, respectively in the
ACRG cohort. The EBV* GCs lacked either copy number variation
(CNV GI) or hypermutation, and they occurred more frequently
(n=12/18 of EBV*) in the MSS/TP53" subtype (Fig. 2c), suggesting
a distinct tumorigenic profile for these tumors. We saw significant

has not been reported. Here we report
the molecular classification of GC linked
not only to distinct patterns of genomic alterations, but also to
recurrence pattern and prognosis across multiple GC cohorts.

The exclusivity between MSI and CIN was previously described in
solid tumors as well as in pan-cancer analysis of TCGA tumors*142,
Our subtype classification draws from that stratification approach
and supplements it by incorporating two key molecular mechanisms
related to TP53 activity and EMT to further stratify GC patients.
We show applicability of ACRG subtypes in three additional GC
cohorts and their consistent and significant association with survival
despite the various sources of heterogeneity and cohort differences.
We believe this is a consequence of (i) using TP53 activity signature
as well as the molecular differences between two highly prolifera-
tive subtypes (MSI and MSS/TP53~) which have distinct molecu-
lar mechanisms and survival outcomes—notably, whereas the TP53
signature is associated with survival in the MSS non-EMT subtype,
neither TP53 mutation status nor tumor proliferation signature alone
significantly predicts survival (data not shown); (ii) defining EMT as
a separate subtype which showed the worst prognosis; (iii) using gene
expression-based classification, as RNA is more likely to reflect the
cellular phenotypes; and (iv) taking advantage of detailed clinical and
follow-up data in conjunction with genomic data.

Our study has potentially important clinical implications in GC.
First, molecular screening and therapeutic development according
to the GC molecular classifications should be considered, especially
when newer targeted agents are being developed. Currently, the anti-
tumor efficacy of a molecularly targeted agent is tested in all GC
types as a whole regardless of molecular subtypes both in preclinical
and clinical trials. As an example, PIK3CA mutations appear in
different GC subtypes, but with varying prognosis and inhibitors
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targeting PIK3CA, one may need to consider the underlying subtypes
to interpret the responses. Second, molecular alterations relevant to
molecular treatments are associated with our subtype stratification.
Specifically, gene amplifications are enriched in the MSS/TP53~
subtype, for which approved therapies exist (trastuzumab, Receptor
tyrosine-protein kinase erbB-2 (HER2-targeting agent)*3 or have
ongoing clinical investigations (for example, nimotuzumab, epider-
mal growth factor receptor (EGFR)-targeting agent). Other rational
treatment options could be CDK4/6 inhibitors for CCNDI ampli-
fications, CDK2 inhibitors for CCNEI amplifications, and MDM?2
inhibitors for MDM?2 amplifications. Given the mutual exclusivity
of these alterations and their uniform molecular background, these
could potentially translate into a durable response. Third, diffuse-
type GCs are typically referred to as poorly differentiated and EMT-
like adenocarcinomas. However, only a subset of diffuse-subtype
cases consistently show poor prognosis and hallmarks of EMT. This
group may require more aggressive clinical management and a bet-
ter understanding of underlying pathogenesis. Fourth, cancer cell
lines are important tools in translating the findings. We examined
the presence of GC subtypes in gastro-esophageal cell lines from the
Cancer Cell Line Encyclopedia project (CCLE)*4, and we saw under-
representation of the MSS/TP53* subtype (Supplementary Fig. 8).
The paucity of the TP53-active subtype in cell line model systems
warrants further investigation into developing more clinically relevant
models of GC to fill this translational gap. Finally, our subtyping could
potentially be applicable to other gastrointestinal cancer types such
as colorectal cancer. Our preliminary work in colorectal cancer has
shown the presence of subtypes (Supplementary Fig. 9), but much
more needs to be done to study their presence and clinical relevance
across other tumor types.

One of the foreseeable hurdles for the use of molecular signa-
tures in practice is cost. We believe that multiplexed assays such
as Mammaprint or PAM50 can be developed and applied in GC.
Alternatively immunohistochemistry and RNA-in situ hybridization
techniques could be used. The MSI group can be identified using
MLH1 immunohistochemical analysis or the Pentaplex assay, and
the MSS/EMT group can be identified using VIM, ZEBI or CDHI
expression (ROC-AUC =0.9, 0.97, 0.86 respectively). The remaining
samples can be divided into MSS/TP53-related groups by an assay
using MDM2 and CDKNIA expression.

In summary, we provide a stratification framework that may aid in
the discovery and development of rational treatment options for GC
patients and thus provide them with more meaningful outcomes.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Data have been deposited into NCBI Gene Expression
Omnibus (GEO): Gene expression microarrays (GSE62254) and
SNP6 microarrays (GSE62717).

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Study design, tissue specimens and pathology. We designed this study
as a disease landscape study with no pre-specified hypothesis. We profiled
n =300 tumors higher than any of the studies in public domain (April 2010)
from any single group to enable biologically and clinically relevant subgroup
detection. We generated genomics data described below comprising (i) whole-
genome sequencing of n =49 GC tumors and recurrent mutation information
(published elsewhere??) that informed selection of genes for targeted
re-sequencing done in this study; and (ii) gene expression, copy number
profiling and targeted re-sequencing (Supplementary Fig. 1).

We procured n = 300 primary independent GC specimens at the time of
total or subtotal gastrectomy at Samsung Medical Centre, Seoul, Korea, from
2004-2007 (all of the tissue specimens were at chemo-naive state during primary
resection of gastric cancer). We stored all the tissue samples at —80 °C. Samsung
Medical Centre Institutional Review Board (IRB no. 2010-12-088) approved
the protocol. We obtained informed consent according to the IRB protocol. We
clinically annotated the tumors but de-linked them from personally identifiable
information. This cohort has a median follow-up time of 86.4 months (range:
53.1-106.6 months). No subjects received neoadjuvant chemotherapy or chemo-
radiation therapy. Ninety-eight subjects received post-operative chemotherapy
or chemoradiation therapy (CRT) in this cohort. The post-operative surveil-
lance program for recurrence is to follow up every 6 months until 5 years from
the date of surgery.

We selected cases on the basis of the following criteria: histologically
confirmed adenocarcinoma of the stomach; surgical resection of primary GC;
age >18 years; and complete pathological, surgical, treatment, and follow-up
data. Two expert gastrointestinal pathologists (K.-M.K., L.-G.D.) reviewed
H&E-stained slides to select cases with estimated carcinoma content of at least
60%. We used primary GC tissues for the genomic analysis and reevaluated the
pathologic diagnosis, histologic Lauren subtype, depth of invasion and
lymphovascular invasion in all tumors.

For the tissue microarray, we reviewed all H&E-stained slides and carefully
selected representative histological areas and marked them on the paraffin
blocks. We took four primary GC tissue cores (diameter = 0.6 mm) from the rep-
resentative areas of paraffin blocks using AccuMax (IsuAbxis, Seoul, Korea).

We performed MLH1 immunohistochemistry using the clone ES05
MLH1-specific antibody (1:100 dilution, Novocastra, UK) in formalin-
fixed paraffin-embedded (FFPE) tissue sections. For further MSI analyses of
MLH1-negative cases, we used five markers with mononucleotide repeats
(BAT-25, BAT-26, NR-21, NR-24 and NR-27) as previously described*’.
We end-labeled each sense primer with one of the fluorescent markers FAM,
HEX or NED. We performed Pentaplex PCR and ran the amplified PCR
products on an Applied Biosystems PRISM 3130 automated genetic analyzer.
We estimated allelic sizes using Genescan 2.1 software (Applied Biosystems,
Foster City, CA). We considered the samples with allelic size variations in
more than three microsatellites as MSI-high. Almost all MLH1-low cases were
MSI-high (Supplementary Fig. 10).

We checked for the presence of EBVinfection as follows. We cut 3-um-thick
paraffin sections of the tissue microarrays and mounted them onto SuperFrost
Plus slides (Thermo Scientific, Waltham, MA) for EBV in situ hybridization.
We performed the entire in situ hybridization procedure on a fully automatic
system (Leica BOND-MAX, Leica Biosystems, Newcastle, UK) with a Bond
Ready-to-Use ISH EBER (EBV-encoded RNA) probe (Leica Biosystems,
Newcastle, UK) according to the manufacturer’s instructions. We considered the
cases with a strong signal within almost all tumor cell nuclei to be positive*S.

We investigated ERBB2 (HER2) and EGFR overexpression by immuno-
histochemistry. We conducted the investigation using PATHWAY anti-HER-
2/neu (4B5) (Ventana Medical Systems, Tucson, AZ, USA; No dilution needed)
and anti-NCL-L-EGFR-384 (Novocastra/Vision Biosystems, Newcastle, UK;
1/100 dilution) antibodies. We used the BenchMark XT automated
slide-processing system (Ventana Medical Systems, Tucson, AZ) according
to the manufacturer’s protocol and scored the gene status in accordance with
the recently developed assessment guidelines?’. Briefly, we deparaffinized
and rehydrated 4-um tissue sections and retrieved antigens for 40 min in a
citrate buffer (pH 6.1) at 95 °C. We used DAB as the chromogen, and the sections
were counterstained with hematoxylin.

We microscopically examined the presence of H. pylori in gastric biopsy
specimens stained with H&E and toluidine blue.

Gene expression profiling. We extracted the RNA from 300 tumors according
to the manufacturer’s protocol (Affymetrix Inc., Santa Clara, CA, USA). We used
Affymetrix Human Genome U133plus 2.0 Array for gene expression profiling
and processed the raw files using standard Affymetrix software, including RMA
normalization.

Gene signature analysis. We used gene expression data to generate the subtypes,
and we did not generate or use any additional whole-genome or whole-exome
sequencing data. We performed principal component analysis (PCA) on the gene
expression data set and then analyzed the association between the principal com-
ponents and signatures relevant to cancer and GI tract biology. We calculated the
gene expression signature scores using the average of log intensity (also known
as the geometric average) of expression of genes in the signature. We compared
the association of the first three principal components (PC 1-3) with several
pre-defined published gene expression signatures relevant for cancer biology,
including EMT signature?®, MSI/MSS?, cytokine signature?’, proliferation sig-
nature?$, gastric tissue signature3? and a TP53 signature?®. All the detailed gene
lists are provided in Supplementary Data 5.

Classification into molecular subtypes. We used the signatures of EMT,
MSI and TP53 activity to define molecular subtypes. The distribution tails
of MSI and EMT signatures exhibit a mutually exclusive pattern (Fisher’s test
P = 6.6e—5, Supplementary Fig. 3) and thus identify the groups of samples in
the MSI and EMT groups, respectively. In the remaining MSS samples, we
used TP53 signature as stratifying score (with a threshold defined by the
Youden index of the ROC curve associating the signature with TP53 mutation;
Supplementary Fig. 4).

Copy number variation profile and targeted sequencing. We extracted the
DNA from the tumor and peripheral blood mononuclear cells (PBMCs) using
the QIAamp DNA Mini Kit according to the manufacturer’s protocol (Qiagen,
Valencia, CA).

We assayed 277 tumor DNA samples and 14 matching normal DNA
samples on Affymetrix Genome-Wide Human SNP 6.0 Arrays, according
to the manufacturer’s instructions. All of the .CEL files produced from the
SNP 6.0 arrays passed the quality control thresholds suggested by the
manufacturer, indicating high DNA quality and assay executions. We conducted
the PICNIC (Predicting Integer Copy Number in Cancer) analysis*®. Six tumor
.CEL files and one normal .CEL file failed to pass the PICNIC analysis (2.3%).
Overall, we could generate segmented copy numbers for 271 tumor samples
and 13 normal samples.

We defined a genomic instability index (termed CNV GI) by counting
the number of chromosomes altered either by deletion or amplification
per sample (>2.3 x median average deviation from the population median for
each chromosome). Furthermore, we defined focal amplifications as alterations
above the chromosome level (>1.2 copies), filtered by the correlation with gene
expression (Spearman correlation > 0.2).

We acquired the target capture oligomers for targeted re-sequencing
from Agilent for recurrent genes present in at least two samples from the
whole-genome sequencing data (n = 49). The list of 384 recurrent genes and
13 additional genes of interest (KRAS, KIT, EGFR, PTEN, ROS1, PDGFRB,
CAMKID, ERCC6, MET, NRAS, CTNNBI, STK11, BRAF), are provided in
Supplementary Data 4. We performed targeted sequencing on an Illumina
Hiseq 2000, with a median depth of 100x (range: 40x-180x). We performed the
alignment using BWA-mem v0.7.4 using the default parameters and GRCH37
as the reference genome. We used three callers to call the variants: (i) samtools
mpileup v0.1.19, http://samtools.sourceforge.net/; (ii) freebayes v0.9.10, https://
github.com/ekg/freebayes; and (iii) GATK lite v2.3, https://www.broadinstitute.
org/gatk/download. We use variants that are called by at least one caller for both
normal and tumor samples. We used the minimal mapping and base quality
Phred-like score of Q13, with minimum variant read support of at least 3.
We removed any tumor variants that were detected in the paired normal samples
(we applied a cutoff of Q10 for the genotype quality score). We removed somatic
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variants found in 22 normal samples in this data set as well as reported germ-
lines in public databases with at least three allele counts reported in the 1,000
Genomes, EVS, HapMap and Complete Genomics 69 genome databases
or annotated as G5 in dbSNP (>5% minor allele frequency in more than
one population).

Independent validation cohorts. We validated the four subtypes identified
on the basis of gene signatures in our cohort using other independent
GI tract cancer cohorts, namely the Samsung Medical Center Cohort-2 (SMC-2
independent internal cohort; n = 277; GEO database GSE26253)3!, the Singapore
cohort (n = 200; GEO database GSE15459)?!, and the TCGA gastric tumor
cohort (n = 291, with n = 205 reporting survival data)!0. Additionally, for
validation of the subtypes on other types of GI tract cancer, we used the TCGA
colorectal cancer cohort?® (n = 179). We compiled the TCGA colorectal and
gastric data sets from the TCGA portal (http://cancergenome.nih.gov) in
August 2013 and August 2014, respectively. Survival data were not available
for the TCGA colorectal cohort and thus were not included for the survival
analysis. The SMC-2 cohort consisted of stage Ib-IV GC patients with curative
gastrectomy and D2 lymph node dissection with postoperative adjuvant
treatment’! (Supplementary Data 3). The Singapore cohort consisted of
curatively resected stage II-IV GC patients with or without postoperative
adjuvant treatment (Supplementary Data 3).

Clinical endpoints. We used overall survival as the primary endpoint. Overall
survival is defined as the time from surgery to the date of death or to the
last follow-up date. We defined the date of relapse as the date of documented
recurrences by imaging, biopsy and cytology. We used the date of last follow
up for cases with no recurrence at the time of the last follow up. We retrospec-
tively reviewed the pattern of recurrence, all CT imaging and medical records.
We defined significant peritoneal seeding according to our previous work?.
We define the peritoneal nodules at CT without definite evidence of malignant
ascites as non-significant peritoneal seeding.

Statistical analysis. We used PCA for unsupervised analysis of transcriptome
data. Additionally, we used Pearson correlation to determine the association
between principal components and predefined gene expression signatures.
We used the following statistical tests: the Spearman correlation for pairs of
continuous variables, ROC-AUC and Wilcoxon rank test for comparing a

continuous versus a binary variable, Fisher’s exact test for confusion matrices
of binary variables and Chi-square for contingency tables of ordinal variables,
Cox regression and log-rank test for survival analysis in the discovery set, and
Cox regression trend for association with survival in validation sets. The survival
rate followed a certain trend in the ACRG cohort (i.e., EMT < TP53~ < TP53*
< MSI) for the four molecular subtypes. Thus, we used the trend test in the vali-
dation cohorts rather than log-rank test. We assessed the proportional hazards
assumption of the Cox model using the method proposed by Grambsch and
Therneau®, and all data sets fulfilled it (P = 0.5, 0.2, 0.16, 0.34 for the ACRG,
SMC-2, Singapore and TCGA gastric cohorts, respectively). We used 5% as the
significance level for all tests.

We dichotomized the variables for multivariable cox regression; subtypes
were grouped into MSS/TP53*, MSS/TP53~ and MSI versus MSS/EMT;
age into >62 versus > 62 (median age is 62 years); sex into female versus male;
location into non-antrum versus antrum; WHO classification into signet,
partially differentiated and others versus well- and moderately differentiated;
Lauren classification into diffuse versus intestinal; AJCC stage into Ib/II versus
III/IV; EBV into negative versus positive; lymphovascular invasion into negative
versus positive; and perineural invasion into negative versus positive.

We used the MATLAB package including the Statistics toolbox (Mathworks,
Natick, MA, USA), the R package (v.2.15 http://www.r-project.org/) or
MedCalc Statistical Software v.13.2.0 (MedCalc Software, Belgium; http://www.
medcalc.org; 2014) for all statistical tests.
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