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Gastric cancer (GC) pathogenesis is complex and heterogeneous, reflecting

morphological, molecular and genetic diversity. Diffuse gastric cancer

(DGC) and intestinal gastric cancer (IGC) are the major histological types.

GC may be sporadic or hereditary; sporadic GC is related to environmen-

tal and genetic low-risk factors and hereditary GC is caused by inherited

high-risk mutations, so far identified only for the diffuse histotype. DGC

phenotypic heterogeneity challenges the current understanding of molecular

mechanisms underlying carcinogenesis. The definition of a DGC-specific

mutational profile remains controversial, possibly reflecting the heterogene-

ity of DGC-related histological subtypes [signet-ring cell carcinoma

(SRCC) and poorly cohesive carcinoma not otherwise specified (PCC-

NOS)]. Indeed, DGC and DGC-related subtypes may present specific

mutational profiles underlying the particularly aggressive behaviour and

dismal prognosis of DGC vs IGC and PCC-NOS vs SRCC. In this system-

atic review, we revised the histological presentations, molecular classifica-

tions and approved therapies for gastric cancer, with a focus on DGC. We

then analysed results from the most relevant studies, reporting mutational

analysis data specifying mutational frequencies, and their relationship with

DGC and IGC histological types, and with specific DGC subtypes (SRCC

and PCC-NOS). We aimed at identifying histology-associated mutational

profiles with an emphasis in DGC and its subtypes (DGC vs IGC; sporadic

vs hereditary DGC; and SRCC vs PCC-NOS). We further used these

mutational profiles to identify the most commonly affected molecular path-

ways and biological functions, and explored the clinical trials directed

specifically to patients with DGC. This systematic analysis is expected to

expose a DGC-specific molecular profile and shed light into potential tar-

gets for therapeutic intervention, which are currently missing.

Abbreviations

DGC, diffuse gastric cancer; IGC, intestinal gastric cancer; PCC-NOS, poorly cohesive carcinoma not otherwise specified; SRCC, signet-ring

cell carcinoma.
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1. Introduction – a general overview
of gastric cancer morphology and
mutational landscape

Gastric cancer (GC) is very heterogeneous from the

morphological, genetic and molecular standpoints. The

molecular heterogeneity is mirrored in the great vari-

ability of morphological phenotypes [1]. In this work,

we revised the histological features, molecular classifi-

cations and approved therapies for GC, with a focus

on DGC. We then explored a set of studies that

reported mutational analysis data specifying muta-

tional frequencies and their relationship with DGC

and IGC histological types, as well as with specific

subtypes of DGC, namely SRCC and poorly cohesive

carcinoma not otherwise specified (PCC-NOS), to fill a

gap in the current knowledge.

1.1. Main histopathological classifications of

gastric cancer

A large number of histopathological classifications

have been proposed over time [2–8]. The most com-

monly used gastric cancer classification is, in the Wes-

tern countries, the one proposed by Laurén [3] and the

World Health Organization (WHO) classification [8].

In Eastern countries, the most commonly used gastric

cancer classification is the one issued by the Japanese

Gastric Cancer Association (JGCA) [7], which is very

similar to the WHO classification, 5th edition [9].

The Laurén classification [3] distinguishes two major

types, intestinal gastric cancer (IGC) and diffuse gas-

tric cancer (DGC). The former is constituted by tubu-

lar or papillary structures, while the latter is

characterized by poorly cohesive and infiltrative

tumour cells that may or may not have a signet-ring

cell (SRC) morphology. Tumours presenting both

intestinal and diffuse components are termed mixed

carcinomas. Other carcinomas that do not fit in one of

these subtypes are placed in the indeterminate cate-

gory. Despite dating back to 1965, Laurén

classification is still widely accepted and used, as it dis-

tinguishes subtypes with distinct epidemiologic set-

tings, clinicopathologic profiles and biological

behaviours. These subtypes also correspond to distinct

tumour spreading patterns: while IGC tends to metas-

tasize haematogenously to the liver, DGC usually dis-

seminates through peritoneal surfaces. Mixed gastric

cancer shows a poorer prognosis compared with IGC

or DGC types [10,11] and a dual metastatic pattern

(haematogenous metastases and peritoneal dissemina-

tion with lymph node metastases) [12], probably

because of the cumulative adverse effect of the two

components within a single tumour.

The classification of the World Health Organization

(WHO), 5th edition (2019), [9] recognizes five major

types of gastric adenocarcinoma (tubular, papillary,

mucinous, poorly cohesive and mixed), as well as other

rarer subtypes (gastric carcinoma with lymphoid

stroma, hepatoid adenocarcinoma and related entities,

micropapillary adenocarcinoma, gastric adenocarci-

noma of fundic gland type, etc.).

1.2. The morphological heterogeneity of DGC

The DGC subtype in Laurén classification roughly

corresponds to the poorly cohesive carcinomas (PCC)

in the 2019 WHO classification [8].

DGC/PCC may show great morphological variabil-

ity, between different tumours from distinct patients,

but also within different areas of the same tumour (in-

tertumour and intratumour morphological heterogene-

ity). The classical picture of DGC/PCC displays a

tumour composed of poorly cohesive signet-ring cells

(SRCs) (Fig. 1, left panel). SRCs are defined by the

presence of an abundant mucin vacuole filling the

cytoplasm and pushing the nucleus to the cell periph-

ery [13]. Especially in early lesions (i.e., GCs limited to

the mucosa and submucosa), different types of SRCs

may be observed, which are distinguished by the nat-

ure of the cytoplasmic mucin [14,15]. The description

of different SRC types may be considered merely

Fig. 1. Representative Images of a SRCC case (left) and a PCC-NOS case (right) highlighting the heterogeneity present in sporadic DGC.
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academic, as it does not appear to influence the tumour

prognosis. DGC/PCC may also show cells that do not

present classic SRC morphology. In particular,

advanced lesions infiltrating the gastric wall may show

pleomorphic, bizarre and diffusely infiltrative neoplastic

cells, sometimes with a lymphohistiocytic or sarcoma-

toid appearance, the latter representing the surrogate of

epithelial-to-mesenchymal transition activation. The

recognition of this subtype is of utmost importance, as

it presents a poorer prognosis when compared to pure

SRC carcinomas (SRCCs) [16]. Consistent with this

observation, the new 2019 WHO classification stresses

the importance of evaluating the morphological hetero-

geneity of DGC and distinguishing different PCC sub-

types, based on the presence and quantity of SRCs [8].

Poorly cohesive carcinomas of the SRC type (SRCC)

are composed predominantly or exclusively of SRCs

and show a better prognosis, while non-SRC type, that

is PCC-NOS, is composed (or show a predominant

component) of poorly cohesive and cells, without a clas-

sic SRC morphology (Fig. 1, right panel).

1.3. Main molecular classifications of gastric

cancer

The molecular and genomic analysis of large GC series

has identified a large variety of oncogene activating

mutations, tumour suppressor gene (TSG)-inactivating

alterations, gene fusions, somatic copy number alter-

ations (sCNAs) and other structural variations, as well

as epigenetic and transcriptional changes [17]. Activat-

ing mutations in oncogenes such as KRAS, BRAF and

PIK3CA have been reported in GC through single-

gene analysis at least three decades ago [18–21] and

remain important in GC using genome-wide strategies

[22–24]. TP53 is the most frequently mutated TSG in

GC, often occurring in more than 50% of the cases,

regardless of the experimental approach used, either

target gene or genome-wide [22,25–27]. Somatic inacti-

vating mutations in CDH1 gene (a relevant TSG in

GC) are known since the early 90’s and remain a hall-

mark of the diffuse histological type [22,28–34].
Genome-wide strategies allowed to overcome the

limitations of single-gene targeted approaches.

Through next-generation sequencing (NGS) technolo-

gies, the knowledge on GC mutational burden and

molecular signatures increased which culminated in the

development of GC molecular classifications. These

classifications based on genomics, transcriptomics and/

or epigenomic profiles can be associated with the main

GC histotypes (Table 1).

The first GC molecular classification was based

exclusively on gene expression profiling and directly

addressed differences in GC main histological types

[35]. The second, although driven by gene expression

profiling, was supported by gene-specific mutational

analysis, chromosomal instability and DNA methyla-

tion analysis [36]. These studies also presented patients’

response to treatment and disease outcomes according

to molecular classification. In 2014, a game-changer

GC molecular classification was published by The Can-

cer Genome Atlas (TCGA) consortium [22], based on a

deep and integrative molecular profiling with array-

based somatic copy number analysis, whole-exome

sequencing, array-based DNA methylation profiling,

messenger RNA sequencing (mRNA), microRNA

(miRNA) sequencing and reverse-phase protein array

(RPPA), microsatellite instability (MSI) testing and

low-pass whole-genome sequencing. In 2015, the Asian

Cancer Research Group (ACRG) generated compre-

hensive genomic and transcriptomic data sets from 300

GC cases, mainly from East Asia, producing the first

GC classification based on integrated molecular data

analysis and clinical outcomes [37]. In the two latter

publications, there was an attempt to correlate the

molecular subtypes with GC main histotypes, which

did not provide a straightforward overlap (Table 1).

Nevertheless, there is some correspondence between the

two latter classifications, namely regarding tumours

bearing mismatch repair deficiency (MSI), and those

dominated by E-cadherin deficiency, genomic stability

and epithelial-to-mesenchymal transition features (GS

for TCGA and MSS/EMT for ACRG). The greater

differences between TCGA and ACRG classifications

relate to the lack of an EBV subgroup in the ACRG

classification, which is molecularly defined in the

TCGA study, and the heterogeneity of the CIN sub-

group in TCGA, which becomes divided into two dis-

tinct subgroups in the ACRG study (Table 1).

1.4. Cost-effective strategies for molecular

classification

Given the complexity and high cost of the experimen-

tal approaches needed to stratify GC according to

TCGA and ACRG classifications, several studies pro-

posed less costly approaches to reach similar endpoints

(Fig. 2) [38–48].
In 2016, Setia et al. used 14 biomarkers in a GC

cohort from the United States and Ahn et al. studied

protein or mRNA expression of MLH1, E-cadherin,

p53 and EBV in a South Korean population to derive

five GC molecular subgroups and reproducing a com-

bination of TCGA and ACRG classifications [38,39].

In 2016, in situ hybridization (ISH) or immunohisto-

chemistry (IHC) were used to study MLH1, p53 and
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ré
n
h
is
to
p
a
th
o
lo
g
ic
a
l

c
la
s
s
ifi
c
a
ti
o
n

[3
5
]

(n
=

2
7
0
)

G
e
n
e
e
x
p
re
s
s
io
n
p
ro
fi
lin
g

G
-D

IF
(4
4
%
)

G
-I
N
T
(5
6
%
)

C
e
ll
p
ro
lif
e
ra
ti
o
n

F
a
tt
y
a
c
id

m
e
ta
b
o
lis
m

D
iff

us
e 

G
C

C
e
ll
a
d
h
e
s
io
n

C
a
rb
o
h
y
d
ra
te

a
n
d
p
ro
te
in

m
e
ta
b
o
lis
m

In
te

st
in

al
 G

C

[3
6
]

(n
=

2
4
8
)

G
e
n
e
e
x
p
re
s
s
io
n
p
ro
fi
lin
g
,
T
P
5
3
m
u
ta
ti
o
n
,
C
N
A

a
n
d
;D
N
A

m
e
th
y
la
ti
o
n

a
n
a
ly
s
is

M
E
S
E
N
C
H
Y
M
A
L

P
R
O
L
IF
E
R
A
T
IV
E

M
E
T
A
B
O
L
IC

L
o
w

T
P
5
3

m
u
ta
ti
o
n
s

L
o
w

E
-c
a
d
h
e
ri
n

m
R
N
A

C
S
C
/E
M
T

p
ro
p
ri
e
ti
e
s

D
iff

us
e 

G
C

H
ig
h
T
P
5
3

m
u
ta
ti
o
n
s

G
e
n
o
m
ic

in
s
ta
b
ili
ty

O
n
c
o
g
e
n
e

a
m
p
lifi
c
a
ti
o
n

In
te

st
in

al
 G

C

(i
n
te
s
ti
n
a
l

p
h
e
n
o
ty
p
e
)

L
o
w

T
P
5
3

m
u
ta
ti
o
n
s

N
o
rm

a
l
g
a
s
tr
ic

m
u
c
o
s
a
g
e
n
e

e
x
p
re
s
s
io
n

In
te

st
in

al
 G

C

(g
a
s
tr
ic

p
h
e
n
o
ty
p
e
)

[2
2
]

(n
=

2
9
5
)
–

T
C
G
A

c
o
h
o
rt

A
rr
a
y
-b
a
s
e
d
s
o
m
a
ti
c
c
o
p
y
n
u
m
b
e
r
a
n
a
ly
s
is
,
w
h
o
le
-e
x
o
m
e
s
e
q
,
a
rr
a
y
-b
a
s
e
d

D
N
A

m
e
th
y
la
ti
o
n
p
ro
fi
lin
g
,
m
R
N
A

s
e
q
,
m
ic
ro
R
N
A

s
e
q
a
n
d
re
v
e
rs
e
-p
h
a
s
e

p
ro
te
in

a
rr
a
y
,
M
S
I
te
s
ti
n
g
.

E
B
V

(9
%
)

M
S
I
(2
2
%
)

G
S

(2
0
%
)

C
IN

(5
0
%
)

E
B
V
-C
IM

P

C
D
K
N
2
A

s
ile
n
c
in
g

P
IK
3
A

m
u
ta
ti
o
n
s

P
D
-L
1
/2

a
m
p
lifi
c
a
ti
o
n

J
A
K
2

a
m
p
lifi
c
a
ti
o
n

G
a
s
tr
ic
-C
IM

P

M
L
H
1
s
ile
n
c
in
g

P
IK
3
A

m
u
ta
ti
o
n
s

H
E
R
2
/3

m
u
ta
ti
o
n
s

E
G
F
R

m
u
ta
ti
o
n
s

In
te

st
in

al
 G

C

C
D
H
1
m
u
ta
ti
o
n
s

R
H
O
A

m
u
ta
ti
o
n
s

C
L
D
N
1
8
-

A
R
H
G
A
P
fu
s
io
n

(R
h
o
A
-G
T
P
a
s
e
)

D
iff

us
e 

G
C

H
ig
h
T
P
5
3

m
u
ta
ti
o
n
s

T
K
R
-R
A
S

a
m
p
lifi
c
a
ti
o
n

A
m
p
lifi
c
a
ti
o
n
o
f

c
e
ll-
c
y
c
le

m
e
d
ia
to
rs

In
te

st
in

al
 G

C

[3
7
]

(n
=

2
5
1
)
–

A
C
R
G

c
o
h
o
rt

W
h
o
le
-g
e
n
o
m
e
s
e
q
,
g
e
n
e
e
x
p
re
s
s
io
n
p
ro
fi
lin
g
,
c
o
p
y
n
u
m
b
e
r
a
n
a
ly
s
is
,

ta
rg
e
te
d
re
-s
e
q
u
e
n
c
in
g
.

M
S
I
(2
3
%
)

M
S
S
/E

M
T
(1
5
%
)

M
S
S
/T

P
5
3
-

(3
6
%
)

M
S
S
/T

P
5
3
+

(2
6
%
)

E
B
V
+

c
a
s
e
s

in
c
lu
d
e
d
in

M
S
S
/T
P
5
3
+

M
L
H
1
lo
s
s

H
y
p
e
rm

u
ta
ti
o
n

(K
R
A
S
,

A
R
ID
1
A
,

P
IK
3
A
)

In
te

st
in

al
 G

C

C
D
H
1
lo
s
s

D
iff

us
e 

G
C

H
ig
h
T
P
5
3

m
u
ta
ti
o
n
s

G
e
n
o
m
ic

in
s
ta
b
ili
ty

O
n
c
o
g
e
n
e

a
m
p
lifi
c
a
ti
o
n

In
te

st
in

al
 G

C

In
te

st
in

al
 G

C

2844 Molecular Oncology 15 (2021) 2841–2867 ª 2021 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Diffuse Gastric Cancer Mutational Profiles J. Garcia-Pelaez et al.

 18780261, 2021, 11, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1878-0261.12948 by C

ochrane Portugal, W
iley O

nline L
ibrary on [12/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



EBV, but excluded the analysis of MSS/EMT (ACRG)

or GS (TCGA) [40]. In 2018, GC patients were classi-

fied using IHC based on molecular biomarkers to

derive four molecular subgroups, which excluded EBV,

and supported this classification demonstrating a sig-

nificant and independent correlation between IHC sub-

type and overall survival, clinical outcome, SRC

phenotype, tumour grade and vessel invasion [41].

In parallel, in 2018, ISH and IHC were performed

in a cohort mainly composed of IGC to refine previ-

ous GC classifications [42]. In 2019, 894 consecutive

GC Korean patients were used to validate previous

classifications, with IHC- and PCR-based approaches

and confirming the association between molecular sub-

types and patients’ overall survival [43]. More recently,

in 2020, an immunophenotypic classification, based on

IHC and ISH, was used to evaluate MLH1, p53,

HER2, E-cadherin and EBV in whole sections from

surgical GC specimens [44]. Another similar approach

was used to apply the IHC/ISH molecular algorithm

to a cohort of GC patients from Chile [46]. In this

study, the authors used targeted NGS sequencing to

characterize the four molecular subtypes, identifying

FGFR2 and KRAS gene amplification as potential

actionable targets in the EMT-like subgroup [46].

Wang et al. [45] studied a GC Chinese cohort to con-

clude that it would be possible to reproduce the

TCGA and ACRG molecular classifications only by

using IHC. In the two most recent cost-effective strate-

gies for GC molecular classification, Zhao et al. and

Tsai et al. used alternative surrogate biomarkers to

define MSS/TP53 subgroups and CIN subtype, based

on p21 protein expression and DNA content assessed

by DNA flow cytometry, respectively [47,48].

1.5. Clinical outcomes, molecular features,

prognosis, and approved and promising

therapies for GC molecular subgroups

The research effort that followed the publication of

the TCGA and ACRG molecular classifications led

not only to the development of cost-effective strategies

Fig. 2. Cost-effective strategies for molecular classification. [A] TCGA, The Cancer Genome Atlas [22]; [B] ACRG, Asian Cancer Research

Group [37]; CIN, chromosomal instability; EBER ISH, EBV-encoded small RNA in situ hybridization; EBV, Epstein–Barr virus; EMT, epithelial-

to-mesenchymal transition; GC, gastric cancer; GS, genomically stable; IHC, immunohistochemistry; MMRD, mismatch repair deficiency;

MSI, microsatellite instability; MSS, microsatellite stability; PCR, polymerase chain reaction. 1CIN subtype defined by the presence of

aneuploidy, using DNA flow cytometry; 2MSS/TP53- subtype defined by low p21 protein expression; 3MSS/TP53+ subtype defined by high

p21 protein expression.
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to stratify GC patients according to these classifica-

tions (Fig. 2), but also to validate the molecular com-

ponents from different molecular subgroups. This

further allowed correlating molecular subgroups or

alterations with clinical outcomes and response to

therapy (Table 2). In Table 2, the possible correlations

between TCGA and ACRG subgroups are presented,

supported by shared molecular features. This informa-

tion allows rethinking the application of former

approved therapies and novel promising ones.

One of the most evident gaps in GC therapy is the lack

of targeted therapies for DGC patients, which mainly

reside in the TCGA GS group and in the MSS/EMT

ACRG group (Table 2). This group of patients, which

represents nearly 20% of all GC and those with the poor-

est prognosis, is currently treated with conventional

chemotherapy but responds poorly [49] (Table 2).

Immune checkpoint inhibitors did not prove as an alter-

native in these patients, as MSS/EMT cases from the

ACRG group also showed poor treatment response [37].

Promising alternative therapies such as anti-CLDN18.2

antibody, targeting the CLDN18-ARHGAP26 gene

fusion, which is enriched in DGC cases [22,50,51] and

intraperitoneal administration of anticancer agents [52],

are just emerging treatments for this molecular subgroup,

but results are still pending (Table 2).

The remaining GC molecular subgroups are less prob-

lematic regarding prognosis and available approved ther-

apies or emerging ones (Table 2). The subgroups EBV-

positive from TCGA and MSI from TCGA and ACRG

show the best prognosis and are more likely to benefit

from immune checkpoints inhibitors. In fact, MSI

tumours are already selected for anti-PD1 treatment

[53–55]. Patients bearing EBV-positive tumours are part

of the ACRG MSS/TP53+ subgroup, present intermedi-

ate prognosis and are also often PD-L1-positive, turning

them also into good candidates for immune checkpoint

inhibition. Indeed, a phase II study on pembrolizumab

showed the ORR to be not only 85.7% in MSI-H gastric

cancers, but also more important to be 100% in EBV-re-

lated GC [56]. The TCGA CIN and ACRG MSS/TP53-

subgroups present intermediate prognosis and the best

survival benefit from adjuvant chemotherapy [37]. Given

the high frequency of oncogene amplifications, tumours

from this subgroup may also be treated with the

approved anti-HER2 therapy [57], and promising treat-

ments include inhibitors of the RTK-RAS pathway,

DNA repair molecules and ATR (Table 2).

Diffuse gastric cancer has long been recognized as an

independent GC histopathological entity; however,

along the time, DGC-associated subtypes have been rec-

ognized and deeply characterized at the morphological

and molecular levels. Despite this recognition, the most

two comprehensive GC molecular classifications

(TCGA and ACRG) have been blind to these subtypes,

and DGC as a whole, mainly cluster in the TCGA GS

group and in the MSS/EMT ACRG group. These two

molecular subgroups, besides sharing a dominant GC

histotype, also share mutations in DGC-associated

genes. Despite the increasing knowledge about GC

histopathological and molecular subtypes, the integra-

tion of these two aspects and its clinical utility remains

poorly explored.

In summary, DGC and its subtypes remain a major

problem in terms of prognosis, response to conven-

tional chemotherapy and a still arid ground for novel

therapeutic interventions.

1.6. Aim

After recognizing a knowledge gap regarding molecu-

lar features potentially useful for clinical outcome pre-

diction and therapy design in DGC, our aim was to

identify histology-associated mutational profiles for

this GC histotype and its subtypes. We further used

these mutational profiles to identify their most affected

molecular pathways and biological functions, and

explored the clinical trials specifically designed for

DGC patients. This systematic analysis is expected to

expose a DGC-specific molecular profile and shed light

into potential targets for therapeutic intervention,

which are currently missing.

2. Methodology

We collected available literature from 1998 to 2020, in

order to get an overall view of the morphological and

molecular features of sporadic GC and its molecular clas-

sifications. Peer-reviewed published articles were searched

with the help of ‘PubMed’ database using the following

keywords in different combinations: ‘mutational land-

scape, mutational signature, gastric cancer, diffuse-type

gastric cancer, poorly cohesive carcinoma and signet-ring

cell carcinoma’. Only peer-reviewed published articles

written in English language, irrespective of their study

design and type (case reports, case series, original research

articles, reviews, systematic reviews, meta-analyses,

cohort studies, clinical trials), were consulted, and in the

context of the present study, we selected only articles with

relevant data and best fitting our aim.

2.1. Data collection for recurrent gene analysis

For the recurrent gene analysis, published studies or

public cohorts reporting mutational frequencies and
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their relationship with GC histological types and sub-

types of interest (IGC, DGC, SRCC and PCC-NOS)

were searched for, selected upon compliance with the

following criteria and refined by manual curation:

1 Studies from CBIOPORTAL (https://www.cb

ioportal.org/) encompassing ‘gastric/ stomach ade-

nocarcinoma’ cancer NGS data;

2 ‘PubMed’ deposited peer-reviewed articles, pub-

lished between 2014 and 2020, reporting on data

produced by targeted sequencing and/or whole-ex-

ome sequencing and/or whole-genome sequencing,

and according to different MESH term combina-

tions:

a (mutational landscape OR mutational signature)

AND (diffuse-type gastric carcinoma OR diffuse-

type gastric cancer OR gastric adenocarcinoma

OR gastric cancer OR poorly cohesive carci-

noma) NOT review.

b (genomic variation) AND (diffuse-type gastric

cancer) NOT review.

c (target sequencing OR whole-exome sequencing

OR whole-genome sequencing) AND (diffuse-

type gastric cancer) NOT review.

Manual curation was further performed on all publi-

cations selected with the above criteria, aiming at find-

ing those presenting histological classification for each

tumour, either according to Laurén [3] for comparison

between DGC and IGC, or specifically mentioning

comparisons between DGC subtypes, and not

restricted to Laurén classification, namely if mention-

ing SRCC and PCC-NOS. Moreover, to be selected

for the analysis, each publication should also specify

either the set of mutated genes per case, or the gene

mutation frequency among histological types or sub-

types, as well as the total number of cases analysed

within the materials (main or supplementary).

Whenever gene mutation frequencies per histological

type or subtypes were not provided, their calculation

was performed based on the formula:

According to criteria 1, seven different entries were

identified; from these, only three data sets were used due

to the availability of Laurén histological classification

and specific gene mutation frequencies. According to

criteria 2a, there were 162 results from which five publi-

cations were selected after manual curation. Criteria 2b

retrieved 11 results, from which two had already been

found with previous criteria and eight did not comply

with our criteria after manual curation; therefore, only

one publication was selected. Criteria 2c retrieved 29

results, from which four had already been found with

previous criteria and 24 did not comply with our criteria

after manual curation. Accordingly, a single new publi-

cation was selected based on criteria 2c. Overall, 3 data

sets and 7 original articles were selected (Fig. 3).

All remaining articles not fulfilling the above criteria

were excluded.

2.2. Criteria for recurrent gene analysis

To identify relevant mutated genes, we established two

selection steps: gene recurrence and gene classification.

2.2.1. Gene Recurrence

Only genes found to be mutated in at least three stud-

ies/resources in a frequency higher than 5% were

selected for further analysis (Fig. 3, Analysis I). Due

to the limited number of studies available for the anal-

ysis of SRCC and PCC-NOS, all genes with an avail-

able mutation frequency were used for this part of the

study (Fig. 3, Analysis II).

2.2.2. Gene Classification

Mutated genes, for each histological type or subtype,

were allocated to three classes: specific mutated genes,

transversally mutated genes and enriched mutated genes.

Specific mutated genes were those exclusive of a sin-

gle histological type or subtype.

Transversally mutated genes were those for which

the difference between histological types or subtypes

was, on average, lower than twofold. If the mutation

frequency of a gene was reported in one study only,

hampering average calculation, the absolute mutation

frequency was used.

Enriched mutated genes were those for which differ-

ence between histological types or subtypes was, on

average, higher than twofold. If the mutation fre-

quency of a gene was reported in one study only, ham-

pering average calculation, the absolute mutation

frequency was used.

Mutated frequency of gene X¼Nºof casesof a specific histological subtype mutated for gene X

Total Nº of cases of a specific histologicalsubtype
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2.3. Identification of biological processes and

molecular function associated with recurrent

gene analysis

Specific mutated genes, transversally mutated genes

and enriched mutated genes were used to feed Jvenn

[58], an interactive diagram viewer, and allowed identi-

fying genes overlapping between distinct GC histologi-

cal types and subtypes through Venn Diagrams.

Recurrently mutated genes in DGC and IGC were

compared to define the specific mutated genes for each

histological type. The remaining DGC-associated genes

were considered transversally DGC- and IGC-mutated

genes, as no enrichment was seen in any of them. For

the SRCC vs PCC-NOS analysis, specific mutated

genes per subtype were obtained from a single report.

Further, the output of the Venn diagrams was used

to analyse Gene Ontology (GO) terms, biological pro-

cesses and molecular functions associated with each

gene set using Enrichr [59].

2.4. Search for clinical trials directed to DGC

Relevant clinical trials directed specifically to DGC

patients were selected by searching the website www.c

linicaltrials.gov (/clinicaltrials.gov/), and using as

Fig. 3. Data collection and research strategy for recurrent gene analysis.
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query terms ‘diffuse gastric cancer’, which retrieved

24 trials; ‘signet-ring cell carcinoma’ with 19 trials;

and ‘gastric poorly cohesive carcinoma’ with no

results. After identifying only those associated with

GC, 12 studies were selected. Only two clinical trials

(NCT01285557 – DIGEST; NCT03977220 – NOR-

DICA) were specifically directed to DGC patients,

and one was directed to patients bearing SRCC

(NCT01717924 – ADCI002 Study). Beyond these, and

given the promising results recently obtained using

anti-claudin 18.2 antibodies, we manually added the

MONO study where almost 50% of patients enrolled

had DGC (NCT01197885 – MONO) [60]. In total, 13

clinical trials were selected since they were directed to

DGC patients.

For these, a deeper analysis on therapeutic strategy,

candidate drugs and molecular targets was performed.

2.5. Study limitations

There are several limitations in this study, namely the

discrepancies between mutational profiles and frequen-

cies among cohorts, which may be due to several fac-

tors: the methodological approach applied by different

research groups (sequencing methods and pipeline

analyses); the heterogeneity of GC (intra- and inter-tu-

moral); and the sample size of the cohorts under anal-

ysis (specifically in the studies focused on SRCC and

PCC-NOS). Another issue is the lack of diversity in

the geographical origin of the cohorts used in the

selected studies for analysis, which reflects data avail-

able in the literature. However, the reproducibility of

findings across the various molecular classifications

(e.g. TCGA and ACRG) indicates that relevant GC-

associated molecular defects likely override population

differences. Our analysis was restricted to mutational

data, leaving behind transcriptomics and epigenetics,

which can provide valuable data. Copy number varia-

tion analysis would have been a strength in this study;

however, there are very few publications listing CNVs

per case or their relative frequency to allow an accu-

rate analysis. In addition, recent data suggested that

copy number gains tended to occur more commonly in

IGC than in DGC that was the focus of this work

[61]. In addition, the comparison of sporadic and

hereditary DGC suffered from scarce data published

so far on somatic profiles in HDGC. Notwithstanding,

we believe that the information herein provided consti-

tutes a good basis for further studies aiming at a better

understanding of the molecular pathogenesis of DGC

and its clinical implications regarding prognosis and

therapy.

3. Results

Strategies for gene mutation detection evolved from

single-gene analysis to the analysis of multigene panels,

whole exomes or even whole genomes. This created

the opportunity to derive multigene profiles that are

valuable to correlate molecular defects with specific

histological subtypes.

3.1. DGC vs IGC: distinctive mutational profiles

The data compilation performed herein and depicted

in Fig. 4 shows the mutational landscape across DGC

cohorts retrieved from nine independent studies,

mainly Asian, and obtained with different technical

approaches (four targeted sequencing; four WES, two

WGS) (Data S1, Table S1). We next retrieved data

from six independent studies of IGC, mostly also of

Asian origin, having a similar degree of detailed infor-

mation, depicted in Fig. 5. The mutational landscape

of IGC obtained with different technological

approaches (three targeted sequencing; three WES,

two WGS) (Data S1, Table S1).

To derive the mutational landscape from DGC, we

performed a recurrent gene analysis, as described in

the methodology section that provided three mutated

gene sets, both for DGC and for IGC: specific

mutated genes, transversally mutated genes and

enriched mutated genes.

3.2. DGC-specific mutated genes

This analysis confirmed CDH1 genetic variants as the

hallmark of the DGC histological type [31,33,34], as

CDH1 is the only gene found to be mutated in all DGC

data sets and in none of the IGC data sets (specific

DGC-mutated gene) (Figs 4 and 5). CDH1 variants

were found on average in 25% of DGC cases, ranging

from 12% to 38% among studies (Fig. 4). Besides

CDH1, another 20 genes were found to be mutated

specifically in DGC, in at least three studies (Fig. 4).

TTN gene mutations were found on average in 40% of

DGC cases, and described in three studies, making this

gene the top-ranking specific DGC-mutated gene, while

RHOA and CTNNB1 were found to be mutated in

seven and five studies, on average in 10% and 7% of the

cases, respectively. All other specific DGC-mutated

genes were found in three or four studies (Fig. 4). Seven

of these were mutated on average in > 12% of DGC.

FAT3 (15%) and KMT2C (12%) have a previously

reported association with DGC; CSMD1 (21%),

OBSCN (15%), RYR2 (13%) and TAF1 (12%) have
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TAF1 7% 9% – 19% – – – – – 12%
NCOR2 7% 6% 13% – – – – – – 9%
TGFBR2 7% 6% 9% – – – – – – 7%
CTNNB1 6% 6% – – – 1% 22% 1% – 7%
ERBB3 6% 6% – – – – 11% 2% – 6%
TP53 37% 41% 18% 57% 45% 34% 41% – 54% 41%
FAT4 23% 15% – – – 5% – – 14%

ARID1A 23% 9% – – 10% 15% 20% – – 15%
SPTA1 21% 3% – 14% 7% – – – 11%
PIK3CA 19% – – – – 5% 22% 10% – 14%
GLI3 14% 9% – – 14% – – – 12%
LRP2 9% 9% – – – – – 6% 8%
RIMS2 9% 9% 23% – 10% – – – 13%
DCLK1 9% 6% – – 10% – – – 8%
APC 7% 3% – – – 2% 28% 6% 0% 8%
KRAS 6% – – 10% 3% 1% 12% 3% – 6%
SMAD4 4% 6% – 14% 10% – 13% 3% 10% 9%
ATM 4% 6% – 10% – – 12% – 14% 9%
PTEN 4% 3% – 19% 0% 3% 17% – 10% 8%

Specific   DGC-
mutated genes

Transversally DGC- 
and IGC-mutated 

genes

Informa�on source

Average 
muta�on 
frequency

Origin of samples

Cohort Specifica�on

Number of samples

Genes Frequency of mutated samples per study

Fig. 4. Mutational landscape of DGC subtype. Nine sources were used: two CBIOPORTAL data sets and seven references. The origin,

number of samples, reported study identification and other cohorts’ characteristics are indicated in the heading of the table. The mutated

genes of each subtype were divided into two main classifications: transversally mutated and specific genes. The specific mutated genes for

DGC were associated with the green colour and are listed in the upper part of the table. In the lower part of the table, the transversally

mutated genes in both DGC and IGC are presented. Mutation frequency was represented in a colour scale. Green was appointed to genes

with mutation frequencies between 0% and 9% (less frequently mutated). Yellow was used for mutation frequencies between 10% and

19%. Light orange to mutation frequencies between 20% and 39%. A variation between dark orange and red was associated with mutation

frequencies increasing from 40% to a maximum of 57% (frequently mutated). The average mutation frequency calculated for each DGC

recurrent gene is present in the right column, and a similar colour scale was applied to distinguish the genes with higher mutation

frequencies.
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been previously associated with GC but not DGC, and

THSD7B (12%) with no previous association with GC.

There are other specific DGC-mutated genes

depicted in Fig. 4 that present on average < 12% of

mutations that we used for downstream analyses.

3.3. IGC-specific mutated genes

We next focused on the mutational landscape of IGC

from six studies, to identify the set of specific IGC-

mutated genes (Fig. 5). No single gene was commonly

mutated across all IGC data sets; however, BRCA2

and ERBB2 were specific IGC-mutated genes (9% and

10% on average, respectively), according to four out

of six studies.

Additionally, AKAP9, DLC1, MACF1, RNF43,

NRG1, CTNNA2, GSR and PKHD1 were also identi-

fied as specific IGC-mutated genes. AKAP9 (found in

3/6 studies) was the one with the highest average

mutation frequency (15%).

CBIOPORTAL, 
UHK, 2011 

 CBIPORTAL 
OncoSG, 2018

PMID: 
24816253

PMID: 
24816255

PMID: 
31164161

PMID: 
25583476

Hong Kong China Hong Kong Tokyo China China
IGC IGC IGC IGC  IGC IGC
n = 18 n = 75 n = 41 n = 51 n = 47 n = 139

BRCA2
ERBB2
AKAP9
DLC1
MACF1
RNF43
NRG1

CTNNA2
GSR

PKHD1
TP53
PTEN

ARID1A
SPTA1
APC

PIK3CA
FAT4
LRP2*
DCLK1
GLI3
KRAS
SMAD4
ATM
RIMS2

17% 7% – – 4% 9% 9%
11% 12% 12% – – 6% 10%
11% 8% – – 26% – 15%
11% 9% – 8% – – 9%
11% 9% – 8% – – 9%
11% 11% 7% – – – 10%
6% 5% – – – 6% 6%
6% 11% 15% – – – 10%
6% 9% – – 6% – 7%
6% 12% – 6% – – 8%

44% 49% 76% 43% 72% – 57%
33% 1% 10% 2% 13% – 12%
28% 16% 10% 12% – – 16%
22% 15% 12% – – – 16%
17% 9% – 10% 11% 9% 11%
17% 7% – 14% – 11% 12%
17% 8% – 6% – – 10%
17% 13% – – 21% – 17%
11% 7% 15% – – – 11%
11% 11% 10% – – – 11%
6% 9% 12% 12% – 7% 9%
6% 5% 2% – 11% 5% 6%
6% 11% – – 9% – 8%
6% 13% 17% – – – 12%

Specific  IGC-
mutated genes

Transversally       
DGC- and IGC-
mutated genes

Informa�on source
Average 

muta�on 
frequency

Origin of samples
Cohort Specifica�on
Number of samples

Genes Frequency of mutated samples per study

Fig. 5. Mutational landscape of IGC subtype. Six sources were used: two CBIOPORTAL data sets and four publications. The origin, number

of samples, reported study identification and other cohorts’ characteristics are indicated in the heading of the table. The mutated genes of

each subtype were divided into two main classifications: transversally mutated and specific genes. The specific mutated genes for IGC

were associated with the blue colour and are listed in the upper part of the Table. In the lower part of the table are presented the

transversally mutated genes in both DGC and IGC. Mutation frequency was represented in a colour scale. Green was appointed to genes

with mutation frequencies between 0% and 9% (less frequently mutated). Yellow was used for mutation frequencies between 10% and

19% and light orange for mutation frequencies between 20% and 39%. A variation between dark orange and red was associated with

mutation frequencies increasing from 40% to a maximum of 76% (frequently mutated). The average mutation frequency calculated for each

IGC recurrent gene is present in the right column, and a similar colour scale was applied to distinguish the genes with higher mutation

frequencies. * LPR2 is enriched in IGC.
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3.4. Transversally DGC- and IGC- mutated genes

We then ranked the transversally DGC- and IGC-mu-

tated genes across 3 studies or more (Figs 4 and 5).

These were TP53, FAT4, ARID1A, SPTA1, PIK3CA,

GLI3, LRP2, RIMS2, DCLK1, APC, KRAS, SMAD4,

ATM and PTEN (Figs 4 and 5). From these 14 genes,

a single gene was classified as enriched mutated gene

in IGC (LRP2), as its mutation frequency was >two-
fold higher in IGC (17%) as compared to DGC (8%)

(Figs 4 and 5). All remaining genes displayed similar

mutation frequencies (<twofold difference between his-

totypes) in both DGC and IGC.

TP53 and ARID1A genes were the most frequently

transversally mutated genes across DGC (41% and

15%, respectively) and IGC (57% and 16%, respec-

tively) data sets (Figs 4 and 5). Besides these two

important GC driver genes, APC and PTEN tumour

suppressor driver genes, as well as KRAS and PIK3CA

driver oncogenes [62], were also transversally mutated

in both GC histotypes with frequencies below 15%

across data sets (Figs 4 and 5).

3.5. DGC vs IGC: biological processes and

molecular functions associated with mutational

profiles

The comparison of molecular functions and biological

terms derived from the mutational landscapes of speci-

fic DGC genes vs specific IGC genes (Fig. 6) shows

that the recurrence and high mutation frequency of

CDH1 and RHOA associate DGC with cell adhesion

and calcium dependence. On the other hand, specific

IGC-mutated genes are mainly associated with tyrosine

Fig. 6. Integrative analysis of specific- and transversally mutated genes in DGC or IGC. GO terms for molecular functions and biological

processes are depicted for the specific genes lists and for the overall set of genes of each subtype (specific- and transversally mutated

genes analysed together). The analysis generated using Enrichr and the associated GO terms number is available in Data S2.
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kinase activity and related signalling pathways, encom-

passing some promising therapeutic targets (Table 2).

As tumour cells most likely bear histotype-specific

mutations together with histotype nonspecific muta-

tions, equivalently frequent, we combined the specific

DGC-mutated gene set with the transversally DGC-

and IGC-mutated gene set (all genes listed in Fig. 4)

and compared the resulting gene list with its IGC

counterpart (all genes in Fig. 5) regarding molecular

functions and biological terms. This integrated analysis

of specific and transversally mutated genes, which is

depicted in Fig. 6, turned DGC closer to IGC, with

proliferation and tyrosine kinase activity and associ-

ated signalling pathways appearing as an output, also

in DGC. However, regulation of epithelial-to-mes-

enchymal transition was still a feature of DGC only.

This analysis also revealed the involvement of histone

modifications associated with both histological types,

histone deacetylase related to DGC and histone acetyl-

transferase (HAT) to IGC. Details on all analyses are

presented in Fig. 6 and Data S2.

3.6. SRCC vs PCC-NOS: distinctive mutational

profiles

We then wanted to understand whether the mutational

landscape of DGC is common across DGC histologi-

cal subtypes, or if each subtype (SRCC and PCC-

NOS) has its unique molecular profile.

For this, we compared the set of genes mutated in

SRCC and in PCC-NOS, described in two Asian studies

and obtained with different technical approaches (one

targeted sequencing; one WES) (Data S1, Table S1).

3.7. SRCC vs PCC-NOS transversally mutated

genes

There were 22 transversally mutated genes across

SRCC and PCC-NOS, from which four genes (CDH1,

TP53, ATM and KRAS) were found in two indepen-

dent data sets per histological subtype (Fig. 7). TP53

was the most frequently mutated gene in both DGC

subtypes. The remaining transversally mutated genes

in SRCC and PCC-NOS were found in a single study,

and none of them was mutated >twofold when com-

paring SRCC and PCC-NOS (Fig. 7).

3.8. SRCC- vs PCC-NOS-enriched mutated genes

Only two genes (CREBBP and MAP2K4) were

found enriched in SRCC (27% for both) as com-

pared to PCC-NOS (10% for both) (Fig. 7). On the

other hand, 13 mutated genes were found enriched

in PCC-NOS as compared to SRCC. From these,

PTEN, SMAD4, SETD2, PIK3CA, BRAF and RPL5

mutations were found in at least 20% of PCC-NOS

as compared to a maximum of 9% in SRCC

(Fig. 7). Most PCC-NOS enriched mutated genes

either had tumour suppressor activity or were associ-

ated with histone markers of transcription repres-

sion.

3.9. SRCC-specific mutated genes

Six genes (CDKN2A, POLQ, SETBP1, SOX9,

TNFAIP3 and ZFHX3) were found to be exclusive of

SRCC (SRCC-specific mutated genes) (Fig. 7). While

CDKN2A was found mutated in 27% of the cases, the

remaining five genes were found mutated in < 10% of

the SRCC.

3.10. PCC-NOS-specific mutated genes

Five genes (RHOA, BRCA2, JAK3, BRCA1 and

MSH6), were found exclusively mutated in PCC-NOS

(PCC-NOS-specific mutated genes) (Fig. 7). While

RHOA, BRCA2 and JAK3 were found mutated in

> 20% of the cases, BRCA1 and MSH6 genes were

found mutated in 10% of PCC-NOS cases.

This mutation frequency-focused analysis revealed

more similarities than differences between SRCC and

PCC-NOS, regarding the set of genes affected in both

subtypes. However, some very specific features were

also found per subtype, likely supporting their mor-

phological differences.

3.11. Insights into similarities and differences

between SRCC and PCC-NOS mutational profiles

We compared the mutation landscapes of DGC, IGC,

SRCC and PCC-NOS aiming to address particular

mutational landscapes of SRCC and PCC-NOS. Nine

genes were shared by DGC, IGC, PCC-NOS and

Fig. 7. Mutational landscape of SRCC and PCC-NOS. For this analysis, two original publications were used. The origin, number of samples,

reported study identification and other cohorts’ characteristics are indicated in the heading of the table. The mutated genes of each subtype

were divided into three main classifications: enriched, transversally mutated and specific genes. Each mutation frequency was associated

with a colour scale. Green was appointed to genes with mutation frequencies between 0% and 9% (less frequently mutated). Yellow was

used for mutation frequencies between 10% and 19% and light orange for mutation frequencies between 20% and 39%. A variation

between dark orange and red was associated with mutation frequencies increasing from 40% to a maximum of 66% (frequently mutated).
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PMID: 
28873240

PMID: 
31171626

PMID: 
28873240

PMID: 
31171626

Korea USA, China, 
Japan

Korea USA, China, 
Japan

n = 32 n = 11 n = 59 n = 10

TP53 25% 64% 66% 50%
CDH1 16% 45% 22% 30%
ATM 6% 9% 15% 10%
KRAS 6% 9% 15% 10%
PTEN 6% 9% 22% 30%
SMAD4 3% 9% 19% 20%

PCC-NOS-specific         
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RHOA 0% 0% 25% 0%
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ARID1A 19% – 27% –
CTNNB1 19% – 24% –
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ERBB3 13% – 10% –
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TAF1 – 18% – 20%
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JAK3 – 0% – 20%
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MSH6 – 0% – 10%
SETD2 – 9% – 30%
PIK3CA 9% – 24% –
BRAF 6% – 24% –
RPL5 – 9% – 20%
VHL 9% – 19% –
GLI1 9% – 19% –

HDAC9 9% – 19% –
ERBB4 9% – 19% –
EZH2 6% – 17% –

PDGFRA 6% – 17% –
PTCH1 3% – 17% –
CDKN2A – 27% – 0%

POLQ – 9% – 0%
SETBP1 – 9% – 0%
SOX9 – 9% – 0%

TNFAIP3 – 9% – 0%
ZFHX3 – 9% – 0%
CREBBP – 27% – 10%
MAP2K4 – 27% – 10%
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SRCC. These are well-known cancer driver genes with

crucial functions related to cell proliferation, migra-

tion, DNA repair or angiogenesis [63]. Some are well-

known tumour suppressors such as TP53, ATM, APC,

ARID1A, SMAD4 and PTEN or oncogenes such as

PIK3CA and KRAS (Fig. 8A,B).

SRCC shares a set of six mutated genes with PCC-

NOS, which are also found in DGC but not in IGC

(CDH1, APOB, ERBB3, KMT2C, CTNNB1, TAF1)

(Fig. 8A,B). Among these six genes is the hallmark

gene CDH1 (Fig. 8A,B). There are no genes shared

between SRCC and IGC, and BRCA2 is the only

mutated gene shared by PCC-NOS and IGC (Fig. 8B).

These data likely identify the mutated genes that are

common in DGC, SRCC and PCC-NOS, in keeping

with the fact that the two latter are subtypes of the

former. SRCC and PCC-NOS diverge in morphology

and also in their mutational profile. We found seven

genes that are SRCC-specific and enriched genes

(CDKN2A, POLQ, SOX9, TNFAIP3, ZFHX3,

CREBBP and MAP2K4) in relation to PCC-NOS

(Fig. 8A). Both in the restricted set of seven specific

and enriched SRCC-mutated genes and in a larger set

of 27 SRCC-mutated genes (Fig. 8A), an association

with programmed cell death is always identified among

GO biological processes, representing a novel feature

of SRCC. Moreover, the seven genes that differentiate

SRCC from all other GC histotypes or subtypes are

mainly associated with transcriptional activity (TOP6

ranking GO molecular functions) and cell proliferation

and immune or inflammatory response (TOP6 GO bio-

logical processes) (Fig. 8A).

We found 25 mutated genes that differentiate

PCC-NOS from DGC and IGC, and from these, 13

are PCC-NOS-specific and enriched genes (EZH2,

SETD2, PDGFRA, BRAF, PTCH1, RPL5, JAK3,

VHL, BRCA1, GLI1, MSH6, HDAC9 and ERBB4)

in relation to SRCC (Fig. 8B). This combination of

mutated genes likely represents a distinctive feature

of PCC-NOS, which despite being mainly associated

with MAPK pathway and protein kinase activity, as

for the main GC histotypes, it is specifically

associated with transcription regulatory region DNA

binding (TOP6 ranking GO molecular functions).

This feature brings PCC-NOS closer to SRCC

(Fig. 8B).

In summary, this analysis supports a divergent evo-

lution of SRCC and PCC-NOS mutation profiles and

highlights particular molecular pathways and functions

from each of these two DGC subtypes.

3.12. Therapies specifically directed to DGC do

not consider DGC mutational landscape

We searched for ongoing and recently closed clinical

trials specifically mentioning the inclusion of patients

with DGC or DGC subtypes to understand whether

any of these trials used as therapy target, the genes or

pathways herein identified has preferentially involved

in DGC and its subtypes.

We found 13 clinical trials using the search criteria

described in the methodology (Table S2). In total, we

found four trials directed to DGC patients, two com-

pleted (DIGEST and MONO) and two currently

recruiting or about to start recruitment (NORDICA

and ADCI002 Study) (Table 3).

The DIGEST phase III study (NCT01285557) com-

pared the use of fluorouracil (5-FU) combined with

cisplatin with the use of the latter plus S-1 in 361

patients with metastatic DGC (Table 3). This trial has

been completed, and results showed that there was no

significant difference in the outcome of the patients

comparing both approaches [64].

The MONO study (NCT01197885), a phase II clini-

cal trial, examined the outcome of zolbetuximab (mon-

oclonal antibody against CLDN18.2: IMAB362)

monotherapy in a series of patients with recurrent or

refractory, locally advanced or metastatic and

CLDN18.2-positive gastric, gastro-oesophageal junc-

tion, or oesophageal adenocarcinoma (Table 3). From

the 54 patients enrolled in this trial, 22 were advanced

DGC patients with CLDN18.2 expression in ≥ 50% of

tumour cells. Zolbetuximab was well-tolerated and

exhibited antitumour activity with a clinical benefit

rate of 23% [60]; whether patients benefiting from this

targeted therapy were DGC patients is unknown.

The ADCI002 phase II/III clinical trial (NCT0

1717924), that is currently recruiting, was designed to

address the inherent chemoresistance of SRCC. It

evaluates primary surgery vs primary chemotherapy fol-

lowed by surgery, using epirubicin for topoisomerase II

inhibition combined with cisplatin and 5-FU [65].

Fig. 8. Specific and transversally mutated genes in SRCC (A) and PCC/NOS (B) in comparison with DGC and IGC. SRCC-associated genes

were linked to a red colour, while PCC-NOS-associated genes are related to the orange colour. In both Fig. 8 A, B, the circle outside of the

Venn diagram contains the specific genes for SRCC and PCC-NOS, respectively. GO terms for molecular functions and biological processes

are depicted for the mutated genes associated with each subtype that were not shared with DGC nor IGC, as well for the SRCC/PCC-NOS-

specific genes. The analysis generated using Enrichr and the associated GO terms number is available in Data S2.
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The NORDICA phase I study (NCT03977220),

which is specifically directed to DGC patients, is not

yet recruiting and aims at using microtubules stabiliza-

tion agent (paclitaxel) combined with S-1 (Table 3).

None of the trials described above used as target for

therapy, the specific mutations or mutation profiles

and associated molecular functions herein found to

differentiate DGC and its subtypes from each other

and from IGC.

3.13. Sporadic DGC and hereditary DGC (HDGC):

somatic mutational profiles

We tried to understand whether DGC arising in differ-

ent settings (hereditary or sporadic) would share a sim-

ilar mutational profile, and whether DGC arising in

the HDGC context would mimic a mutational profile

closer to that of SRCC.

The so-called HDGC syndrome is caused mainly by

germline CDH1 and rarely by CTNNA1 pathogenic or

likely pathogenic variants and is dominated by the

development of early-onset DGC, mainly SRCC

[66–68]. However, the somatic mutational landscape of

DGC/SRCC arising in this setting is, to date, fairly

unknown.

We could only find two studies reporting the somatic

mutational landscape of HDGC tumours [67,69]. The

germline causative defect in one family affected CDH1

[69] and in the other family affected CTNNA1 [67].

We compared the list of somatic mutated genes

found in these HDGC cases with that found in spo-

radic DGC cases (Fig. 4). The mutational profile of

the CTNNA1 germline mutated tumour [67] encom-

passed somatic mutations in RHOA, a specific DGC

and PCC-NOS gene (Fig. 7), and in ARID1A and

PIK3CA, genes transversally mutated in both DGC

and IGC (Fig. 7). This suggests that, independently of

the cancer setting (hereditary vs diffuse), or histologi-

cal type (DGC vs IGC), GC developing in this

CTNNA1 variant germline carrier presents a

Table 3. Details of clinical trials registered at ClinicalTrials.gov directed to DGC patients.Green was used to highlight clinical trials that

specifically mention DGC; red was used to highlight clinical trials that specifically mention SRCC; and white was used to highlight a specific

clinical trial with promising results based on CLDN18.2 expression (Table 2).

ClinicalTrials.gov

Identifier

Title of the clinical

trial Strategy

Molecular

target Status Publications Clinical trial outcome

NCT03977220 Nab-paclitaxel

combined with S-1

treating diffuse type

of stage Ⅲ gastric

cancer as adjuvant

setting (NORDICA)

Evaluate paclitaxel for

microtubules

stabilization and S-1

(oral derivative of 5-

FU)

Microtubules

and

conventional

chemotherapy

targets

Not yet

recruiting

No

publications

available

Not available

NCT01717924 Evaluation of Surgery

vs Primary

Chemotherapy in

Resectable Signet-

ring Cell Gastric

Adenocarcinoma

(ADCI002) (Phase II/

III)

Compare primary

surgery vs primary

chemotherapy

followed by surgery.

epirubicin for

topoisomerase II

inhibition; cisplatin; 5-

fluorouracil

Topoisomerase

II and

conventional

chemotherapy

targets

Recruiting [65] Not available

NCT01285557 Diffuse Gastric and

Esophagogastric

Junction Cancer S-1

Trial (DIGEST)

(Phase III)

Evaluate the safety

and efficacy of S-1

and cisplatin

compared with 5-FU

and cisplatin

Conventional

chemotherapy

targets

Completed [64] No significant

difference has been

found in the outcome

of the patients

comparing both

approaches

NCT01197885 Efficacy and Safety

Study of Multiple

Doses of IMAB362

in Patients with

Advanced

Gastroesophageal

Cancer (MONO)

(Phase Iia)

Evaluate the safety

and efficacy of

IMAB362 used as

monoclonal antibody

against CLDN18.2

(single agent) in GC

patients (22/54 DGC)

CLDN18.2 Completed [60] Zolbetuximab was

well-tolerated and

exhibited antitumour

activity with a clinical

benefit rate for

patients of 23%;

whether these were

DGC patients was not

disclosed
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nonspecific combination of somatic events. By con-

trast, for the CDH1 germline mutated tumour, somatic

mutations were described in TTN and CDH1 by Funa-

koshi et al [69], which are both specific DGC-mutated

genes (this study, Fig. 6); being CDH1 was also con-

sidered transversally mutated in SRCC and PCC-NOS

(Fig. 7).

To better understand whether there are real differ-

ences between the mutational profiles of sporadic and

hereditary DGC, or whether HDGC cases are closer

to a particular DGC subtype, additional studies need

to be performed.

4. Discussion

In the present study, we started by revising GC histo-

logical and molecular classifications, highlighting asso-

ciated relevant molecular landscapes, clinical outcomes

and currently approved or promising therapies. The

state of the art on all these aspects is presented in the

introduction section. The main outcome of this litera-

ture revision was the identification of an asymmetry,

regarding prognosis, therapy targets and available

effective therapies (both conventional and targeted), in

TCGA GS and ACRG MSS/EMT, mainly encompass-

ing DGC, in comparison with other molecular sub-

groups.

To address this gap in knowledge, and shed light

into potential targets for therapeutic intervention, we

explored a set of studies reporting on multigene muta-

tional analysis to identify DGC-associated mutational

profiles, molecular pathways and biological functions.

We chose this approach, as mutational profiles are

rather stable genetic events, easy to detect, interpret

and less costly as compared to RNA profiles, methyla-

tion patterns or other epigenomic approaches. On the

other hand, several tumour-specific mutations consti-

tute well-proven, highly sensitive and specific predic-

tive biomarkers of response to selective targeted

therapies and are now an indispensable laboratory tool

for therapeutic decisions [70].

Our systematic analysis confirms that TP53,

ARID1A, SMAD4, PIK3CA, PTEN, KRAS, APC,

ATM and SPTA1 are driver and central genes in gas-

tric tumorigenesis, and transversal to the main GC his-

totypes and DGC subtypes [62].

Also, herein we identified specific sets of genes that

define the main molecular pathways classically involved

in either DGC or IGC. However, tumours emerge and

evolve due to a mutational profile that can be shared

with other tumour types. We could find that the combi-

nation of all recurrently mutated genes either in DGC

or in IGC triggered the involvement of similar

molecular pathways regardless of being histotype-speci-

fic or common to both histotypes. This may explain why

conventional therapies, and even some approved tar-

geted therapies, demonstrate clinical benefit regardless

of the GC histological type.

We further showed that the most recurrently

mutated and specific genes in DGC, across many stud-

ies, were CDH1 and RHOA. This result is reflected in

the findings from the TCGA GS and ACRG MSS/

EMT subgroups, which are dominated by DGC.

According to both studies, this subgroup presents the

worst prognosis within GC molecular subtypes, resis-

tance to conventional chemotherapy and so far, have

no approved targeted therapies [22,37,49]. Interest-

ingly, a recent study reported that late-onset DGCs

presented higher mutation frequencies in RHOA and

less frequent mutations in CDH1 in comparison with

early-onset DGCs [31,71].

Although none of the ongoing clinical trials directed

to DGC patients use these two proteins as targets for

therapy (Table 3), it is tempting to speculate whether

their mutations would perform well as therapy targets

or predictors of therapy responsiveness. E-cadherin

inactivation is a highly unlikely druggable target mech-

anism, and it has been shown to cause multidrug resis-

tance. By contrast, E-cadherin disruption is also

known to induce upregulation of the anti-apoptotic

protein BCL2, and activation of Rho-Rock pathway,

which may be targetable (reviewed in Ref. [72]). Tak-

ing advantage of the pro-survival context in E-cad-

herin deficient DGC, treatment using pro-apoptotic

drugs may be feasible. Indeed, preclinical treatment

with pro-apoptotic BH3-only mimetics combined with

chemotherapy or endocrine treatment regimens had a

positive effect in breast cancer [73,74]. Preclinical stud-

ies also suggested that pharmacological inhibition of

Rho-Rock signalling may be a clinically relevant target

in cancer [75]. Other genes specifically mutated in

DGC may also be interesting to consider when

rethinking biomarkers for prognosis and therapy in

patients with DGC. An example is the TTN gene,

whose mutations were found specifically in DGC and

on average in 40% of the cases. Although not previ-

ously related specifically to DGC, TTN was found as

one of the top five hub genes of a specific

co-expression module positively correlated with GC

pathological tumour and lymph node stages [76]. In

another study, TTN gene mutations were correlated

with poor prognosis and predicted tumour mutation

burden and immunotherapy efficacy in GC [77]. Other

examples are FAT3 and KMT2C, herein found

mutated on average in 15% and 12% of DGC, respec-

tively, and found previously associated with this cancer
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histotype [76,78,79]. Namely, KMT2C loss was shown

to promote epithelial-to-mesenchymal transition and

was associated with poor overall survival.

Although our study has not addressed the role of

epigenetic changes in DGC, these events are also con-

sidered significant carcinogenic factors, and epigenetic

regulation has been claimed as a promising molecular

target for therapy in GC precision oncology [17,80].

Herein, we have shown that histone modifications

appear not only in the TOP6 molecular functions from

DGC, but also in those from IGC, and when specific

and transversally mutated genes are considered. This

finding reinforces the need of studies focusing specifi-

cally on the epigenetics profiles of DGC and its sub-

types, with the aim of finding potential targets for

precision oncology.

The current systematic analysis also provides, to our

knowledge the first combined analysis on SRCC and

PCC-NOS mutational profiles, considering two inde-

pendent studies. This revealed CDH1, TP53, ATM

and KRAS mutations as recurrent and common events

of both DGC subtypes, again supporting the role of

GC driver genes, and RHOA mutations as a specificity

of PCC-NOS [16]. In terms of more specific muta-

tional landscapes, both sets of divergent mutated genes

between overall DGC and SRCC and between overall

DGC and PCC-NOS are associated with TRK path-

ways, cell–cell communication and apoptosis, although

involving different genes. However, and interestingly,

the set of genes that distinguish SRCC and PCC-NOS

from DGC overall and from each other associates with

transcriptional regulation and gene expression control,

besides TRK pathways and apoptosis, particularly the

SRCC subtype. Indeed, CREBBP and MAP2K4 genes,

whose mutations are enriched in SRCC as compared

to PCC-NOS (Fig. 7), are involved in coupling chro-

matin remodelling to transcription factor recognition

and transcription regulation, respectively [81,82]. A

loss-of-function mutation in the CBP/CREBBP gene,

which encodes a HAT, is common to many cancers,

including GC [82], and MAP2K4 loss of expression

has been reported in gastric adenocarcinoma associ-

ated with poor survival [81]. Given that a great deal of

transcriptional control involves epigenetic regulation,

epigenetic-related treatments may hold promise for

SRCC and PCC-NOS precision oncology [80], besides

the above-mentioned possibilities described for DGC

overall.

To the best of our knowledge, this is the first sys-

tematic analysis describing the distinctive mutational

profiles of DGC and its subtypes, resourcing to a

recurrent analysis, to address the gap in potential

treatment options for this GC histotype. By exploring

the literature regarding clinical trials directed to the

particularities of DGC, we concluded that these are

only a few and rarely specifically designed for DGC

patients. This may explain the delay in finding treat-

ment options for these patients. Because we were not

able to find more promising results than those

obtained for anti-Claudin18.2 targeted therapy, we

herein highlight a set of recurrent mutant genes and

associated pathways that may be explored for novel

therapeutic designs in DGC and its subtypes. The

interpretation of past clinical trials in the light of

tumour morphology can also guide therapeutic devel-

opment by identifying subsets of patients with better

response to a certain treatment strategy. Exploring the

mutational landscape of DGC subtypes can further

identify new and more adequate druggable targets with

therapeutic implications.

Finally, improving the knowledge on somatic molec-

ular/genomic players in sporadic DGC may also be

valuable to guide future treatments in the HDGC set-

ting, which also remains poorly studied from the

somatic standpoint and without chemotherapeutic

options.
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