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Abstract

Adenocarcinomas of the gastrointestinal tract (esophagus, stomach, and colon)
represent a heterogeneous group of diseases with distinct etiology, clinical
features, treatment approaches, and prognosis. Studies are ongoing to isolate
molecular genetic subtypes, perform complete biological characterization of the
tumor, determine prognostic groups, and find predictive markers to the effect-
iveness of therapy. Separate molecular genetic classifications were created for
esophageal adenocarcinoma [The Cancer Genome Atlas (TCGA)], stomach cancer
(TCGA, Asian Cancer Research Group), and colon cancer (Colorectal Cancer
Subtyping Consortium). In 2018, isolation of TCGA molecular genetic subtypes
for adenocarcinomas of the gastrointestinal tract (esophagus, stomach, and colon)
highlighted the need for further studies and clinical validation of subtyping of
gastrointestinal adenocarcinomas. However, this approach has limitations. The

3%9@) WJGO | https://www.wjgnet.com 628 March 15,2022 | Volume14 | Issue3 |


https://www.f6publishing.com
https://dx.doi.org/10.4251/wjgo.v14.i3.628
mailto:md.ignatova@gmail.com

Jaishideng®

Ignatova EO et al. Molecular subtypes of gastrointestinal tract adenocarcinoma

aim of our work was to critically analyze integration of molecular genetic subtyping of
gastrointestinal adenocarcinomas in clinical practice.

Key Words: Esophageal adenocarcinoma; Gastric cancer; Colon cancer; Gene sequencing, Gene expression
profiling; Molecular subtypes

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Here we describe our opinion on molecular genetic subtyping of gastrointestinal adenocar-
cinomas (esophageal, gastric, and colon adenocarcinomas). The identification of combined molecular and
genetic subtypes gave us insights to understanding gastrointestinal adenocarcinoma biology, determining
aims for future clinical research, and helping to simplify the implementation of a unified system for
subtyping gastrointestinal adenocarcinomas.
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INTRODUCTION

Adenocarcinomas of the gastrointestinal tract represent a heterogeneous group of diseases. Their
management depends on localization of the tumor, clinical and morphological characteristics of disease,
and tumor biology.

To improve treatment outcomes we actively search for molecular biomarkers that can predict drug
effectiveness and foretell the disease course. Molecular genetic typing of gastrointestinal adenocar-
cinomas is thought to be a promising approach.

Some data show that gastrointestinal tract adenocarcinomas represent several distinguished
molecular subtypes that could be associated with different pathogenesis, prognosis, and treatment
options. Separate molecular genetic classifications were created for colon cancer (Colorectal Cancer
Subtyping Consortium) and gastric cancer (GC) [Asian Cancer Research Group (ACRG)]. In 2018, a
pooled analysis of gastrointestinal adenocarcinomas of The Cancer Genome Atlas (TCGA) (esophageal
cancer, GC, colon cancer, and rectal cancer) revealed five molecular genetic subtypes based on
molecular studies with high-capacity methods.

To date, we have no doubt of the clinical significance of isolating molecular genetic subtypes of
gastrointestinal tract adenocarcinomas. The main challenge is to adapt this classification for routine
clinical use by defining “surrogate markers” of biological subtypes.

MOLECULAR GENETIC SUBTYPES OF ESOPHAGEAL ADENOCARCINOMA

Esophageal cancer is one of the most aggressive cancers. According to GLOBOCAN, more than 600000
new cases of esophageal cancer were registered in 2020[1]. The main morphological form of esophageal
cancer is squamous cell carcinoma (keratinizing or non-keratinizing) (95%). In 5% of cases there is
adenocarcinoma of the esophagus (EA) and in rare cases, small cell carcinoma[2]. The distribution of
histological tumor subtypes varies widely by country of residence, race, and gender. The pathogenesis
of esophageal adenocarcinomas is known to be associated with gastroesophageal reflux disease,
Barrett’s esophagus, obesity, and smoking[3]. Gastroesophageal reflux is one of the key DNA damaging
factors. In a rat esophageal cancer model, reflux induction has been shown to increase mutation rates,
mainly C/T and G/ A transitions[4].

Drug treatment of esophageal cancer is determined by its histological type as well as the presence of
molecular genetic markers such as microsatellite instability (MSI) status, PD-L1 expression, and HER2
expression (in adenocarcinoma). The range of therapeutic options is limited; the most effective drugs for
both histological variants are cisplatin, fluoropyrimidines, and taxanes. Oxaliplatin, irinotecan, and
trastuzumab (with overexpression/amplification of HER?2) are also effective in adenocarcinomas[5]. For
high levels of MSI (MSI-H) tumors, pembrolizumab may be prescribed as the second-line therapy.
Pembrolizumab could be reasonable in combination with cisplatin and fluorouracil (KEYNOTE-590) as
the first-line treatment option in patients with squamous cell carcinoma with a positive PD-L1 combined
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positive score (CPS) status = 10. Nivolumab could be reasonable in folinic acid, fluorouracil, and
oxaliplatin (FOLFOX) or oxaliplatin and capecitabine combinations (CheckMate 649) as the first-line
treatment option in patients with esophageal adenocarcinoma with a positive PD-L1 CPS status of > 5.
However, the results of esophageal cancer treatment to date are still unsatisfactory with a 5-year overall
survival rate of 20% and a median life expectancy of patients with metastatic cancer of less than a year
[6]. Currently, we are actively searching to find new predictive biomarkers for treatment via molecular
genetic analysis. It would allow us to identify individual subtypes of the disease and therefore a person-
alized treatment approach.

Dulak et al[7] were the first to publish work on advanced molecular genetic analysis of esophageal
adenocarcinoma. They studied a spectrum of EA mutations with a pairwise analysis of tumor and
normal controls in 149 EA patients via full-exome sequencing. However, 15 patients had full-genome
sequencing analysis. They described a mutational signature having A>C transversions in AA
dinucleotides|[7].

In another study of Secrier ef al[8], they analyzed results of full-genome sequencing of 129 EA
samples. They showed that EA was usually prevalent with large rearrangements and extremely high
heterogeneity of the tumor as well as a high frequency of mutations and coamplifications of tyrosine
kinase receptors. The most common amplifications were ERBB2, EGFR, MET, and FGFRs. They
managed to determine mutational signatures and stratify EA into 3 subtypes: the DNA damage repair
induced (18%), C>A/T dominant (29%), and mutagenic (53%) subtype.

The DNA damage repair subgroup showed an increase in the frequency of violations of homologous
recombination genes. Homologous recombination gene disorders might determine potential sensitivity
to platinum-based chemotherapy (CT) and PARP inhibitors as well as sensitivity to radiation therapy[8].

The C>A/T dominant EA subtype was associated with aging, a lower level of duplications, and an
increased frequency of interchromosomal translocations. In the C>A /T dominant subgroup there was a
higher frequency of ERBB2/MET coamplifications. The use of tyrosine kinase receptor inhibitors[9] may
be reasonable in this subtype.

The mutagenic subtype showed a high mutational load and load of neoantigens. These characteristics
may mediate sensitivity to immunotherapy. Development of the mutagenic subtype is associated with
gastroesophageal reflux. The mutagenic subtype demonstrated sensitivity to WEE1/CHKT1 inhibitors
[10]. The authors concluded that the use of mutational signatures and subtyping could help in the
selection of promising therapeutic options and determine rationale for further research. Limitations for
the use of a personalized approach to EA treatment are significant heterogeneity and a high number of
coamplifications in tyrosine kinase receptor genes.

Comparative molecular genetic analysis of EA with GC and cancer of the esophageal-gastric junction
is of particular clinical interest. In 2017, TCGA project presented a similar analysis. They analyzed 164
EA samples, 359 GC samples, and 36 adenocarcinomas of the esophageal-gastric junction. They found
that EA results were consistent with chromosomally instable (CIN) gastric phenotype with its molecular
and genetic characteristics and could probably be treated as a single nosology[10] .

EA is considered as the tumor with the most frequent changes in copy number variations[11,12]. The
most significant amplifications for both the EA and CIN subtypes of GC are ERBB2, MYC, IKZF3,
CDK12, VEGFA, CDK6, FGF3, and FGF4. However, a detailed examination revealed some differences in
the molecular genetic characteristics and differences in tumor methylation in accordance with its
location[12]. Thus, hypermethylation is more frequent in EA than in the CIN subtype (70% vs 30%
respectively, P = 1.0 x 10®). Moreover, the incidence of some genes change depending on the anatomical
site. For example, SMARC4 mutations and RUNX1 tumor suppressor deletions are more common for
EA, but APC mutations are rare compared to GC. The Wnt/B-catenin pathway seems to play a less
important role in EA. In addition, MYC and VEGFA amplifications are more frequent for EA. Thus,
there is a significant level of intratumor heterogeneity among EA with obvious properties of the CIN
phenotype, like amplification of tyrosine kinase receptors.

In 2018, Guo et al[13] conducted a cumulative analysis of EA subtyping using the Gene Expression
Omnibus and TCGA databases. When analyzing gene expression profiles of three independent cohorts,
they found two molecular genetic subtypes of EA with distinct expression and somatic mutation
profiles. They showed that the first subtype (I) shared common molecular expression profiles with GC,
and the second one (II) was similar to squamous cell carcinoma. Specific somatic mutations of SMAD4,
SOCS4, and SKAP2 were specific for the first subtype[14]. Only 3 patients in the study received CT: 2
patients with type II EA and 1 patient with type I EA. Two patients with subtype II had a complete
response to treatment. One patient with subtype I progressed during treatment. Due to the extremely
small sample size of patients and insufficient clinical information, it would be reasonable to continue
analyzing prognostic and predictive significance of molecular subtype selection.

Molecular genetic analysis of Barrett’s esophageal samples is of particular clinical interest and may be
useful for understanding the biology of EA. It is known that Barrett’s esophagus is a precursor of EA.
Barrett’s esophagus was shown to be polyclonal and exhibit high mutational properties even in the
absence of dysplasia. The genome of Barrett’'s esophageal tissues is relatively more stable compared to
invasive tumors[15]. About 32% of Barrett’s esophagus cases perform massive localized chromosomal
translocations (chromotripsis), which can result in the activation of oncogenes and inactivation of tumor
suppressors mediating rapid development of EA[16]. Genetic changes in EA are usually accompanied
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by significant epigenome changes. With the development of high-grade metaplasia and EA there is an
additional increase in the methylation of CpG islands[16]. Thus, detection of epigenetic changes specific
to EA and Barrett’s esophagus can help in the subtyping of patients.

In 2020, there was a study identifying subtypes of Barrett’s esophagus and EA based on DNA
methylation profiles and integration of transcriptomic and genomic data[17]. They analyzed 150
samples of Barrett’s esophagus and 285 samples of EA. They identified four molecular genetic subtypes;
each had distinctive biological properties. The first subtype exhibited hypermethylation of DNA (CpG
island methylator phenotype-like), high mutational load with numerous mutations in cell cycle genes
(CCND1, CCNE1, MYC, CDKS®6) and tyrosine kinase receptors (GATA4, ERBB2, KRAS). The second one
had expression of gene patterns associated with metabolic processes and absence of methylation at
specific sites of transcription factors. This subtype was common for Barrett’s esophagus (83%). The third
subtype had no methylation with gene expression indicating infiltration by immune cells (cytotoxic
cells, B cells, mast cells and neutrophils, and tumor-associated fibroblasts), and decreased expression of
T helper cells. These patients had a poor prognosis compared to the other subtypes. The fourth subtype
presented with hypomethylation of DNA and a high frequency of CCNE1 amplifications. Several
preclinical studies demonstrated drug treatment effectiveness depending on the tumor subtype. For
instance, irinotecan, a topoisomerase I inhibitor, is known to be effective in the treatment of tumors with
a high level of methylation. Given the similarity of the molecular characteristics of CIN GC with EA, the
EA I subtype (CpG island methylator phenotype-like) might be sensitive to inhibitors of DNA methyl-
transferase and topoisomerase I. It was also reported that CDK4/6 inhibitors were effective in EA of all
subtypes with CDK2 inhibitors more effective in subtype 4 due to CCNE1 amplification. In addition,
organelles with reduced levels of MGMT and CHFR expression were sensitive to temozolomide and
taxane drugs[18-20].

Thus, a number of studies by large research groups are devoted to the EA subtyping. Their work aims
to isolate molecular genetic subtypes, perform complete biological characterization of the tumor,
determine prognostic groups, and find predictive markers to the effectiveness of therapy. The obtained
data indicate the need for further research and require additional clinical validation for successful
clinical use.

MOLECULAR GENETIC SUBTYPES OF GC

GC has an unfavorable prognosis with a median life expectancy in metastatic patients under a year.
Standard molecular genetic diagnosis in metastatic GC includes expression and amplification of
HER2/neu, MSI, and PD-L1 expression (CPS). If positive HER2/neu expression status is detected or
HER2/neu is amplified, trastuzumab is added for first-line CT. A high level of MSI or positive
expression of PD-L1 (CPS > 10) allows the use of pembrolizumab immunotherapy in the second-line
setting. Positive expression of PD-L1 (CPS > 1) allows the use of pembrolizumab in subsequent lines of
treatment. In addition, in 2020 a randomized phase 3 trial, CheckMate 649, showed a statistically
significant (P < 0.001) increase in overall survival for combination of nivolumab with oxaliplatin and
capecitabine or FOLFOX regimens for the first-line treatment of GC with PD-L1 CPS expression > 5[21].

For the histological classification of GC, we use the World Health Organization classification, which
distinguishes some major subtypes like papillary, tubular, and mucinous types[22]. Quite often,
histological Lauren classification is used due to its simplicity and easy use. There are several Lauren
subtypes according to dominant morphological picture, like intestinal, diffuse, and mixed types of GC
[23]. The intestinal type of GC is more common in patients with severe atrophic gastritis and is
associated with intestinal metaplasia and presence of persistent H. pylori infection. This subtype is more
common in men or the elderly and usually has visceral metastasis. Diffuse GC is associated with low
differentiation, treatment resistance, and poor prognosis. The diffuse subtype is more common in young
women and usually presents with peritoneal dissemination.

There are a series of studies devoted to a predictive role of the GC histological subtypes. In a
multicenter study, Messager et al[24] retrospectively analyzed the effectiveness of perioperative CT
based on platinum and fluorouracil agents on the survival of patients with signet ring cell carcinoma
GC. Signet ring cell carcinoma is a diffuse GC subtype according to the Lauren classification. Among
3010 patients receiving treatment in 19 clinics in France from January 1997 to January 2010, 1050 (34.9%)
had signet ring cell carcinoma GC; 18.5% (171) of patients received perioperative CT, and 81.5% (753)
received surgical treatment alone. With a median follow-up of 31.5 mo, median survival was lower in
the signet ring carcinoma group (12.8 vs 14.0 mo, P = 0.043). Multivariate analysis showed that signet
ring carcinoma was an independent factor of poor prognosis [hazard ratio (HR) = 1.4; 95% confidence
interval (CI): 1.1-1.9; P = 0.042]. This study was retrospective and does not have the necessary power to
change clinical practice. In randomized trials of perioperative and adjuvant CT (ACTS1[25], CLASSIC
[26], INTERGroup0116[27], FNLCC[28]) there was no preplanned analysis of a patient subgroup with
signet ring carcinoma diffuse GC.

In the MAGIC study[29], they compared surgical treatment only with perioperative CT, which
included three courses of epirubicin, cisplatin, and 5-fluorouracil (ECF) before the operation and three
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courses after the operation. The addition of CT led to a significant increase in the 5-year life expectancy
in patients from 23% to 36% (HR 0.75, 95%CI: 0.60 0.93, P = 0.009). After a subgroup analysis there were
no differences in the frequency of pathological complete response in the diffuse or intestinal subtype GC
according to Lauren.

The FLOT-4 study[30] evaluated two different perioperative CT regimens, the ECF/ECX regimen
(epirubicin, cisplatin, fluorouracil or capecitabine) and docetaxel, oxaliplatin, leucovorin, and
fluorouracil. The docetaxel, oxaliplatin, leucovorin, and fluorouracil combination benefited over the
ECF/ECX regimen, significantly improving the 5-year overall survival rate (48% and 57%, HR = 0.77, P
= 0.012). Subgroup analysis demonstrated that docetaxel, oxaliplatin, leucovorin, and fluorouracil
efficacy was higher than the ECF/ECX regimen regardless of histological subtype, even in the subgroup
of signet ring carcinoma GC.

Survey of experts at the 4" International Conference St. Gallen, dedicated to the treatment of operable
GC and esophageal cancer, showed that signet ring carcinoma of diffuse histological subtype was an
independent factor of poor prognosis and should be considered as a stratification factor in future
studies[31]. The Lauren histological classification has been widely used over the past five decades, but
its clinical significance is limited because it does not reflect the full complexity and molecular hetero-
geneity of the disease. With the use of molecular platforms (NGS, DNA microarrays, RPPA), it became
possible to classify GC into molecular subtypes. Various research groups worked to determine
molecular subtypes of GC.

The most interesting work in subtyping of GC were the studies of Tan et al[32] in 2011 and 2013
(Figure 1)[33], TCGA project in 2014[12], and ACRG study in 2015 (Table 1).

In 2011, Tan et al[32] identified GC subtypes via analyzing gene expression with a panel of 37 GC cell
lines. Gene expression analysis was performed using microarrays (HG-U133 Plus 2.0, Affymetrix). They
identified the gene expression signature of 171 genes and identified two GC subtypes with distinct gene
expression patterns, namely, the intestinal subtype (G-INT) and the diffuse subtype (G-DIF). These
subtypes also were determined when analyzing primary gastric tumors in 270 patients in two
independent groups. The G-INT subtype was found to be associated with activation of protein and
carbohydrate metabolism (FUT2) and cell adhesion (LGALS4, CDH17) genes. The G-DIF subtype was
associated with functional annotations of cell proliferation (AURKB) and fatty acid metabolism (ELOVL5
). In addition, these subtypes had prognostic value. Patients with the G-DIF subtype had poor prognosis
compared to patients with G-INT in several cohorts. In addition, 28 samples of cell lines (11 G-INT and
17 G-DIF) showed that G-INT cell lines were more sensitive to 5-fluorouracil and oxaliplatin, whereas
G-DIF were more sensitive to cisplatin. Thus, the authors suggested that G-INT and G-DIF subtypes
could be used to determine GC prognosis and individualize therapy[33].

Later in 2013, Lei et al[33] published a study with another attempt to identify molecular subtypes of
GC. They analyzed 248 tumor samples from patients with GC. Three main subtypes of GC were
identified: mesenchymal, proliferative, and metabolic. The mesenchymal subtype was named so
because of the high activity of the epithelial-mesenchymal transition (EMT) process. EMT is a complex
developmental program that allows malignant cells to suppress their epithelial properties, replacing
them with mesenchymal ones. These changes allow cells to become mobile and be able to migrate from
the primary focus. EMT is associated with metastasis. This subtype has high levels of CDH2 (N-
cadherin) expression and low levels of CDH1 (E-cadherin) expression. In addition, cells of the
mesenchymal subtype of GC proved to be particularly sensitive to PI3K-AKT-mTOR inhibitors in vitro.
The proliferative subtype showed a high expression of genes associated with the cell cycle (E2F, MYC,
RAS) as well as a high level of mutations in TP53 and copy number variation loci of CCNE1, MYC, and
KRAS. Also, this type showed a decreased relapse-free survival compared to other types. The metabolic
subtype showed high expression of genes associated with metabolism, which was also specific to
healthy gastric mucosa. Therefore, this subtype is thought to be closer to healthy mucosa because of its
molecular and genetic characteristics than the proliferative and mesenchymal types. Moreover, the
metabolic subtype has higher sensitivity to 5-fluorouracil than the others[33].

In 2014, TCGA published the most promising and full-scale study, which also classified GC into
molecular subtypes. They analyzed samples of 295 patients with GC who had not previously received
CT and/or radiation therapy. They used six platforms for analysis: exome sequencing, comparative
genomic hybridization, DNA methylation studies, matrix RNA and micro RNA sequencing, and
proteomic analysis. They classified GC into four subtypes: Epstein-Barr virus (EBV)-positive tumors,
tumors with MSI, tumors with a stable genome (GS), and tumors with CIN[12]. This work is important
because it identified molecular and biological subtypes of GC, which determined further research for
new therapeutic approaches of treatment[33].

EBV-associated subtype of GC

EBV presents in 10% of GC cases worldwide. EBV-associated GC has specific molecular features. TCGA
analysis showed that 80% of EBV-positive gastric tumors have PIK3CA mutations as well as amplific-
ations of the JAK2, CD274 (PD-L1) and PDCD1LG2 (PD-L2) genes. Mutations in ARIDIA (55%) and
BCOR (23%) genes are also common, while TP53 defects are not specific for this subtype of GC[34].
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Table 1 Existing molecular classification systems of gastrointestinal tract tumors

Subdividing and data level Subtype Prevalence Defining characteristics

Esophagus subtypes

Liu et al[34] obtained subtypes based on SCNAs, EA-CIN 141 EA similarity with CIN phenotype of GC.

WES, DNA methylation, mRNAseq, Methylation patterns and gene alterations differ in
microRNAseq, RPPA (TCGA) terms of localization

Guo et al[13] determined differences in EAT 40 EA I shares the common expression profiles with
expression profiles and somatic mutation profiles GC

by using RNA-Seq and exome-Seq data

EA I 60 EA 1I was clustered with esophageal squamous cell

carcinomas

Jammula et al[17] divided OAC and Barrett’s Subtype I 28.7 SI: CIMP-like

esophagus by integration of WGS and RNA-seq

data Subtype II 273 SII: Expression of gene patterns associated with
metabolic processes

Subtype III 22.7 SIII: Immune cell infiltration

Subtype IV 21.1 SIV: DNA hypomethylation; structural aberrations;
CNA

Secrier et al[8] received GC subtypes on the basis DDR-impaired 15 DDR: Enrichment for BRCA signature with
of mutation signatures obtained from WGS data prevalent defects in the homologous recombination
pathway

C> A/T dominant 32 C> A/T: Aging imprint

Mutagenic 53 Mutagenic: The highest mutational load and the
highest load of neoantigens

Gastric subtypes

Tan et al[32] obtained subtypes based on gene G-INT 58 G-INT: Genes upregulated were related to

expression pattern (microarray) carbohydrate and protein metabolism (FUT2) and
cell adhesion (LGALS4; CDH17)

G-DIF 42 G-DIF: Cell proliferation (AURKB) and fatty acid
metabolism (ELOVL5) functional annotations were
enriched

Lei et al[33] compared the patterns of gene Proliferative 45 Proliferative: High levels of genomic instability;
expression samples of GC (mRNA, CNAs) TP53 mutations and DNA hypomethylation

Metabolic 23 Metabolic: High expression of genes associated
with metabolism

Mesenchymal 31 Mesenchymal: Contain cells with features of cancer
stem cells

TCGA obtained subtypes based on SCNAs, WES, EBV+ 8.8 EBV: Recurrent mutation of PIK3CA; intense
DNA methylation, nRNAseq, microRNAseq, hypermethylation; JAK2, CD274, PDCD1LG2
RPPA[12] amplification

MSI 21.7 MSI: Increased frequency of mutations; aberrant
epigenetic patterns

CIN 498 CIN: The presence of multiple chromosomal
rearrangements; localization mainly in the
proximal gastric cancer and EGJ

GS 19.7 GS: RHOA, CDH1 and ARID1A mutations;
CLDN18-ARHGAP6 gene fusion

Cristescu ef al[55] received GC subtypes based on MSI-high GC 227 MSI-high GC: Mutations in ARID1A, MTOR,
data of gene expression KRAS, PIK3CA, ALK, and PTEN. Overexpression
of PD-L1; T cell infiltrate

MSS/EMT GC 15.3 MSS/EMT GC: Loss of CDH1; Loss of cellular
adhesion, angiogenesis, motility

MSS/TP53- GC 35.7 MSS/TP53- GC: Highest prevalence of TP53 and
RHOA mutations; APC, ARID1A, KRAS, PIK3CA,
and SMAD#4 enriched

MSS/TP53+ GC 26.3 MSS/TP53+ GC: Frequent EBV infection; Frequent
mutations in ARID1A, PIK3CA, SMAD4, APC

Colon subtypes
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Guinney et al[59] carried out combined molecular CMS1 14 CMS1: Hypermutated; microsatellite unstable;
genetic analysis of 4151 colon tumor samples strong immune activation
from 6 different scientific groups
CMS2 37 CMS?2: Epithelial, chromosomally unstable; marked
WNT and MYC signaling activation
CMS3 13 CMS3: Epithelial; evident metabolic dysregulation
CMS4 23 CMS4: Prominent transforming growth factor p
activation; stromal invasion and angiogenesis
Liu et al[34] obtained subtypes based on SCNAs, MSI 17.5 MSI: MSI tumors with MLH1 methylation were
WES, DNA methylation, nRNAseq, associated with BRAFV600E mutation
microRNAseq, RPPA (TCGA)
HM-SNV 1.7 HM-SNV: Hotspot mutations in polymerase E
CIN 66.6 CIMP status is characteristic of CRC with

associated mutations in KRAS and TGFp pathways

GS 14 GS: Lacking hypermutation and aneuploidy;
enriched in DNA hypermethylation and mutations
in KRAS, SOX9 and PCBP1

CIMP: CpG island methylator phenotype; CIN: Chromosomally instable; CRC: Colorectal cancer; DDR: DNA damage repair; EA: Esophagus; EBV:
Epstein-Barr virus; EGJ: Epigastric junction; GC: Gastric cancer; G-DIF: Gastric diffuse subtype; G-INT: Gastric intestinal subtype; GS: Stable genome; HM-
SNV: Hypermutated-single nucleotide variant; MSI: Microsatellite instability; MSS: Microsatellite stability; TCGA: The Cancer Genome Atlas; WGS: Whole
genome sequencing.
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Figure 1 Distribution of major molecular subtypes and the most common predictive biomarker across different tumor types of the

gastrointestinal tract. amp: Amplification; CIN: Chromosomally instable; EBV: Epstein-Barr virus; Eg: Epigastric; GS: Stable genome; HM-SNV: Hypermutated-
single nucleotide variant; MSI: Microsatellite instability; MSS: Microsatellite stability; TMB: Tumor mutation burden; wt: Wild-type.

PIK3CA mutations usually localize in hot spots: exon 9 (E542K and E545K) and exon 20 (H1047R)[35].
However, for EBV+ GC, the frequency of PIK3CA mutations in hot spots is only 28%, and mutations can
be observed throughout the nucleotide sequence[39]. Genetic defects in PIK3CA may precede EBV
infection, which then enhances the activation of the PI3K/ Akt/mTOR pathway.

According to TCGA analysis, EBV-associated gastric tumors have a high frequency of DNA
hypermethylation. In particular, hypermethylation of the CDKN2A gene promoter (p16INK4a) was
observed in all the studied samples of EBV-positive gastric tumors. Epigenetic inactivation of this gene,
along with such oncosuppressors as p14, APC, and TFAP2E, is specific for EBV-positive GC[36].

The EBV+ phenotype showed increased expression of PD-L1 and/or PD-L2 among another four
molecular subtypes of GC[37,38]. The phase II study was the first to show a very high response rate to
pembrolizumab therapy among patients with metastatic EBV-positive GC and MSI-GC (overall
response rates of 100% and 85.7%, respectively). The authors concluded that EBV+ status and MSI-H
serve as reliable predictors of response to immunotherapy, along with the high immunohistochemical
expression of PD-L1 in the tumor. They proposed to introduce routine determination of EBV status into
clinical practice in order to identify patients with gastric adenocarcinomas who could benefit from
immunotherapy[39].
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GC with MSI

According to various data, from 5% to 37% of cases of GC have an MSI phenotype: 8%-20% in operable
GC and 3%-5% in metastatic setting. There was a large meta-analysis of 48 studies with 18000 patients to
study clinical and morphological characteristics of MSI-H GC[40]. MSI-H tumor cases included
primarily women, the elderly, and the intestinal subtype. The tumor localizes in the body or in the
proximal part of stomach. MSI-H tumors present with an absence of lymph node involvement. The
meta-analysis showed that MSI-H GC has a favorable prognosis and better survival rates[41].

MSI-positive GC tumors showed hypermethylation of various genes, gene methylation, unpaired
DNA base repair system, and a high level of expression of genes regulating mitotic activity[42]. With
adjuvant or preoperative CT, the prognosis of patients with MSI-H GC is worse than in patients with
microsatellite stability (MSS) tumors[41]. Kim ef al[42] discovered this phenomenon in a retrospective
study.

Other authors confirmed these results later. According to the results of a retrospective analysis of the
randomized MAGIC and CLASSIC trials, the rationale for additional CT is questionable in cases of MSI-
H GC. Only MSS patients benefited from systemic treatment, whereas MSI-H GC had a favorable
prognosis with surgery alone and a poor prognosis with perioperative or adjuvant CT[43,44].

The MSI-GC-01 meta-analysis performed a pooled analysis of MAGIC and CLASSIC studies
depending on MSI in the tumor. They showed that CT in patients with MSI-H did not improve the
survival rates[45]. In the treatment of metastatic GC, MSI-H subtype allows immunotherapy in the
second and subsequent lines of therapy according to the National Comprehensive Cancer Network
recommendations[46].

GS GC subtype

The GS subtype of GC accounts for approximately 20% of the total number of GC cases analyzed by
TCGA. In addition, TCGA showed that 73% of diffuse type GC cases can be classified as the GS subtype.
No copy number variations were found in the GS subtype. However, the mutations of RHOA, CDH1,
and ARIDIA were detected as well as the chimeric gene CLDN18-ARHGAP6[47]. The Rho family of
GTPases is known to regulate the dynamics of actomyosin as well as the processes of cell adhesion,
proliferation, and survival. The RhoA signaling pathway is associated with invasion and metastasis.
TCGA project identified 16 cases of GC with mutations in the RHOA gene, which were specific to the GS
subtype. The inactivating ARID1A mutation is specific for both GS and EBV subtypes. This protein
mediates regulation of cellular processes, such as DNA damage, differentiation, and development. Loss
of ARID1A expression significantly correlates with tumor grade as well as with poor prognosis for
patients with the GS subtype[48].

CIN subtype of GC

CIN subtype of GC is the most extensive group and accounts for up to 50% of stomach cancer. This
subtype shows multiple chromosomal rearrangements, deletions, and translocations. The CIN subtype
localizes mainly in the proximal stomach and gastroesophageal junction. It is more common in the
intestinal histological type. Its distinctive feature is high frequency of TP53 mutations (in 70% of cases)
and activation of tyrosine kinase receptors. Singapore researchers found amplification and coampli-
fication of tyrosine kinase receptors in 40% of stomach cancers. To evaluate the effectiveness of targeted
therapy, phase II and III studies were initiated and conducted. The EXPAND[49] and REAL-3[50]
studies evaluated anti-EGFR therapy. The MET-gastric study[51] evaluated the effectiveness of MET
inhibitor, and the SHINE study evaluated the effectiveness of an anti-FGFR2 agent[52]. However, all
these targeted agents were not effective; all studies were negative. However, these studies did not
stratify patients according to molecular changes, but they evaluated the entire patient population
regardless of biomarker expression. To date, anti-Her2 therapy in patients with high HER2 expression
and HER2 amplification is the only successful targeted therapy. The ToGa study proved trastuzumab in
combination with CT as a first-line therapy for metastatic HER2-positive GC[53].

To date, we actively validate clinical significance of TCGA classification in GC. Based on TCGA data,
Sohn et al[54] developed the first prognostic model establishing statistically significant correlations
between certain molecular subtypes of GC with patient survival rates and effectiveness of adjuvant CT.

EBV+ GC had the best prognosis in relation to both disease-free survival (P = 0.006) and overall
survival (P = 0.004). The worst prognosis was associated with the GS subtype. The other two subtypes
(MSI and CIN) had intermediate prognosis in relation to survival rates. They also confirmed that EBV+
GC is more common in men (79%) and at a younger age than the other subtypes (mean age 53, P = 0.01)
[54].

Patients with the CIN subtype of GC had the greatest benefit from adjuvant CT showing a significant
increase in disease-free survival (HR: 0.39; 95%ClI: 0.16-0.94; P = 0.03). On the contrary, there was no
statistically significant benefit from adjuvant CT (HR: 0.83; 95%CI: 0.36-1.89; P = 0.65) in patients with
GS GC. It was not possible to assess the effectiveness of adjuvant CT in the EBV+ GC subgroup due to
the absence of a control group. The authors also developed a single model for assessing risk of relapse
after treatment (integrated risk assessment model), which is good predictor of disease-free survival (HR:
1.5; 95%CI: 1.2-1.9; P = 0.001).
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Most samples (about 75%) in TGCA represent patients of the Western population, whose clinical
course and biological characteristics differ from those of Eastern populations. Data from the ACRG[55]
allowed further study of the clinical utility of TCGA classification. ACRG used gene expression data to
characterize 300 postoperative GC samples from Korean patients. As in TCGA classification, they
identified four subtypes: (1) MSS/EMT; (2) MSI; (3) MSS/p53+; and (4) MSS/ p53-[55].

Thus, a lot of data from various researchers showed main four molecular genetic subtypes of stomach
cancer. However, it is difficult to implement routine use of this classification system in routine use as
multi-omics analysis would be required. Meanwhile, implementation in clinical practice may facilitate
translational and retrospective studies, which would enhance understanding of clinical use of such
classification systems. Therefore, the next step for the clinical implementation of this classification
should be identification of surrogate biomarkers and their validation in further clinical trials.

MOLECULAR GENETIC SUBTYPES OF COLON CANCER

In 2021, the standards of primary molecular genetic diagnostics for metastatic colon cancer included five
biomarkers: mutational status of KRAS, NRAS, and BRAF genes, expression and amplification of
HER2/neu, and MSI[56,57].

The first four are negative predictors to the effectiveness of anti-EGFR antibodies. BRAF gene (V600)
mutation and expression of HER2/neu are predictors to the effectiveness of BRAF inhibitors (with anti-
EGEFR antibodies +/- MEK inhibitors) and anti-HER2 therapy, respectively. MSI is a predictor to the
effectiveness of immunotherapy. At the same time, first-line management with targeted agents in wild-
type RAS/BRAF tumors depends on clinical factors like localization of the primary tumor. Therefore, it
is reasonable to suggest more complex molecular genetic differences between tumors[58,59]. Systematic
work continues to determine patients who could benefit from certain targeted agents. Molecular classi-
fication of colon cancer implementation to the results of already conducted randomized trials is one
option that should be considered first.

In 2015 six different scientific groups that previously proposed different genetic classifiers for
colorectal cancer published results of a pooled molecular genetic analysis of 4151 colon tumors. Based
on this work, they created a consensus on molecular genetic (expression) subtyping of colon cancer and
identified five colon cancer subtypes (CMS1, CMS2, CMS3, CMS54, and unclassified subtype), which are
characterized by certain clinical and molecular differences[59].

The immune subtype (CMS1) represents 14% of cases and predominantly describes tumors with a
hypermutated phenotype, MSI, tumor infiltration lymphocyte expression, and activated immune cells.
More often, such tumors localize in the cecum, colon ascendens, and hepatic flexure. Canonical (CMS2)
represents 37% of samples and is characterized by the activity of WNT and MYC signaling pathways.
The tumor mainly localizes in colon descendens, sigmoid colon, and rectum. The metabolic (CMS3)
subtype represents 13% of cases and is characterized by alterations in the metabolic systems of the cell,
KRAS gene mutations, low copy number of mutated genes, and it has a CpG island methylator
phenotype. The primary tumor predominantly localizes in the sigmoid colon and rectum. Mesenchymal
(CMS4) subtype represents 23% of tumors and is characterized by activation of transforming growth
factor B (TGF-B), significant stromal response and angiogenesis. Localization of the primary tumor is
similar to the specific CMS2 subtype. However, the researchers failed to classify almost every fifth
sample.

Initially this classification was not meant to identify differences in disease prognosis. However, when
the researchers looked at the survival of patients with different subtypes, they found that resectable
tumors with the mesenchymal subtype had the worst prognosis, while the differences between immune,
canonical, and metabolic subtypes were not detected [risks ratio (RR): 1.69, P < 0.001]. Beyond
progression, the situation changed: patients with the immune subtype showed the lowest survival and
canonical subtype had the best survival, while patients with the mesenchymal and metabolic subtypes
had an intermediate prognosis (P < 0.001).

The next step was to use tumor subtypes as predictors to the effectiveness of targeted and CT agents.
The FIRE3 study compared folinic acid, fluorouracil, and irinotecan (FOLFIRI) + cetuximab and
FOLFIRI + bevacizumab in first-line treatment of patients with metastatic colon cancer with a wild-type
KRAS gene. The 438 out of 514 patients were classified according to the CMS subtypes. The subtype
incidence among tumors with wild-type KRAS gene was 14% for CMS1, 37% for CMS2, 15% for CMS3,
and 34% for CMS4 subtype. Cetuximab was effective only in the CMS4 group. The distribution by
subtype in tumors with wild-type RAS genes did not differ significantly and was 12%, 41%, 11%, and
34%, respectively.

When comparing the subtype distribution concerning primary tumor localization (right-sided or left-
sided), the differences were 27% vs 11% for CMS1 subtype, 28% vs 45% for CMS2, 10% vs 12% for CMS3,
and 35% vs 32% for CMS4 subtype. Prognostic differences between subtypes were consistent with the
original work of Guinney et al[59]. In the group of wild-type RAS genes, only the mesenchymal (CMS4)
subtype had a significant gain in overall survival in favor of cetuximab (RR = 0.57, 95%ClI: 0.38-0.86, P =
0.008). Similar trends were in the metabolic (CMS3) subtype group (RR = 0.57, 95%CI: 0.27-1.23, P =
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0.15). At the same time, the objective responses were the main endpoint in the FIRE3 study. Cetuximab
numerically proved to be more effective in all subgroups. However, cetuximab statistically significantly
benefited over the combination with bevacizumab in the CMS2 and CMS4 subtypes: 74% vs 42% (P =
0.043) and 76% vs 55% (P = 0.049), respectively[60].

The CALGB/SWOG 80405 study had a similar design, but it studied other CT regimens (73% of
patients were treated with FOLFOX, 27% with FOLFIRI). There were no differences in overall survival
between combinations of different targeted agents, even in the wild-type RAS genes group|[61]. In
contrast to the FIRE3 study, they managed to classify tumor subtypes only in half (n = 581) of the
patients. In the entire group of patients, the subtypes were CMS1 in 17.90% of cases, CMS2 in 41.65% of
cases, CMS3 in 11.70% of cases, and CMS4 in 28.74% of cases. In a comparative analysis of subtype
distribution in regard to primary tumor localization (right-sided or left-sided) the differences were
37.34% vs 9.01% for CMS1 subtype, 23.42% vs 48.26% for CMS2, 11.39% vs 12.50% for CMS3, and 27.85%
vs 30.24% for CMS4 subtype. That did not differ from the similar results in the FIRE3 study. Prognostic
differences between subtypes also were consistent with the original work of Guinney et al[59]. However,
the differences between the metabolic and mesenchymal subtypes were more significant in favor of the
latter. In contrast to the results of the FIRE3 study, the CMS2 subtype had an improvement in overall
survival, but not progression-free survival, for combinations with cetuximab (RR = 0.62, 95%CI: 0.45-
0.86, P = 0.0046). The CMSI1 subtype benefited from bevacizumab regimens in regards to overall
survival (RR = 2.34, 95%CI: 1.48-3.7, P < 0.001) and progression-free survival (RR = 2.28, 95%Cl: 1.47-
3.55, P < 0.001). With the immune subtype, tumors with MSI-H had greater benefit from bevacizumab
regimens (R = 0.42, P = 0.0091 for overall survival and RR = 0.46, P = 0.0109 for progression-free
survival). The MSS CMS1 subtype had no difference between cetuximab and bevacizumab[62].
Researchers partially associate these findings with the tumor microenvironment and in particular the
presence of tumor-associated macrophages and their M1/M2 polarization and possible angiogenic
immunomodulatory effect of bevacizumab[62].

There are several reasons for the differences in the results of the discussed studies (FIRE3 and
CALGB/SWOG 80405). For instance, there were differences in the chemotherapeutic component of the
therapy regimen. In the FIRE3 trial all patients were treated with FOLFIRIL, while in the CALGB/SWOG
80405 study 73% of patients were prescribed FOLFOX.

Previously, a randomized phase III study, NSABP C-07, examined the efficacy of adding oxaliplatin
to leucovorin and fluorouracil in stage II-III colon cancer in an adjuvant setting. They also
retrospectively subtyped 67.6% of tumors according to the CMS classification. The CMS2 (canonical)
subtype showed a significant benefit from the oxaliplatin addition (RR = 0.61, 95%CI: 0.43-0.87, P =
0.006) but only in patients with enterocytic variant of expression data (CMS2-enterocyte: RR = 0.2,
95%ClI: 0.07-0.59, P = 0.003)[63]. All other subgroups had no benefit from the addition of oxaliplatin to
leucovorin and fluorouracil. These findings somewhat support the subtyping results of the
CALGB/SWOG 80405 study (benefit from the addition of cetuximab in the canonical-CMS2 subtype).
However, to ensure integrity of the study, they should have considered including a group of patients
treated with cetuximab, leucovorin and fluorouracil (without oxaliplatin).

The ATITG MAX study compared the efficacy of first-line therapy with capecitabine, capecitabine
with bevacizumab, and capecitabine with bevacizumab and mitomycin C. They also published results of
subtyping according to the CMS classification. Subtype distribution among all patients did not differ
significantly from other studies and represented 18% for CMS1, 47% for CMS2, 12% for CMS3, and 23%
for CMS4 subtype. Prognostic significance of subtypes also were consistent with the original work of
Guinney et al[59]. The researchers found that adding bevacizumab to CT significantly increased
progression-free survival in CMS1 (RR = 0.83, 95%CI: 0.43-1.62), CMS2 (RR = 0.5, 95%CI: 0.33-0.76 ), and
CMS3 (RR = 0.31, 95%CI: 0.13-0.75) but not in the CMS4 subtype (RR = 1.24, 95%CI: 0.68-2.25)[64].

Therefore, we could conclude that the FIRE3 results might indicate low efficacy of bevacizumab for
the CMS4 subtype rather than high efficacy of cetuximab. Although angiogenesis prevails in the CMS4
subtype, it is likely primarily not due to the VEGF-mediated pathway but due to the TGF-f signaling
pathway. This angiogenesis type is characterized with co-optation of vessels and vascular mimicry and
usually prevails with the mesenchymal component[65,66,67], which explains the ineffectiveness of
bevacizumab[68].

A phase III PETACC-8 study confirmed that addition of cetuximab to adjuvant FOLFOX regimen in
stage III disease had no benefit. Subtyping with CMS classification revealed 17% of CMS1 tumors, 34%
of CMS2 tumors, 4% of CMS3, and 45% CMS4 subtype. The study confirmed poor prognosis of the
CMS54 subtype (RR = 1.7, P = 0.021) and revealed that addition of cetuximab worsened patient survival
for the CMSI1 subtype (P = 0.037)[74]. We could explain these results with fibroblast enrichment of the
CMSI1 subtype tumors, which decrease cetuximab activity due to the secretion of IL-16A and TGF-B[69,
70]. These results might indicate low efficacy of cetuximab for the CMS1 subtype or bevacizumab high
efficacy in the CALGB/SWOG 80405 study. On the other hand, the CMS1 subtype is usually observed in
right-sided tumors, which usually have BRAF gene mutations[61]. The addition of anti-angiogenic
drugs in the first-line or second-line therapy significantly increases the survival of patients with BRAF
mutations[57,70].
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However, subtype heterogeneity for each specific patient and evolution of gene expression upon
progression on a particular regimen could result in prevalence of a certain subtype. Thus, we know that
progression on oxaliplatin increases epithelial-mesenchymal transition gene expression, which is
associated with fibroblast activity of the tumor. These changes determine resistance to anti-EGFR agents
and might explain low efficacy of cetuximab in the second-line setting after progression on FOLFOX
with bevacizumab[71].

Several groups studied subtype heterogeneity. Piskol et al[72] studied samples of 182 primary tumors
and 130 metastases and found that the CMS2 and CMS4 subtypes are usually coincidental. However,
the CMS1 subtype was somewhat more common for metastases (16.90% vs 9.34%), and the CMS3
subtype was less common for metastases (< 1% vs 11% in primary tumors). The CMS1 subtype was
more typical for metastases in the liver and lungs and the CMS4 subtype for other localizations. This
may indicate some tropism of subtypes to metastasize to certain organs. At the same time, the
expression data for the CMS2 and CMS4 subtypes were rather consistent between primary tumor and
metastases. To study concordance, 71 patient samples were taken. The concordance of the CMS
subtypes between primary tumor and metastases was only 60%, primarily due to the transition of the
CMS2 and CMS4 subtypes and changes in the expression of epithelial-mesenchymal transition genes.
This indicates that results of subtype analysis of the primary tumor could be incorrect in metastatic
disease. The researchers found drift and clone selection. In cases with discordance, it was more difficult
to identify the subtype. Nevertheless, the authors concluded that specific features of a particular tumor
like expression of tumor-specific genes did not change due to disease progression, but the microenvir-
onment did. This might lead to the accuracy of CMS subtype classification[73]. However, Piskol et al[72]
used a low-cost variant of genetic analysis with tumor material isolated from paraffin blocks, and the
original study of Guinney et al[59] used fresh frozen samples, but their results were consistent with 85%.

Dunne et al[73] examined expression data at different sites of the primary tumor. In particular, when
comparing the central part and invasive tumor front, concordance of CMS subtypes was only 38%. The
concordance between the central part and lymph node metastases was 29%. Concordance between the
invasive front and lymph node metastases was 21%. Concordance between all three zones was 17%.
This is likely due to the CMS4 phenotype acquiring in the invasion front and metastasis area, whereas
the CMS2 and CMS3 subtypes prevailed in the central zone of the tumor. As in previous work, only 46%
of samples were unambiguously classified according to the CMS subtype. The authors also noted that
surrounding tumor stroma significantly affects the expression data and therefore the assignment of the
sample to the one subtype or another. This is especially true when studying transcription factors using a
small sample of biopsy material[73].

In 2018, Laurent-Puig et al[74] presented more extensive data on tumor subtyping from the PETACCS8
study patients discussed above. The authors noted that it was possible to identify the subtype
unambiguously only in 42.6% of samples, while in 57.4% the tumor was treated as the mixed CMS
subtype, combining at least up to 20% of two subgroups. The researchers managed to identify 16
variants of tumors with incidence from 2.1%-18.3% when they divided the mixed subgroups in
accordance with combination of the largest and the smallest components. Interestingly, the pure
metabolic (CMS3) subtype included only tumors with a mutation in the KRAS gene. Mixed tumors with
the CMS4 component had the worst prognosis in terms of disease-free survival even taking into account
clinical factors[74].

To study microenvironment influence on the therapy effectiveness and formation of certain
transcriptome subtypes in colon cancer, Becht et al[75] created a CMP algorithm that allows determining
tumor sample infiltration with various cells of the microenvironment (fibroblasts, macrophages,
endotheliocytes, various subgroups of lymphocytes, efc.) via expression data. This approach was
validated immunohistochemically by calculating the cellular composition of the sample. The authors
compared the results with different CMS subtypes of colon cancer.

They found that the immune (CMS1) and mesenchymal (CMS4) subtypes were enriched with CD8 T
lymphocytes and CD68 macrophages in contrast to the canonical (CMS2) and metabolic (CMS3)
subtypes. The mesenchymal (CMS4) subtype proved to have a high density of tumor-associated
fibroblasts, myeloid cells, and endothelial cells, which was confirmed with myeloid chemokine
expression (CCL2), complement system components, proangiogenic factors (VEGFA, VEGFB, and
PDGEFC), and immunosuppression molecules (TGFp1, TGF£33, and PDGFC).

The CMS1 subtype had a high expression of chemoattractants to T lymphocytes (CXCL9, CXCL10,
and CXCL16) or molecules involved in tertiary lymphoid structure formation (CXCL13), increased
expression of INFy and IL-15, and high expression of genes encoding PD-1 ligands. Interestingly, the
latter was also found in the mesenchymal subtype. The canonical (CMS2) subtype had low presentation
of class 1 major histocompatibility complex proteins, and the tumor infiltration by lymphocytes was also
low.

There is a strong positive correlation between the number of fibroblasts and myeloid and endothelial
cells (in accordance with the CMP algorithm), but there is no such correlation between the fibroblasts
and cytotoxic cells. The authors concluded that fibroblasts in the mesenchymal subtype promote
angiogenesis, recruitment of proinflammatory cells, and the formation of the immunosuppressive
phenotype[76].
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Combining data on the tumor expression subtype with characteristics of the microenvironment
allowed us to choose investigational therapeutic options. In particular, the combination of antian-
giogenic drugs with immune checkpoint inhibitors or with inhibitors of proteins involved in the
interaction of cells with extracellular matrix components could be beneficial in the mesenchymal
subtype[77]. However, the combination of immune checkpoint inhibitors and bevacizumab failed in
metastatic colon cancer without mismatch repair deficiency[78]. Similarly, bevacizumab had no benefit
for the CMS4 subtype, although it expressed proangiogenic factors and endothelial cells via the CMS
algorithm. We could possibly explain this with the fact that this subtype expresses TGF-B, which
induces alternative pathways of angiogenesis. Also, tumors resistant to bevacizumab often have an
increased expression of TGF-B[79]. We suggest the use of TGF-B inhibitors and immune checkpoint
inhibitors in the CMS4 subtype.

The metabolic (CMS3) and canonical (CMS2) subtypes have low tumor lymphocyte infiltration and
low expression of type I major histocompatibility complex components, which induces an unsatisfactory
antigen-presenting function. Artificial saturation of tumors with lymphocytes in such situations could
serve as a possible solution [for example, the use of bispecific antibodies to tumor antigens and
lymphocytes (cibisatamab)][80]. Cibisatamab in combination with atezolizumab in a phase I study in
patients with metastatic chemorefractory cancer and elevated CEA demonstrated 60% of metabolic
responses with positron emission tomography/computed tomography[80]. However, due to hetero-
geneity and volatility of CEA expression in colon cancer cells, this approach might not prove to be
beneficial[81].

Cells expressing CEA, as well as the canonical (CMS2) subtype, have increased activity of the WNT/
-catenin signaling pathway. This raises the rationale of studying inhibitors of this pathway in the corres-
ponding subtype of colon cancer. Such inhibitors, BBI608 (napabucasin) and CGX1321 in combination
with pembrolizumab, are thought to be therapy options. CGX1321 studies are still going, but
napabucasin has already been studied in the phase II trial in accordance with the subtypes of colon
cancer. The efficacy in patients with chemorefractory colon cancer and MSI-H was 50%, and in patients
without mismatch repair deficiency it was 10%. In the CMS1 subtype, the objective response was in 1
out of 3 patients. In the CMS2 subtype, the objective response was in 0 out of 6 patients. In the CMS3
subtype, the objective response was in 1 (with polymerase E gene mutation) out of 4 patients. In the
CMS4 subtype, the objective response was in 2 out of 6 patients. Therefore, the hypothesis that WNT
inhibitors in combination with immune checkpoint inhibitors would be effective in the canonical and
metabolic subtypes was not true. At the same time, the efficacy in the CMS4 subtype seemed to be
encouraging.

However, the current state of colon cancer subtyping does not seem to be applicable in clinical
practice. Nevertheless, CMS subtype classification could serve as a biological basis for searching for new
targets. We believe that this approach for selecting targeted therapy should replace dividing patients by
the primary tumor localization in the right or left half side of the colon. This seems to become a
transitional stage towards real personalized therapy. In order to facilitate implementation of a classi-
fication system into clinical practice, further research should be focused on the development of feasible
technology of subtyping based on conventional methods used in routine laboratory practice (immuno-
histochemistry or real time-PCR for example). Surrogate markers of each subtype should be described.
Then, it would be possible to develop small panels, which would replace whole-exome or whole-
transcriptome analysis.

CONCLUSION

In 2018, TCGA performed a comprehensive full-scale molecular genetic analysis of adenocarcinomas of
the esophagus, stomach, and colon concerning their common endodermal origin. This analysis allowed
subtyping of gastrointestinal adenocarcinomas and identified five distinct molecular subtypes: (1) EBV-
associated GC (EBV+); (2) GC with MSI; (3) GC with CIN; (4) GS GC (GS); and (5) Hypermutated GC
with single-nucleotide variants[34]. They initially determined EBV status in the tumor samples of
gastrointestinal adenocarcinomas, then they divided EBV-negative gastrointestinal tumors into two
groups according to the mutation load: adenocarcinomas with a high mutation load and gastrointestinal
adenocarcinomas with a low mutation load. Adenocarcinomas with a high mutational load
(hypermutated > 10 mutations per million nucleotides) were further classified into MSI and single
nucleotide variant subtypes. They assigned hypermutated tumors with an indel mutation density > 1
mutation per million nucleotides and an indel/single nucleotide variant ratio > 1/150 to the MSI
phenotype, while the remaining gastrointestinal adenocarcinomas were assigned to the single
nucleotide variant subtype. Adenocarcinomas with low mutational density, in their turn, were divided
into two groups depending on somatic copy number alteration presence or absence: tumors with CIN
and a GS subtype. The identification of combined molecular and genetic subtypes gave us insights to
understanding gastrointestinal adenocarcinomas biology, determining aims for future clinical research,
and helping to simplify the implementation of a unified system for subtyping gastrointestinal adenocar-
cinomas.
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However, to date, this approach has a number of limitations. One of these limitations is the significant
heterogeneity between the primary tumor and distant metastases as well as evolution in the molecular
and genetic properties of the tumor during treatment. One of the decisions may be the possibility of
performing subtyping by liquid biopsy, though surrogate markers should be identified, which can be
detected using such biological samples.

Full-scale molecular genetic analysis in most of the presented works used fresh frozen tumor tissue
samples. The use of such tumor material and its storage is not routine in everyday clinical practice.
Research is underway on the use of paraffinized tumor material for molecular typing, in particular for
transcriptome analysis.

Another limitation for use of this classification in clinical practice is the significant volume of testing.
Identification of surrogate biomarkers of molecular genetic subtypes or creation of small panels to
determine these subtypes would accelerate clinical validation and its application in routine practice.
Integration of subtyping into clinical studies as stratification factors is promising to assessing their
clinical significance. Thus, we are still on the way to achieving successful application of the molecular
genetic typing in routine clinical practice.
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