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ARTICLE INFO ABSTRACT

Available online 24 October 2020 Gastric adenocarcinoma (GAC) is the third leading cause of cancer-related death worldwide. A high mortality
rate and resistance to treatment protocols due to a heterogeneous molecular pathogenesis has made discovering
the key etiologic molecular alterations of the utmost importance. The remarkable role played by epigenetic mod-

Keywords: ifications in repressing or activating many cancer-related genes and forming new epigenetic signatures can affect
Epigenetics cancer initiation and progression. Hence, targeting the key epigenetic drivers could potentially attenuate cancer
Gastric cancer progression. MLLs, ARID1A and EZH2 are among the major epigenetic players that are frequently mutated in
Chromatin remodeling GAGs. In this paper, we have proposed the existence of a network between these proteins that, together with
EZH2 PCAF and KDMG6A, control the 3D chromatin structure and regulate the expression of tumor suppressor genes

Histone modification (TSGs) and oncogenes in GAC. Therefore, we suggest that manipulating the expression of EZH2, PCAF, and

KDMBG6A or their downstream targets may reduce the cancerous phenotype in GAC.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Gastric adenocarcinoma; an epigenetic perspective

Gastric adenocarcinoma (GAC) constitutes approximately 95% of
cancer cases originating in the stomach and it has a high mortality
rate worldwide. The low median patient survival rates are due to the
fact that many are only diagnosed at an advanced stage of the disease.
However, other factors such as high levels of heterogeneity and a lack
of effective therapeutic modalities leading to dramatically reduced sur-
vival rates means that GAC has imposed a substantial health burden
globally. The high incidence and prevalence of GAC combined with
high mortality rates has encouraged scientists to investigate the molec-
ular mechanisms underlying the pathogenesis of this disease (Jaffer A
Ajani et al., 2017; Padmanabhan, Ushijima, & Tan, 2017; Torre, Siegel,
Ward, & Jemal, 2016).

Unfortunately, the high heterogeneity of GAC tumors with respect to
phenotype and genotype is one of the main obstacles in terms of finding
an efficient therapeutic approach (Gao, Xu, Liu, Yan, & Zhu, 2018). To
overcome this issue, whole genome analysis has been exploited in
order to investigate the wide range of genomic alterations in gastric tu-
mors. As a result, The Cancer Genome Atlas (TCGA) and the Asian Cancer
Research Group (ACRG) have identified four distinct subtypes of GAC
based on the genetic, epigenetic, and gene expression characteristics of
tumors. Each subtype represents a distinct pattern of genomic alter-
ations, particularly mutations (Jaffer A Ajani et al., 2017; Padmanabhan
et al., 2017; Sohn et al., 2017). Notably, such variations can be seen in
genes encoding cell adhesion-related proteins such as CTNNB1 (Catenin
Beta 1) and CDH1 (Cadherin-1). Although CTNNB1 mutations are com-
mon in both intestinal and diffuse GACs, they are more frequently
observed in intestinal tumors (Ogasawara et al., 2006).

Overall, the main etiological factors for GAC can be summarized in
three main areas consisting of environmental risk factors along with ge-
netic and epigenetic drivers (Abdi, Latifi-Navid, Zahri, Yazdanbod, &
Pourfarzi, 2019; Padmanabhan et al.,, 2017). With respect to environmen-
tal factors, Helicobacter pylori (H. pylori) and Epstein-Barr virus (EBV) in-
fections constitute the leading contributors to the development of GAC
especially in endemic areas (Teresa et al., 2019). In addition, many DNA
alterations have been detected in GAC. Among the commonly mutated
genes, a high rate of aberrations in DNA repair genes has attracted atten-
tion as loss of these genes makes the DNA sequences more unstable. The
accumulation of various mutations leads to a weak and inefficient re-
sponse by gastric tumors to drugs and combinational therapies.

Dysregulation of the gene expression profile, which is a feature of
GAC, can be due to widespread changes in the epigenetic profile of the
cancerous cell known as epimutation. Epimutations can promote the ac-
tivation of oncogenes and silencing of tumor suppressor genes (TSGs)
that can result in cancer progression, invasion and drug resistance.
The range of epigenetic-related changes involve CpG island methyla-
tion, histone modifications, and various non-coding RNAs (ncRNAs),
which all affect gene expression. It has already been shown that global
DNA methylation and hydroxy methylation together with certain his-
tone modifications of specific genes are altered in GAC cells (Yang
et al,, 2013; Zeng, Wang, & Chen, 2017). Furthermore, the expression
of specific ncRNAs is modulated in gastric tumors (Yu & Rong, 2018).
Changes in the 3D structure of chromatin, such as the conversion of eu-
chromatin to heterochromatin or vice versa, can affect many TSGs or on-
cogenes. Hence, alterations in individual genes that are responsible for
the epigenetic status of cells may be of great importance. Therefore,
there is a possibility that targeting these factors that affect the epige-
nome could potentially alleviate the cancer phenotype or even lead to
an increased apoptosis rate in GAC cells (Roberti, Valdes, Torrecillas,
Fraga, & Fernandez, 2019).

2. Current standard treatments for GAC

After staging the cancer, appropriate therapy should be initiated
using a multidisciplinary approach. The National Comprehensive Cancer
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Network (NCCN) Clinical Practice Guidelines in the US, the European
Society for Medical Oncology (ESMO) Clinical Practice Guidelines in
Europe, and the Japanese Gastric Cancer Treatment Guidelines are ex-
amples of established practice guidelines which utilize treatment algo-
rithms that should be applied for recommended therapies (J. A. Ajani
et al.,, 2016; Japanese Gastric Cancer Association, 2020; Smyth et al.,
2016). As an example, according to the ESMO Guidelines, the first treat-
ment decision for GAC patients is made based on considering the three
main stages of the disease: (i) operable cancers at stage TINO (“T” plus a
number indicates the size and location of the tumor and “N” plus a num-
ber indicates the involved lymph nodes), (ii) operable cancers at stages
>T1NO, and (iii) inoperable or metastatic cancers. The recommended
therapy is then implemented for each type (Smyth et al., 2016).
Below, we discuss the main clinical strategies for the management of
GAC, including endoscopic therapy, surgical approaches, chemotherapy,
and radiotherapy.

2.1. Endoscopic therapy

In the early phases of gastric cancers when invasion is limited to the
mucosa or submucosa, the endoscopic resection of tumors is recom-
mended. Endoscopic mucosal resection (EMR) for smaller lesions and
endoscopic submucosal dissection (ESD) for larger tumors constitute
the two main procedures for this treatment strategy (Ko, Song, Kim,
Hong, & Cho, 2016). The main criteria that determine the necessity for
endoscopic resection are the depth and diameter of the tumor along
with the histologic grade and ulcerative component (Jaffer A Ajani
etal, 2017).

2.2. Surgical approaches

Gastrectomy for complete resection of the tumor and lymphadenec-
tomy are the two main surgery-based strategies. With a 5 cm proximal
margin present between the tumor and the gastroesophageal junction,
or 8 cm for diffuse cancers, a subtotal gastrectomy would be recom-
mended; otherwise, a total gastrectomy may be performed (Smyth
et al.,, 2016). The definition of a DO-D3 lymphadenectomy is mainly
based on the 16 lymph node stations, each of which has a defined ana-
tomical location surrounding the stomach. While D1 involves the dis-
section of perigastric lymph nodes, D2 implies the dissection of lymph
nodes together with the left gastric, common hepatic and splenic arter-
ies and the celiac axis, in addition to the perigastric ones (Garg,
Jakhetiya, Sharma, Ray, & Pandey, 2016; Japanese Gastric Cancer Associ-
ation, 2011; Smyth et al., 2016). However, a number of clinical GAC tri-
als in western countries reported no clear survival benefit from
extended lymphadenectomy or the combined removal of the spleen
or bursa (Jaffer A Ajani et al., 2017). Laparoscopic gastrectomy is another
interventional method recommended for early gastric cancers. This ap-
proach is safe and postoperative complications are lower, particularly
when used in combination with enhanced recovery after surgery
(ERAS) protocols (J. Wang et al., 2020).

2.3. Chemotherapy

Applying chemotherapy in a preoperative (neoadjuvant) and post-
operative (adjuvant) manner for advanced and metastatic gastric can-
cer (GC) should result in improved survival and quality of life (J. A.
Ajani et al.,, 2016). The main aims of neoadjuvant chemotherapy are to
downstage the tumor's growth and disease progression, increase resec-
tion rate, eradicate remaining tumor cells, and reduce cancer-related
symptoms (Orditura et al., 2014). The use of fluoropyrimidine-platinum
(oxaliplatin in preference to cisplatin) doublet or triplet chemotherapy
before surgery is considered reasonable (Smyth et al., 2016). While the
results of the British Medical Research Council (MRC) MAGIC (MRC Ad-
juvant Gastric Infusional Chemotherapy) trial showed beneficial effects
in the perioperative ECF arm (Epirubicin/Cisplatin/5-Fluorouracil
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[5-FUJ) for 5-year survival, it is suggested that 5-FU can be replaced
with capecitabine (ECX regimen), which does not require an indwelling
central venous access device (Cunningham et al., 2006; Cunningham
et al., 2008). Moreover, in the Phase II/1ll FLOT4-Arbeitsgemeinschaft
Internistische Onkologie (AIO) trial, patients with locally advanced, re-
sectable gastric or gastroesophageal junction adenocarcinoma receiving
the FLOT regimen (fluorouracil, leucovorin, oxaliplatin, and docetaxel)
showed a higher overall survival in comparison with the ECF/X regimen
(Al-Batran et al,, 2019).

Conventionally, radiotherapy (RT) is considered as a palliative ther-
apy and can be employed in a pre- or post-operative manner and in
combination with chemotherapy agents. It has been shown that the ad-
ministration of chemoradiotherapy in an adjuvant setting is an effective
treatment regimen that improves overall survival in treated patients
(Macdonald et al.,2001; Smalley et al., 2012). In a clinical trial of 559 pa-
tients with stages IB to IV GC, the treatment efficacy of post-surgical
chemoradiotherapy compared to surgery alone was studied. The che-
moradiotherapy group received 5-FU and leucovorin, followed by che-
moradiotherapy 28 days after the start of the initial cycle of
chemotherapy. Over a three-year time frame, the overall survival rate
of patients increased to 50% compared with the surgical arm alone
(Smalley et al., 2012).

On the other hand, targeted therapy with active biologicals such as
those against human epidermal growth factor receptor 2 (HER2), vascu-
lar endothelial growth factor receptor 2 (VEGFR2), vascular endothelial
growth factor (VEGF), epidermal growth factor receptor (EGFR), fibro-
blast growth factor receptor 2 (FGFR2), FGFR2B, AKT, MET, mammalian
target of rapamycin (mTOR), ATM, and Claudin18.2 are currently under
investigation in various trials. The combination of chemotherapy and
trastuzumab (an anti-HER2 antibody) for patients with HER2 protein
overexpression, in comparison with chemotherapy alone, has already
shown a survival advantage (Jaffer A Ajani et al., 2017; Bang et al., 2010).

The complex nature of GAC and the limitations associated with cur-
rent standard treatments have inspired scientists to investigate novel
therapeutic strategies. To this end, molecular targets may provide
promising insights into drug development in cancer medicine, and
particularly for GAC.

3. Translational perspective on epigenetic therapy in GAC

The capacity of epigenetic drivers to induce different genes to up- or
down-regulate, makes them potential targets for cancer therapy. There
is plenty of evidence showing that individual epigenetic effectors can
regulate the expression of various oncogenes and TSGs, which are in-
volved in numerous cancer-related biological processes. Furthermore,
alteration of the epigenetic status of chromatin plays a role in the pro-
cess through which cancer cells become resistant to cytotoxic agents.
In this regard, some clinical data have already shown the therapeutic ef-
fects of epigenetic modifiers prevailing over resistance after chemother-
apy and irradiation in GAC and other tumors (Emran et al., 2019; Strauss
& Figg, 2016). Moreover, given the role of epigenetic modifications in si-
lencing tumor-associated antigens, epigenetic therapies may demon-
strate beneficial results in terms of unmasking tumor antigens that
have been hidden from the immune system (Dunn & Rao, 2017).

The fact that epigenetic alterations, unlike genetic mutations, are re-
versible has made them ideal targets for cancer therapies. Two types of
epigenetic drugs, inhibitors of DNA methyltransferases (iDNMTs) and
histone deacetylase inhibitors (iHDACs), have been approved by the
American Food and Drug Administration (FDA) (Roberti et al., 2019).
In addition, multiple epigenetic modulating agents have shown promis-
ing results in several late-stage clinical trials (Table 1).

Cancers present a highly heterogeneous, dynamic and complicated
microenvironment and the mechanisms recruited by each type of can-
cer may vary according to their origin and specific microenvironment
conditions. Therefore, applying a single strategy, such as inhibiting the
DNMT enzyme, may not have the same effect in different tumor types
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or even in similar tumors in different individuals. Moreover, as has
been previously shown, this therapeutic approach still lacks specificity
and it is possible that the methylated oncogenes may reactivate
(Nishigaki et al., 2005) and even cause hypomethylation of the entire
genome (Gius et al., 2004 ). Another issue in terms of epigenetic therapy
is the variation in epigenetic status of various cancers such as hemato-
logical malignancies and solid tumors, which makes this type of therapy
a context-dependent treatment strategy (Cheng et al., 2019).

Targeting distinct epigenetic drivers that are known to affect certain
TSGs or oncogenes in specific tumor backgrounds may be of more value
for therapeutic interventions. One example of such an intervention is
the application of the H3K27 methyltransferase, anti-EZH2 (Enhancer
of zeste homolog 2) antibody that is being investigated in early-stage
clinical trials for hematological malignancies (Tremblay-LeMay,
Rastgoo, Pourabdollah, & Chang, 2018). Similarly, Pinometostat, an epi-
genetic small molecule modulator can decrease mixed lineage leukemia
(MLL) target gene expression by reducing the epigenetic modification,
H3K79me?2, through inhibition of the disruptor of telomeric silencing
1-like (DOT1L) enzyme, resulting in the elimination of leukemia cells
(Table 1) (Stein et al., 2018). However, it is important to note that the
epigenetic modifications that occur during tumorigenesis are complex
and involve multiple steps. Therefore, combination therapies with the
aim of targeting various key epigenetic drivers seem to have the ability
to synergistically inhibit the expression of oncogenes and promote the
reactivation of TSGs. A possible candidate for such a strategy is 4SC-
202, a small molecule inhibitor with dual effects on HDAC1/2/3 and
lysine-specific demethylase 1 (LSD1), which is currently under clinical
investigation (Cheng et al.,, 2019).

In summary, given the well accepted fact that the epigenetic status
of the genome is usually widely modified during cancer initiation,
targeting certain epigenetic determinants with recognized effects on
the expression of tumorigenesis-related genes may be a promising
strategy in cancer therapy and more specifically in precision cancer
medicine.

4. Potential drug targets with possible different roles in diverse
backgrounds

Re-evaluating the importance of the distinctive role played by epige-
netics status in GAC in combination with investigating the major players
can be of great importance in discovering novel treatments. This re-
search topic is gaining international attention among clinical and basic
research groups (Gan et al., 2018; Guo, Yang, Liang, Guo, & Wang,
2014; Lim et al., 2018; Mathur, 2018; Strauss & Figg, 2016; C. Wang
etal., 2018). With this in mind, it is worth mentioning the role of muta-
tions in MLLs and AT-rich interaction domain 1A (ARID1A) proteins,
which are relatively common in GAC, and their interactions with other
key regulators of epigenetic status, which have been frequently re-
ported (Jaffer A Ajani et al., 2017). It has been shown that ARID1A is re-
currently mutated in GACs and a broad range of other tumor types.
Three main tumor promoting functions: enhanced proliferation,
disrupted differentiation, and apoptosis elimination, have proven asso-
ciations with mutations in this gene involving probable alterations in
the role of ARID1A within the SWI/SNF chromatin remodeling complex
(Wu & Roberts, 2013). It is also noted that in GACs, as in several
other tumors, there is an association between ARIDIA and phos-
phatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) mutations. In fact, PIK3CA gene mutations have been proven
to have an association with the EBV subtype according to the TCGA clas-
sification, and are associated with microsatellite-stable (MSS)/TP53 and
microsatellite instability (MSI)-high subtypes in the ACRG classification.
The rate of ARID1A loss-of-function mutations is also higher in these
subtypes (Jaffer A Ajani et al., 2017). Moreover, in one study which se-
quenced the exons of 15 GAC samples, it was revealed that the most
frequently mutated genes were TP53, PIK3CA, and ARID1A, which under-
lines the importance of these genes in tumorigenesis (Zang et al., 2012).
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Table 1

Epigenetic modification-related clinical trials.
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No. Drug Mechanism of action Participants Status Phase Country Trial identifier

Non-small cell lung cancer

1 Azacytidine DNMT inhibitor 120 R 2 USA NCT01928576
Entinostat HDAC inhibitor

2 CC-486 (oral azacytidine) DNMT inhibitor 240 ANR 2 USA NCT02250326

3 Oral DAC DNMT inhibitor 13 C 2 USA NCT02664181
THU CDA inhibitor

4 Vidaza (azacytidine) DNMT inhibitor 6 C - USA NCT01209520

5 DAC DNMT inhibitor 75 R 1,2 USA NCT03233724
THU CDA inhibitor

Lung cancer

6 Guadecitabine DNMT inhibitor 40 R 1 USA NCT03220477
Mocetinostat HDAC inhibitor

Pancreatic cancer

7 THU CDA inhibitor 15 C Early 1 USA NCT02847000
DAC DNMT inhibitor

8 Azacytidine DNMT inhibitor 80 R 2 USA NCT01845805

Solid Tumors

9 Hydralazine DNMT inhibitor 15 C 2 Mexico NCT00404508
Magnesium valproate HDAC inhibitor

10 CHR-3996 HDAC inhibitor 40 C 1 Netherlands NCT00697879

11 Azacytidine DNMT inhibitor 70 ANR 12 USA Spain UK NCT02959437

12 aza-TdCyd DNMT inhibitor 46 R 1 USA NCT03366116

13 5-Azacytidine DNMT inhibitor 54 R 1 USA Australia Canada NCT03206021

14 TdCyd DNMT inhibitor 24 S 1 USA NCT02423057

15 CHR-3996 HDAC inhibitor 40 C 1 Netherlands UK NCT00697879

16 Azacytidine DNMT inhibitor 70 ANR 1,2 USA NCT02959437

17 TdCyd DNMT inhibitor 24 S 1 USA NCT02423057

18 MG98 DNMT inhibitor 20 C 1 USA Canada NCT00003890

Cervical cancer

19 Hydralazine DNMT inhibitor 143 Un-known 3 Mexico NCT00532818
Magnesium valproate HDAC inhibitor

20 Hydralazine DNMT inhibitor 230 Un-known 3 Mexico NCT02446652
Magnesium valproate HDAC inhibitor

Ovarian cancer

21 Hydralazine DNMT inhibitor 211 Un-known 3 Mexico NCT00533299
Magnesium valproate HDAC inhibitor

22 DAC DNMT inhibitor 500 R 2 China NCT02159820

23 CC-486 DNMT inhibitor 32 ANR 2 USA NCT02900560

Breast cancer

24 Vorinostat HDAC inhibitor 65 NYR 2 USA NCT04190056

25 ZEN003694 BET inhibitor 49 R 2 USA NCT03901469

Belgium
Spain

Hematological malignancy

26 THU CDA inhibitor 7 C Early 1 USA NCT02846935
DAC DNMT inhibitor

27 Azacytidine DNMT inhibitor 20 NYR Early 1 USA NCT04187703
DAC

28 Valporic acid HDAC inhibitor 52 Unknown 2 Puerto Rico NCT01016990

29 DAC DNMT inhibitor 156 C Korea NCT01400633

30 DAC DNMT inhibitor 24 R 1 USA NCT03263936
Vorinostat HDAC inhibitor

31 Azacytidine DNMT inhibitor 15 C 1 USA NCT01861002

32 Vorinostat HDAC inhibitor 15 R 1 USA NCT03843528
Azacytidine DNMT inhibitor

33 5-Azacytidine DNMT inhibitor 41 ANR 2 USA NCT02497404

34 Azacytidine DNMT inhibitor 120 C 2 France NCT01301820

35 Azacytidine DNMT inhibitor 27 NYR 2 Korea NCT03719989

36 Vorinostat HDAC inhibitor 15 R 1 USA NCT03843528
Azacytidine DNMT inhibitor

37 DAC DNMT inhibitor 9 C 1 USA NCT01834248

38 Azacytidine DNMT inhibitor 120 C 2 France NCT01301820

39 Azacytidine DNMT inhibitor 30 C 2 Denmark NCT01048034

40 Azacytidine DNMT inhibitor 200 R 2 USA NCT03164057
DAC

41 Azacytidine DNMT inhibitor 34 C 1 USA NCT00005639

42 5-Azacytidine DNMT inhibitor 41 ANR 2 USA NCT02497404

43 DAC DNMT inhibitor 44 C 2 USA NCT01829503

44 Azacytidine DNMT inhibitor 17 C 1,2 USA NCT01120834
Vorinostat HDAC inhibitor

45 Vorinstat HDAC inhibitor 52 C 1,2 France NCT00776503

46 DAC DNMT inhibitor 30 C 1 USA NCT00538876

47 Azacytidine DNMT inhibitor 260 ANR 2 UK NCT01617226
Vorinostat HDAC inhibitor

48 DAC DNMT inhibitor 204 C 2 Germany NCT00867672
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Table 1 (continued)
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No. Drug Mechanism of action Participants Status Phase Country Trial identifier
Valporic acid HDAC inhibitor

49 Vorinstat HDAC inhibitor 754 C 3 USA NCT01802333

50 Panobinostat HDAC inhibitor 62 ANR 1,2 Germany NCT01451268

51 OTX015/MK-8628 Bromodomain inhibitor 141 C 1 NCT01713582

52 R0O6870810 BET inhibitor 26 C 1 USA NCT02308761

53 GSK525762 BET inhibitor 110 ANR 2 USA Australia Spain NCT01943851

54 EPZ-5676 HMT inhibitor 51 C 1 USA Germany NCT01684150

55 Romidepsin HDAC inhibitor 102 C 2 USA NCT00106431

Urothelial Carcinoma

56 Guadecitabine DNMT inhibitor 53 R 2 USA NCT03179943

Gastrointestinal cancer

57 Domatinostat HDAC inhibitor 75 R 2 UK NCT03812796

Prostate cancer

58 ZEN003694 BET inhibitor 44 C 1 USA NCT02705469

59 ZEN003694 BET inhibitor 58 ANR 1,2 USA NCT02711956

Abbreviations: ANR: Active, not recruiting; BET: Bromodomain and Extra-Terminal motif; C: completed; CDA: Cytidine Deaminase; DAC: Decitabine; DNMT: DNA methyltransferase;
HDAC: Histone deacetylase; HMT: Histone methyltransferase; NYR: Not yet recruiting; R: Recruiting; S: Suspended; THU: Tetrahydrouridine; UK: United Kingdom, USA: United States.

The MLLs family (MLL1, MLL2, MLL3 and MLL4) are tumor suppressors
and have a considerable impact on gene activation through histone H3
lysine 4 (H3K4) methylation. According to the TCGA database, the
total genetic alterations in MLL1-MLL4 occurred in 38% (184/478) of
GACs (Jaffer A Ajani et al,, 2017).

Along with the specified functions of ARID1A and MLLs in GAC mo-
lecular pathways, their association with the protein, EZH2 (an H3K27
methyltransferase and a component of PRC2 [polycomb repressive
complex 2]) has also been confirmed. Interestingly, EZH2 inhibition
was shown to be useful in the suppression of certain tumors with
ARID1A mutations. In addition to MLLs, EZH2 is also involved in bivalent
histone marking, which can regulate the expression of a variety of genes
and there is evidence to show the loss of bivalent chromatin status in
GACs (Bernhart et al., 2016; Bitler et al., 2015). EZH2 function and ex-
pression level are regulated through several molecular mechanisms in-
cluding those involving ncRNAs as certain microRNAs (miRNAs) reduce
the invasion and migration rate of cancerous cells by inhibiting EZH2 ex-
pression (Benetatos, Voulgaris, Vartholomatos, & Hatzimichael, 2013;
H.-J. Wang et al., 2010). Many studies have demonstrated an oncogenic
role for EZH2 in tumor progression, malignancy, and a poor prognosis,
and have revealed its high expression level in GAC and other cancers
(Figs. 1a and d, 2) (Gan et al,, 2018; Guo et al., 2014; Tang et al., 2017;
C. Wang et al., 2018; Wassef et al., 2019; Yan et al., 2017). Moreover, it
has been shown that EZH2 is capable of promoting angiogenesis mech-
anisms and is associated with drug resistance in certain types of malig-
nancies (Gollner et al., 2017; Nakagawa et al., 2018; Tsou et al., 2019;
Yamagishi & Uchimaru, 2017).

However, in certain cancers, EZH2 inhibition can result in cancer
progression, which would indicate a tumor suppressor role for this pro-
tein. A reduction in the activity of the PRC2 complex and the H3K27me3
mark caused by oncogenic activation of NOTCH1 signaling in T-cell
acute lymphoblastic leukemia (T-ALL) cells results in T-ALL progression
(Ntziachristos et al., 2012). Schdfer et al. indicated that the EZH2 pro-
moter is highly methylated and therefore inactivated in T-ALL patients
compared to healthy children. Furthermore, loss-of-function mutations
in EZH2 were also found in myeloproliferative neoplasms (Ernst et al.,
2010; Schafer et al., 2016) This contrasts with the oncogenic role of
this gene in a number of other cancers such as GAC and lymphoid malig-
nancies, making it a potential therapeutic target in certain types of can-
cers (Morin et al., 2010).

Taken together, the data suggests two possible contradictory roles
for EZH2 in different cancers. Kim et al. have suggested that the local
chromatin environment determines the role of EZH2, which can func-
tion either as a tumor activator or repressor. In fact, it has been

demonstrated that EZH2 can occupy promoters marked by either
H3K27ac or H3K27me3 resulting in gene activation or repression, re-
spectively (Kim et al., 2018). On the other hand, it is well-known that
the genes repressed in malignancies are usually TSGs while those that
are over activated are listed as oncogenes. Lavarone et al. have implied
that the global loss of H3K27 methylation results in diffuse chromatin
invasion by acetyltransferases leading to an aberrant accumulation of
H3K27 acetylation (Lavarone, Barbieri, & Pasini, 2019). Furthermore, it
was demonstrated that there is an antagonistic switch between
H3K27 methylation and acetylation associated with the transcriptional
regulation of polycomb group (PcG) target genes (Pasini et al., 2010).
Altogether, these data indicate that, for certain types of cancers, the
chromatin environment of different genes and their interactions with
PRC2 and acetyltransferase complexes can play a crucial role in defining
the transcriptional state of the genome.

In other words, we propose that the “local” chromatin state of specific
genes, i.e. whether they are H3K27 tri-methylated or acetylated, justifies
the discrete outcome of EZH2 loss-of-function mutations in two particular
types of cancer: specific hematological-related malignancies and gastric
tumors. Therefore, in GAC, it is possible that due to the aberrant methyl-
ation of H3K27, not only has the local chromatin state been disrupted but
H3K27 acetylation of specific genes (presumably TSGs) is also reduced. It
was reported by Pasini et al. that the knockdown of Histone acetyltransfer-
ase 1 (Hat1), Lysine Acetyltransferase 2B (Kat2b), CREB-binding protein
(CBP) and p300 genes led to a significant reduction in H3K27Ac (Pasini
et al., 2010). Although it is widely accepted that CBP and p300 along
with Hat1 inhibition exerts antitumor effects (Gu et al., 2016), in 2019,
Liu et al. suggested that downregulation of Kat2b (also known as P300/
CBP-associated factor [PCAF]) results in an increased resistance to 5-FU
in colorectal cancer. Additionally, the in silico data analysis of a TCGA
GAC cohort shows the downregulation of PCAF across tumors in compar-
ison with normal tissues (Figs. 1b and e, Fig. 2) (Tang et al., 2017). How-
ever, it has been suggested that the ability of PCAF to acetylate p53 is the
probable mechanism for this event (Liu et al, 2019). In addition,
Brasacchio et al. have shown that the loss of PCAF expression is associated
with a poor clinical outcome in GAC patients. Although the mechanisms
underlying the association between the loss of PCAF and initiation of
GAC are not fully understood it has been suggested that PCAF and adaptor
protein 3 (ADA3) are in charge of modulating the intrinsic apoptotic
pathway through the “epigenetic regulation” of phosphofurin acidic clus-
ter sorting proteins 1 and 2 (PACS1, PACS2) (Brasacchio et al., 2018).

Lysine-specific demethylase 6A (KDM6A), also known as Ubiqui-
tously transcribed tetratricopeptide repeat, X chromosome (UTX) pro-
tein, plays a significant role in the regulation of gene expression
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Fig. 2. OncoPrint illustrating the genomic alteration frequency (expression, mutation and CNV) of EZH2, KDM6A, and PCAF across a cohort of 440 stomach cancer samples with various
subtypes registered in The Cancer Genome Atlas database (TCGA). Cluster analysis reveals high expression of EZH2 among patients diagnosed with an adenocarcinoma. Additionally,
expression of EZH2 is also enriched in intestinal and diffuse type gastric cancer compared with other types. In contrast, PCAF was mostly enriched in patients with diffuse type tumors,
while the majority of samples reflected low PCAF expression. All data were analyzed using TCGAbiolinks, R/Bioconductor software package.

Expression Heatmap

through H3K27 demethylation (Fig. 1c and f) (Tang et al., 2017). KDM6A/
UTX acts together with COMPASS (complex of proteins associated with
Set1), which controls H3K4 methylation and consists of a core complex
named WRAD together with MLL3 or MLL2/4 proteins (Lang et al.,
2019). Mutations in KDM6A are associated with a wide range of human
cancers, in particular urothelial carcinoma and certain T-cell leukemias
(Schulz, Lang, Koch, & Greife, 2019; Van Haaften et al.,, 2009). However,
it does not function as a tumor suppressor gene in all cancers as it is asso-
ciated with oncogenic reprogramming in particular T-ALL subtypes.
Moreover, knocking out EZH2, which we believe has a related function

with KDM6A, promotes T-cell leukemia in mice (Schulz et al., 2019). In
line with our hypothesis and given the fact that EZH2 is essential for can-
cer stem cell self-renewal and can repress TSGs such as CDH1, we raise the
possibility that H3K27 demethylases may also have a role in reversing the
epigenetic changes that have occurred. For example, in colon cancer,
KDMBG6A has the ability to demethylate H3K27me3 at the CDH1 promoter
while also recruiting CBP, which leads to increased H3K27 acetylation
(Fig. 3) (Zha et al.,, 2016).

In humans, KDM6A has two paralogs, Jumonji Domain-Containing
Protein 3 (JM]D3(and Ubiquitously Transcribed Tetratricopeptide Repeat

Fig. 1. EZH2, PCAF, and KDMG6A expression levels compared to their normal counterparts in a range of cancers including STAD (Stomach adenocarcinoma) are shown in a, b, and c,
respectively (left). The y axis represents the median expression in each tumor type or in normal tissue. The plots implies a higher level of EZH2 expression in STAD samples in which
PCAF is downregulated in comparison with normal tissues. Data was acquired from the GEPIA (Gene Expression Profiling Interactive Analysis) database. The box plots show the
expression of the aforementioned genes in different cancer subtypes (right). Methylation vs expression vs CNV of EZH2, PCAF, and KDM6A are demonstrated in d, e, and f. The data
were analyzed using the TCGABiolinks, R/Bioconductor software package (Mounir et al., 2019). ACC: Adrenocortical carcinoma, BLCA: Bladder urothelial carcinoma, BRCA: Breast
invasive carcinoma, CESC: Cervical squamous cell carcinoma and endocervical adenocarcinoma, CHOL: Cholangiocarcinoma, CNV: Copy number variation, COAD: Colon
adenocarcinoma, DLBC: Diffuse large B-cell lymphoma (lymphoid neoplasm), ESCA: Esophageal carcinoma, GBM: Glioblastoma multiforme, HNSC: Head and neck squamous cell
carcinoma, KICH: Kidney chromophobe, KIRC: Kidney renal clear cell carcinoma, KIRP: Kidney renal papillary cell carcinoma, LAML: Acute myeloid leukemia, LGG: Low grade glioma
(brain), LIHC: Liver hepatocellular carcinoma, LUAD: Lung adenocarcinoma, LUSC: Lung squamous cell carcinoma, MESO: Mesothelioma, OV: Ovarian serous cystadenocarcinoma,
PAAD: Pancreatic adenocarcinoma, PCPG: Pheochromocytoma/paraganglioma, PRAD: Prostate adenocarcinoma, READ: Rectum adenocarcinoma, SARC: Sarcoma, SKCM: Skin
cutaneous melanoma, STAD: Stomach adenocarcinoma, TGCT: Testicular germ cell tumors, THCA: Thyroid carcinoma, THYM: Thymoma, UCEC: Uterine corpus endometrial carcinoma,
UCS: Uterine carcinosarcoma, UVM: Uveal melanoma.
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Fig. 3. Roles of EZH2, PCAF, and KDM6A in regulating the epigenetic status of specific gene targets such as CDH1. The confirmed negative correlation between E-cadherin and EZH2/PCAF is
illustrated. The positive correlation between E-cadherin and KDMG6A in certain types of cancers is also demonstrated. EZH2 and PCAF are in charge of modulating expression of TSGs, either
directly or indirectly, by changing the 3D structure of the related chromatin ( (Fujii & Ochiai, 2008; Zhou et al., 2019). KDM6A, on the other hand, due to its histone demethylation activity

may increase the expression of certain TSGs and reverse the effect of EZH2 in a cancer type-dependent manner (Created by Biorender.com).

Protein, Y-Linked (UTY). It is worth noting that UTY, located on the Y
chromosome, has weaker activity than KDM6A/UTX (Schulz et al.,
2019) and also that KDM6A is one of the X chromosomal genes that
largely escapes X inactivation (Lederer et al., 2012). These observations
may explain the biased ratio of GAC incidence between the two sexes, as
the incidence is twice as high in males as it is in females (Jaffer A Ajani

etal, 2017), which agrees with the fact that females possess an overall
higher activity of H3K27me2/3 demethylase.

Given the local chromatin status in different cancerous cells, the
function of EZH2 as a key modulator of 3D chromatin structure can
vary. This situation is particularly apparent in hematological malignan-
cies compared to solid tumors such as GACs, in which H3K27
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trimethylation or H3K27 acetylation play important roles in defining
the function of EZH2 as an oncogene or TSG (Ernst et al., 2010; Morin
et al., 2010; Ntziachristos et al., 2012; Schafer et al., 2016). Therefore,
it is possible that the disruption of a precise balance between these
two epigenetic modifications may be one of the main events occurring
in cancer initiation. Such disruption can alter the expression of many
cancer-related genes without leaving traces in their genetic code. This
phenomenon raises the possibility that modifications of both EZH2
and H3K27 acetylation modulators may have the potential for attenuat-
ing distinct cancer phenotypes in regards with their origins. PCAF is a
potential candidate for one of the suggested acetylation factors as it
was recently demonstrated that its loss is associated with GAC initiation
(Brasacchio et al., 2018). This may suggest a mechanism through which
increased H3K27 trimethylation and a reduction in H3K27 acetylation
of specific genes could be among the main events in cancer initiation.

On the other hand, targeting certain histone demethylases that have
the ability to alter the chromatin architecture seems an interesting
strategy for mitigating the GAC phenotype. With this in mind, we pro-
pose KDM6A, which is involved in H3K27 demethylation and may
have the potential to reverse the epigenetic modifications that occur
in specific cancer phenotypes such as GAC.

5. Conclusion

Epigenetic regulators are often mutated in GAC and many other
cancers and consequently the expression of numerous downstream
cancer-related genes could also be affected. Therefore, targeting these
epigenetic regulators may have clinical value. Based on a large number
of studies looking at variations in the epigenome during cancer initia-
tion, epigenetic-related therapies can be considered as a promising
strategy for anticancer treatments. Several epigenetic-related therapies
have already been developed and are successfully used in different
types of cancer. However, targeting those enzymes that play roles in
universal DNA modifications may reduce the need to target particular
oncogenes or TSGs. Thus, understanding the specific mechanisms un-
derlying critical alterations in epigenetic drivers is necessary. Due to
the complexity of the mechanisms involved in cancer initiation and pro-
gression (particularly in GACs), the discovery of key players in cancer
pathogenesis is of great importance. Here, we propose that identifying
the specific targets of EZH2, PCAF, and KDM6A in GAC would most prob-
ably offer new gene targets for cancer treatment including key genetic
regulators. Identifying the common target genes of the above men-
tioned epigenetic modulators in combination with the possibility of
modifying one of these three molecules and/or their targets would en-
hance the treatments currently available and help to alleviate the re-
lated cancer. Further studies are required to investigate the
applicability of the desired epigenetic alterations as the basis for
targeted molecular therapy.
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