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1. Abstract 

Gastric cancer (GC) is a hard challenge for medical oncology, with globally over one million of new 

diagnoses each year and low survival rates. Gastric carcinogenesis is guided by the interaction of 

several risk factors such as diet, genetics, tobacco smoking and Helicobacter pylori infection, and 

exerts through sequential histopathologic steps, including chronic gastritis, atrophic gastritis, intestinal 

metaplasia, dysplasia and cancer. GC is classified on the basis of anatomical, histological or molecular 

classification, reflecting the wide cancer heterogeneity, also highlighted by the inefficacy of the actual 

treatment schedules. When feasible, surgery is the recommended treatment option, often accompanied 

by neo-adjuvant and adjuvant chemotherapy. For advanced disease, several treatment schedules are 

used, mainly platinum-based or fluoropyrimidines, while trastuzumab is approved for positive Her2 

patients. 

Epigenetic mechanisms alterations affecting DNA methylation, histone methylation and acetylation, 

are a recognized hallmark of cancer and stand at the basis of gastric carcinogenesis and tumor 

development. The pharmacological targeting of these altered mechanisms is an attractive option for 

new cancer treatments. 

Aim of this study was to test the therapeutic potential of the compound CM-272 for GC, a selective 

and strong dual inhibitor of DNMT1 and EHMT2, which reached important results in pre-clinical 

models of other gastrointestinal malignancies. Moreover, in a GC patients case series, the expression 

of the target of the compound was tested, to prove the rationale for inhibition 

DNMT1, EHMT2 and their functional adaptor were over-expressed in the majority of GC patients 

tissues. Through in-vitro testing of CM-272 alone and in combination with the most used 

chemotherapeutic treatments for GC in a panel of GC cell lines, this study demonstrated that the 

compound has a strong ability in inhibiting GC cells growth, acting at lower doses with respect to 

chemotherapeutic agents and other epigenetic compounds. It was demonstrated that CM-272 has a 

synergistic effect when administered together with chemotherapy, while it has an additive effect when 

administered prior to cytotoxic treatment. Even though not directly inducing apoptosis, CM-272 was 

able to induce a senescent phenotype in GC cells, and to epigenetically reprogram the transcription of 

genes involved in phosphorylation cascades and mitochondria metabolism, thus affecting the growth 

and energetic machinery of cancer cells.In conclusion, the pharmacological targeting of epigenetic 

mechanisms demonstrated good potential in in-vitro pre-clinical models of GC, and further 

investigations to test in-vivo efficacy, and studies focused on the molecular mechanisms compound-

induced are needed. 
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2. Introduction 

2.1 Stomach and Gastric cancer 

Stomach is a fundamental component of the gastrointestinal system. Topographically, it is divided in 5 

regions: - cardia and gastroesophageal junction (GEJ); - fundus; - corpus; - antrum and - pylorus. 

Fundus and corpus host acid-secreting glands, while the antrum has an alkaline-secreting surface 

epithelium and endocrine G-cells, which secrete gastrin 1,2. From the lumen of the organ, the wall of 

the stomach is divided in four layers: - mucosa; - submucosa; - muscolaris mucosa and - serosa 

(Figure 1).  

 

Gastric cancer (GC) is a hard challenge for medical oncology, with globally over one million of new 

diagnoses each year and low survival rates. Gastric carcinogenesis is guided by the interaction of 

several risk factors such as diet, tobacco smoking and Helicobacter pylori infection, and exerts through 

sequential histopathologic steps, including chronic gastritis, atrophic gastritis, intestinal metaplasia, 

dysplasia and cancer 3. GC presents as a wide heterogeneous disease at histopathological, onset 

location and molecular levels, often diagnosed at late stages, creating a complex scenario for patients 

clinical management. Treatment algorithm is based on the TNM classification system (table 1), cancer 

histology and molecular classification and staging of the disease, performed on the basis of the depth 

of invasion into the wall of the stomach (figure 2). 

 
 

 

 

 

 

 

Figure 1. Structure of the stomach and layers of the stomach wall 2.  
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Figure 2. Gastric cancer stadiation. 

Rabab Cancer Foundation (2018) 

 

 

 

Table 1. The Tumor Node and Metastasis classification system 
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A 
 

B 
 

Figure 3. A. Intestinal-type gastric cancer. B. Diffuse type gastric cancer 

Even though GC often display a wide range of heterogeneity at histopathological levels, and several 

parameters and classification systems have been adopted to face this heterogeneity (see paragraph 

1.4.2), the most representative histology types of GC are the intestinal type and the diffuse type 

(Figure 3). 

2.2 Epidemiology  

GC is the fifth most diagnosed and the fourth most lethal malignancy worldwide, with an estimated 

more than one million new cases annually, and 769,000 deaths in 2020 4.  

GC is more commonly diagnosed in males than in females (720,000 and 370,000 new cases in 2020, 

respectively), and higher incidence rates are recorded in Eastern Asia (about 60% of all new 

diagnoses), Eastern Europe and South America, while in several African countries less than 5 new 

cases per 100,000 persons/year are reported (Figure 4) 5.  

 

Figure 4. Estimated age-standardized rates (ASR) in 2020 for gastric cancer incidence (A) and mortality (B), 

both sexes, all ages. Data source: GLOBOCAN 2020, World Health Organization – International Agency 

Research on Cancer (http://gco.iarc.fr/today). 

 

http://gco.iarc.fr/today
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Globally, 8.3% of all cancer deaths are attributable to GC, and the cumulative risk of death from this 

malignancy, from birth to age 74, is 1.36% for males and 0.57% for females 6. GC is a highly deadly 

malignancy, and survival rates largely depend on age and tumour stage at diagnosis, as 5-year survival 

rate for early stage surgically-treated tumours (stage IA, IB) are 94% and 88%, respectively, while 

stage IIIC tumours present a 18% rate 7.  

GC has been the global most common cause of cancer-related mortality up to the mid-1990s 6. 

In the last decades, improved living conditions in developing countries led to an estimated 2% and 

0.7% annual decrease in men and women in medium human development index (HDI) countries, 

while screening programmes in high incidence areas, such as Korea and Japan, led to substantial 

reductions in gastric cancer-associated mortality 8–10. 

 

2.3 Risk factors 

Genetics. The majority of GC are sporadic, but up to 10% 

of GC show familial aggregation, while 1-3% show 

genuine hereditary causes. Germline variants in specific 

genes or set of genes are associated to the hereditary 

cancer syndrome, defined as a genetic predisposition to 

malignant conditions. There are three hereditary GC 

syndromes described: Hereditary Diffuse Gastric Cancer 

(HDGC), Familial Intestinal Gastric Cancer (FIGC), and 

Gastric Adenocarcinoma and Proximal Polyposis of the 

Stomach (GAPPS). Other syndromes include Li Fraumeni, 

Familial Adenomatous Polyposis and Lynch. Hereditary 

diffuse gastric cancer (HDGC) is a rare, highly penetrant 

malignancy characterized by autosomal dominant 

inheritance of pathological variants of the CDH1 and genes, 

which encode the adhesion molecules E-cadherin and α-catenin, respectively (Figure 5) 11,12. HDGC 

presents as a poorly differentiated diffuse carcinoma, invading the whole thickness of the gastric wall. 

CDH1 mutations include point mutations or small insertions and deletions, with no hotspots 

highlighted to date; the encoded protein E-cadherin is a type I calcium transmembrane glycoprotein 

expressed on epithelial tissue and responsible to maintain cell-to-cell adhesion in adherens junctions 

and cell polarity 13,14. 

Helicobater pylori. Helicobacter pylori infection is the most well described risk factor for GC. 

Australian researchers Barry J. Marshall and J. Robin Warren were awarded the Nobel Prize in 

Figure 5. E-cadherin transmembrane 
structure and intracellular associated 
components 12. 
 



7 

 

Figure 6. Helicobacter pylori internalization 

and effects in a stomach cell 19. 

 

Physiology or Medicine in 2005 “for their 

discovery of the bacterium Helicobacter 

pylori and its role in gastritis and peptic ulcer 

disease" 15. In 1985, Marshall deliberately 

infected himself with the bacterium to 

demonstrate it was the cause of acute 

gastritis, and to date the 80% of gastric ulcers 

and 90% of non-cardia GC are recognized to 

be related to by H. pylori, identified as a class 

I carcinogen by World Health Organization 

16–19. This bacterium produces a variety of 

virulence factors, of which cytotoxin-

associated gene A (CagA) and the 

vacuolating cytotoxin A (VacA) are the major pathogenic ones. CagA protein is internalized in the 

target cells via Type IV secretion system (T4SS) and undergoes tyrosine phosphorylation at its 

glutamate-proline-isoleucine-tyrosine-alanine (EPIYA) motif by Src family kinase. Once activated, it 

interacts with host proteins activating Ras, mitogen-activated protein kinase (MAPK), extracellular 

signal-regulated kinase (ERK), nuclear factor kB (NF-kB) and β-catenin pathways, resulting in 

enhanced proliferation of gastric epithelial cells 20. CagA also interacts with SH2-containing 

phosphatase (SHP-2), inducing cytoskeleton and morphological changes via inactivation of focal 

adhesion kinase (FAK), affecting tissue architecture and cell polarity, thus guiding the so-called 

“hummingbird phenotype”, involved in gastritis and carcinogenesis processes (Figure 6) 21 . VacA, 

once internalized by the host cells, is able to create cytosolic vesicles with characteristics of late 

endosomes/early lysosomes, which can be transferred to mitochondria causing dissipation of 

membrane potential and activation of pro-apoptotic factor Bcl-2 associated x protein (Bax) 22. H. 

pylori provokes inflammatory responses in the gastric mucosa by inducing the expression of pro-

inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-8, TNFα, NF-kB 23. This sustained 

inflammation within the mucosal microenvironment often becomes chronic, guiding all the steps of 

gastric carcinogenesis.  

H. pylori infection is highly prevalent, with over half of the world’s population actually infected, and 

genomic analyses highlighted a long history of co-evolution with the human host, suggesting the 

interaction of the bacterium with host genetics and diet in enhancing gastric ulcers and cancer risk 

6,24,25. In fact, among infected individuals, approximately 10% develops peptic ulcer disease, 1–3% 

progresses to gastric cancer (GC), and 0.1% develops gastric mucosa-associated lymphoid tissue 
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(MALT) lymphoma 20. Moreover, a large study demonstrated that GC risk was almost twice than 

expected in patients with gastric ulcers, while patients with duodenal ulcers had a 40% decreased risk 

for GC 26. Of note, H. pylori infection increases the risk of non-cardia GC by promoting gastritis, but it 

is known to reduce acid secretion in the cardia of the stomach, thus preventing gastritis in the 

oesophagus and cardia. This results in the fact that this bacterium protects against cardia cancer 16. 

Epstein-Barr virus (EBV). EBV infections are associated to 5-10% of GC, with higher incidence 

when co-infection with H- pylori is present; the role of EBV in the gastric carcinogenesis has still to 

be completely clarified 27,28. 

Gastroesophageal reflux disease (GERD). GERD reported significant association with severe gastric 

atrophy and GC; moreover, incidence rates in reflux-related cardia cancer and oesophageal cancers are 

very similar, suggesting that these two malignancies show similar aetiology and pathophysiological 

processes 29,30. 

Diet. the effects of intake of salt- and saturated fats-rich aliments, and known gastric carcinogens such 

as N-methyl-N-nitro-N-nitrosoguanidine (MNNG), are able to erode the mucosal barrier, contributing 

to inflammation processes 31. On the contrary, carotenoids, folate, phytochemicals and vitamin C 

contained in fruits and vegetables are able to modulate xenobiotic metabolism, supplying antioxidants 

to prevent metabolic damage; a case control study highlighted that high intake of fruit and vegetables 

reduce of 37% the risk of GC 31.  

Tobacco, alcohol consumption. Life habits of tobacco and alcohol consumption are proved to 

increase the risk of GC development; in particular, 11% of all GC are attributable to smoking, while 

heavy alcohol intake leads to mucosal erosion and gastritis, and has a positive correlation with GC 

incidence 6,32. 
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Figure 7. Gastric cancer classification  

by Siewert-Stein 34. 

2.4 Gastric cancer classification 

GC is a heterogeneous disease with different histological characteristics (phenotypes) and genotypes, 

often associated to tumor location, and this heterogeneity results in several classification systems 

proposed. 

2.4.1 Anatomical classification 

GC can be classified basing on tumor location. This classification system substantially identifies 

cardia (gastroesophageal junction) and non-cardia (stomach) tumors. These differs in terms of 

incidence, regional distribution and 

prognosis 33. This classification follows 

the Siewert-Stein parameters, identifying 

cardia GC as type II or type III, 

depending on the epicentre of the tumor 

and the level of involvement of 

gastroesophageal junction, while type I 

malignancies extend in the oesophagus 

(Figure 7) 19,34. More recently, in the 

TNM staging system introduced further 

parameters to classify cardia cancers, that 

consider both the epicentre of the tumor and where the tumor extends 35. 

2.4.2 Histological classification 

The first classification system based on histological characteristics was by Lauren. Later, two similar 

classification systems have been proposed by the Japanese Association for Gastric Cancer (JGCA) and 

the World Health Organization (WHO) 36,37. The Lauren classification distinguishes intestinal subtype, 

diffuse type, and indeterminate or unclassifiable subtype; this classification is mainly based on the 

tissue architecture and glandular patterns 38. While intestinal type tumors are moderate to differentiate 

tumors, with a glandular structure, not strictly related to a specific risk factor, diffuse type tumors are 

non-cohesive and poorly differentiated cancers, with no gland formation. 

The WHO classification identifies five subtype, mainly depending on the histological patterns of the 

tumor, that is, tubular, papillary, mucinous, and poorly cohesive subtypes and rare variants. Tubular 

carcinomas are poorly differentiated tumors with low- to high-grade nuclear atypia, the papillary 

subtype presents finger-like processes of cuboidal or cylindrical cells; mucinous carcinomas are 

characterized for a 50% extracellular mucin, while poorly cohesive tumors present small aggregates or 
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alone cancer cells (e.g. signet-ring cancer cells) 36. The two classification systems overlaps (i.e. tubular 

and papillary subtypes correspond to intestinal subtype, and poorly cohesive is associable to diffuse-

type, and the WHO classification has been sometimes criticised for its complexity and the large 

number of subtypes identified, some of which are very rare 39, Table 2. 

Table 2. Gastric cancer classification systems basing on histological characteristics (SRC: signet-ring cell 

carcinoma, NOS: not otherwise specified) 

Lauren classification (1965) JGCA (2017) WHO (2018) 

Intestinal type 

Papillary adenocarcinoma 

Tubular, well differentiated 

Tubular, moderately 

differentiated 

Papillary adenocarcinoma 

Tubular, well differentiated 

Tubular, moderately 

differentiated 

Indeterminate type Poorly differentiated (solid) 
Tubular, poorly differentiated 

(solid) 

Diffuse type 
Signet ring cell carcinoma 

Poorly cohesive (non-solid) 

Poorly cohesive, SRC 

Poorly cohesive, NOS 

Intestinal/diffuse/indeterminate Mucinous carcinoma Mucinous carcinoma 

Mixed type Components description Mixed carcinoma 

Not defined 

Special types: 

Adeno-squamous carcinoma 

Squamous cell carcinoma 

Hepatoid adenocarcinoma 

Carcinoma with lymphoid 

stroma 

Undifferentiated carcinoma 

Adenocarcinoma with 

enteroblastic differentiation 

Adenocarcinoma of fundic 

gland 

Histological variants: 

Adeno-squamous carcinoma 

Squamous cell carcinoma 

Hepatoid adenocarcinoma 

Carcinoma with lymphoid 

stroma 

Undifferentiated carcinoma 

Adenocarcinoma with 

enteroblastic differentiation 

Adenocarcinoma of fundic 

gland 

Micropapillary 

adenocarcinoma 

 

2.4.3 Molecular classification 

In the last years, molecular approaches for gastric cancer classification have been attempted, 

especially relating cancer molecular features to histological phenotypes 40,41. The most comprehensive 

genome-wide analysis, including DNA copy number alterations, mutations, mRNA, miRNA and 

protein patterns and alterations, was performed by The Cancer Genome Atlas (TCGA) research 

network. The results classified GC in four molecular distinct subtypes: 9% of EBV-positive (EBV+), 

21% of microsatellite instable (MSI), 20% of genomically stable (GS) and 50% of chromosomal 

unstable (CIN) tumors 42. Interestingly, these subtypes are often associated to tumor location: EBV+ 

tumors are mostly located in the fundus or body of the stomach, with 81% prevalence in men; CIN are 
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more frequently diagnosed in the gastroesophageal junction , while GS tumors are more often 

associated to diffuse type histology (Figure 8A). Another molecular classification by  the Asian 

Cancer Research Group (ACRG) was performed basing on transcriptome molecular signature and 

clinically relevant features of 300 GCs. This classification identified MSI hypermutated tumors and 

microsatellite stable (MSS) tumors, with the latter divided into mesenchymal and epithelial subtype, 

which were further divided into MSS/TP53+ and MSS/TP53- (Figure 8B) 43. MSI were often 

characterized by intestinal subtype, major location in the antrum, best prognosis and lower rates or 

recurrence. Among MSS subtypes, mesenchymal tumors displayed worse prognosis, epithelial TP53- 

showed intermediate and TP53+ showed worse patients’ prognosis. 

 

 

Even though the different classification systems highlighted different molecular features of analysed 

tumors, the subgroups identified often overlap each other, and molecular characteristics are identified 

in the different histological subtypes previously identified (Figure 9B). 

B 
 

Figure 8. A. Tumor location basing on The Cancer Genome Atlas classification. B. Asian Cancer Research 

Group classification based on transcriptome profiling 42, 43.  

A  
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The Cancer Genome Atlas 
 

 

 

2.5 Gastric cancer clinical management 

Gastric cancer is a hard challenge for medical oncology, with more than one million new diagnoses 

and almost 800,000 deaths in 2020 44. Tumor heterogeneity remains a substantial obstacle for systemic 

therapies, and targeted therapies are available only for a few patients and current therapeutic 

treatments cannot face the pathological heterogeneity of the disease. In fact, the only approved 

targeted therapy as a first line treatment to date is trastuzumab for HER2+ patients. Treatment decision 

making is based on a multidisciplinary team including surgeons, medical and radiation oncologists, 

gastroenterologists, radiologists, dieticians and nurse specialists, and depends on staging and 

molecular features of the disease. 

2.5.1 Clinical management of localised gastric cancer 

When feasible, surgery is always recommended. Very early tumors (stage IA) could be removed with 

endoscopic or surgical intervention. For more advanced stages, as stages IB-III, radical gastrectomy is 

indicated, with >3 cm of proximal margin for tumors with an expansive growth patterns (as intestinal 

hystotypes) and ≥5 cm for tumors with infiltrative growth patterns (as poorly cohesive/diffuse 

phenotypes) 45,46. The burden of nodal dissection is still a debated issue. D1 resection implies the 

Asian Cancer Research 
Group 
 

A 
A 

Figure 9. A. The Cancer Genome Atlas and Asian Cancer Research Group classification subgroups with 

incidence rates; B. Overlapping of histological and molecular subgroups 39. 

CIN

49%
MSI

22%

GS
20%

EBV

9%

MSS/EMT
15%

MSI
23%

MSS/TP53-
36%

MSS/TP53+
26%

MSS/Ep
62%

B 
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removal of peri-gastric lymph nodes and those along the left gastric artery; additional lymph nodes 

along the proper or common hepatic artery, splenic artery or coeliac axis are involved in D1+ and D2 

lymphadenectomy. A D2 resection is recommended, but in Western countries it is suggested in 

specialised high-volumes centres 47. Laparoscopic surgery has the potential benefit or reduced post-

operative morbidity and recovery time, with lymph nodes resection comparable to open surgery. 

Moreover, robot-assisted laparotomy is an acceptable approach for gastrectomy, suggesting that 

gastric surgery will become minimally invasive, using rapidly developing robotic technologies 39. 

In a German phase II-III trial, perioperative 5’ fluorouracil (FU)-leucovorin-oxaliplatin-docetaxel 

(FLOT) regimen demonstrated benefit in overall survival (OS) in resected patients, and it is now 

recognised as the standard of therapy for patients fitting for a triple chemotherapy regimen 48. 

Adjuvant chemotherapy has been larger accepted in Asia than in Europe, where the use of peri-

operative chemotherapy is routinely used. Even though a large meta-analysis demonstrated a 6% 

absolute benefit in 5-years OS for 5-FU-based chemotherapy compared to surgery alone (p<0.001) 44, 

peri-operative approach is often preferred because it is better tolerated than adjuvant therapy, and it 

reaches tumor down-sizing, allowing for more curative resections 44. Adjuvant chemo-radiotherapy 

seems not to add any benefit in PFS nor in OS, according to phase III CRITICS trial 49. This result was 

also confirmed by ARTIST and ARTIST II trials, which enrolled patients undergoing gastrectomy 

with D2 lymphadenectomy 50,51. Thus, adjuvant chemo-radiotherapy could be considered only in 

patients who did not receive a pre-operative cytotoxic agent or have not undergone an appropriate D2 

lymphadenectomy 52.  

Microsatellite instability (MSI) is the only recognized biomarker to be considered for localised GC, as 

it has prognostic implications. Patients undergone radical resection with MSI-high (MSI-H) tumors 

usually show a better prognosis with respect to non-MSI-H patients, with apparent no benefit reaching 

by chemotherapy addiction, even though patients receiving FLOT peri-operative regimen showed a 

better clinical response than those undergone platinum-5-FU in a small case series 53, suggesting that if 

tumor down-staging is necessary, FLOT is the regimen of choice. Society of Medical Oncology 

(ESMO) clinical practice guidelines for treatment of localised GC is shown in Figure 10.  
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2.5.2 Clinical management of advanced and metastatic gastric cancer 

Advanced disease has a very poor prognosis, usually <1 year in non-Asian countries 39; on the other 

hand, recent improvements have reached a slight prolongation in patients’ survival, especially in the 

field of immunotherapy and targeted therapy.  

ESMO proposed algorithm for first-line therapy is shown in Figure 11A. Standard chemotherapy is a 

platinum-fluoropyrimidine doublet. In older patients, oxaliplatin has a better safety profile than 

cisplatin and should be preferred 54. Fluoropyrimidines could be used as an infusion (5-FU) or as an 

oral solution (tegafur-gimeracil-oteracil (S-1), often used in Asia) 55. The addiction of a taxane to a 

platinum doublet demonstrated better radiological responses rates but with increased toxicity 56. A 

Japanese phase III trial compared cisplatin-S-1 to cisplatin-S-1-docetaxel, observing no differences in 

radiological response rate, PFS or OS, and an increased toxicity in the taxane-treated group, 

confirming that a triplet approach is not recommended as the standard 57. Irinotecan-5FU could be 

used instead of cisplatin-5-FU for patients who do not tolerate platinum, as demonstrated prolonged 

time to treatment failure with respect to epirubicin-cisplatin-capecitabine (ECX) 58. The ToGA trial 

demonstrated higher response rates and prolonged OS (HR 074; 95% CI 0.60-0.91, p<0.01) for 

Figure 10. European Society of Medical Oncology (ESMO) Clinical 

Practice Guidelines for treatment of localised gastric cancer 44. 
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patients with Her-2 positive tumors (immunohistochemistry (IHC) 3+ or IHC 2+/FISH positive) 

treated with the addition of trastuzumab to standard chemotherapy 59. Immunotherapy-based treatment 

is a feasible option as a first-line therapy. The phase trial III CheckMate 649 demonstrated that the 

addition of nivolumab to chemotherapy improved OS (HR 0.71; 98.4% CI 0.59-0.86; p<0.001) and 

PFS (HR 0.68; 98% CI 0.56-0.81; p<0.001) versus chemotherapy alone in patients with a programmed 

death-ligand 1 (PD-L1) combined positive score (CPS) ≥5 60. The phase III trial Keynote-062, 

pembrolizumab monotherapy demonstrated non-inferiority in OS compared to chemotherapy  in 

patients with CPS≥1, even though associated with inferior PFS 61; pembrolizumab is approved for 

patients with CPS score ≥10, basing on the results of the phase III Keynote-590 62. Anti-Programmed 

death-1 (PD-1) monotherapy treatment increases response rates and long-term survival in patients with 

MSI-H 63. The phase III REGATTA trial demonstrated that gastrectomy added to chemotherapy 

without resection of metastases for patients with oligometastatic disease did not improve survival with 

respect to chemotherapy alone 64, while the phase II AIO-FLOT3 demonstrated favourable outcomes 

for oligometastatic disease patients undergoing FLOT induction followed by gastrectomy with 

resection of metastases 65. New landscapes are represented by the addition of hyperthermic 

intraperitoneal chemotherapy (HIPEC) to cytoreduction in patients with limited peritoneal 

carcinomatosis, which improved clinical outcomes, and by pressurised intraperitoneal aerosol 

chemotherapy (PIPAC), often performed during laparoscopic intervention, that could represent a 

strategy for patients with unresectable peritoneal disease 66,67. 

In second-line and later-line treatments (ESMO proposed algorithm is shown in Figure 11B), the 

standard chemotherapy options are paclitaxel, docetaxel and irinotecan, which present similar 

efficacies but different toxicity profiles 68.  

The anti-vascular endothelial growth factor receptor 2 (VEGFR2) antibody, ramucirumab, improves 

ORR, PFS and OS when added to chemotherapy, as demonstrated by RAINBOW trial 69, reaching 

clinical benefit only in survival as a monotherapy in the phase III REGARD trial 70. In the phase III 

Keynote-061 trial, pembrolizumab monotherapy demonstrated improvement in survival only for 

subgroup of patients with MSI-H 71, while in the phase II Keynote-158 trial pembrolizumab 

monotherapy demonstrated a 45.8% ORR and a mPFS of 11 months in pre-treated MSI-H patients, 

with a mOS still not reached 72, therefore this treatment is the standard of care for this subgroup of 

patients. Even though the addition of lapatinib and trastuzumab emtansine had negative results in 

patients progressed to trastuzumab, the HER-2 antibody conjugate, trastuzumab deruxtecan, 

demonstrated a survival benefit and better response rates in the same patients setting compared to 

chemotherapy alone 39,73. In the third-line setting, the phase III TAGS trial established the trifluridine-
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tipiracil as the standard of care, with the possibility to administrate a taxa ne or irinotecan to chemo-

refractory patients 68,74. 

  

 

3. Epigenetic mechanisms  

The term “epigenetic” was historically referred to as events that could not be explained by genetic 

principles. The term and its first definition was coined by Conrad Waddington in 1942, who defined 

epigenetics as “the branch of biology which studies the causal interactions between genes and their 

products, which bring the phenotype into being” 75. Epigenetics could be intended as a bridge between 

genotype and phenotype, influencing the final outcome of a genic locus without changing its DNA 

sequence. Epigenetic mechanisms are at the basis of many cellular processes, such as cellular 

differentiation and disease, and consist in a plethora of covalent and non-covalent modifications to 

DNA, histone proteins and mRNA 75. All epigenetic modifications resume the “epigenome”, literally 

what stands above the genome. Epigenomic marks are recognized to be responsive to environment, 

and there is a lot of interest in their potential role as non-genetic risk factors for disease, and targets for 

drug development, such as histone deacetylase and DNA methyltransferase inhibitors 76. 

Among the different epigenetic changes there are: chromatin remodeling, which ensures genome 

packaging and unpackaging, thus controlling accessibility to DNA regulatory elements and regulating 

gene transcription, DNA replication, repair and recombination. Four families of chromatin remodeling 

Figure 11. European Society of Medical Oncology (ESMO) Clinical Practice Guidelines of first-line (A) and 

second-line (B) for treatment of advanced gastric cancer 44. 
 

A 
A 

B 
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Figure 12. Main epigenetic DNA and 

histone modifications 76. 
 

complexes were identified, including switching defective/sucrose non-fermenting SWI/SNF) family, 

imitation switch (ISWI) family, chromodomain, helicase, DNA binding (CHD) family, and Inositol 

requiring 80 (INO80) family. 

 (Non-coding RNAs, representing over about 98% of genetic transcripts, are small and long non-

coding RNAs operate post-transcriptional modifications to messenger RNA, altering its translation 

thus playing an important role in regulating gene 

expression 77. 

DNA methylation, which occur predominantly in specific 

gene regions including promoters, intra and intergenic 

enhancers, exons and introns, in particular in the so called 

CpG islands, that are sequences that contain a high 

frequency of CG dinucleotide repeats 78,79. DNA 

methylation is performed by DNA methyltransferases 

(DNMTs) enzymes, which are able to de novo methylate 

or maintain DNA in methylated form. DNA methylations 

is mainly reversed by ten-eleven translocation (TET) 

enzymes, leading to cytosine stepwise modifications, i.e. 

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) 

and 5- carboxylcytosine (5caC) 79. DNA methylation can 

affect also repetitive genomic regions (e.g. Alu sequences, LINE, satellite DNA, centromeric and 

epicentromeric tandem repeats). The hypomethylation of such regions can activate the aberrant 

expression of some proto-oncogenes and the reactivation of transposable elements and retroviruses, 

inducing chromosome instability and gene activation. Hypermethylation of normally unmethylated 

promoter CpG islands or the global hypomethylation of DNA may be considered a hallmark of cancer.  

Histones are evolutionary highly conserved basic proteins, organized in octamers to wrap DNA into 

nucleosomes. Covalent modifications at the tails of the four core histones (H2A, H2B, H3 and H4) are 

able to change the interactions of these alkaline proteins with DNA, influencing chromatin 

architecture, thus affecting various pathophysiological cellular functions such as carcinogenesis, 

inflammation and epithelial-mesenchymal transition. Histones are subjects to methylation, acetylation, 

phosphorylation, ribosylation, ubiquitination and sumoylation, for a 130 post-transcriptional 

modifications (PTM) 76 (Figure 12). Histone acetylation results from a dynamic balance between the 

activities histone acetyltransferases (HATs) and histone deacetylases (HDACs). In general, histone 

acetylation is associated with gene activation. HATs and HDACs not only target histone proteins, but 

they can also interact with non-histone proteins, including transcription factors and proteins involved 
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in DNA repair, cellular signalling, metabolism, cytoskeletal dynamics, apoptosis, nuclear import, and 

protein folding 80. HDACs are implicated in various functions other than gene expression control, 

including protein stability, protein translocation, enzymatic activity, protein-protein interaction, and 

DNA binding affinity via acetylation of non-histone proteins. They can also regulate gene 

transcription by deacetylating other epigenetic proteins such as DNMTs and HATs 81. Histone 

methylation is regulated by writers (Histone Methyl Transferases: HMTs), readers (Histone 

Methylation Recognizing Proteins), and erasers (Histone Demethylases: HDMs). It can occur at 

arginine (R) and lysine (K) residues and it is catalyzed by HMTs (KMTs or RMTs). K residues can be 

mono-, di- or tri-methylated, while R residues can only be mono- or di-methylated 81. Histone 

methylation can promote or inhibit gene expression. For instance, methylation of histone H3K4, 

H3K36, and H3K79 is associated with transcriptional activation, while di- and tri-methylation of 

H3K9 and H3K27 are associated with transcriptional repression 82. Histone demethylation is catalyzed 

by two HDMs; amine oxidase type lysine-specific demethylases (LSDs or KDM) that remove methyl 

group only from mono- and di-methylated lysines, and JumonjiC (JMJC)-domain- containing histone 

demethylases that demethylate the three-methyl states in lysine and arginine residues 82. 

 

3.1 Epigenetics of Gastric Cancer 

Alterations in epigenetic mechanisms are recognized to be both as early- and advanced stage events in 

GC, and epigenetic perturbations seem to precede genetic instability during the tumor transformation 

83,84. As epigenetic mechanisms are influenced by environmental factors, agents like diet, age, smoking 

habits, chronic inflammation consequent to H. pylori and EBV infections, they are crucial in 

remodelling gastric epigenetic machinery, paving the way for gastritis and ulcer development until 

metaplasia, dysplasia, and tumor development 83. In particular, pathogens invade host cells and cause  

epigenetic changes, such as DNA methylation, making it a safer environment for themselves. This 

allows the infection to persist and promotes the development of GC 85. 

Although eliminating HP significantly decreases methylation of tumor suppressor genes, DNA 

methylation does not return to the same level as that in individuals who are never infected so that 

individuals with ongoing presence of aberrant DNA methylation would face a higher risk of GC even 

after the eradication of HP 86. EBV infection directly induces hypermethylation in both the viral 

genome and the host genome and give rise to poorly differentiated cancer tissue due to loss of function 

in critical tumor suppressor genes and cell cycle regulation genes in differentiation 82.  

Recently, epigenetic mechanisms have been proposed as markers for new GC classifications, 

identifying profiles to predict patients prognosis and risk of metastatic behaviour of GC 87–89. These 

investigations reflect the need to resolve cancer heterogeneity, especially considering that current 
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Figure 13. Main epigenetic marks highlighted in gastric cancer 89. 
 

treatments for GC are suboptimal and are not able to face tumor heterogeneity, creating the 

opportunity to design new treatment strategies. Principal epigenetic marks found in GC are resumed in 

Figure 13. 

3.1.1 DNA methylation 

As other malignancies, GCs are characterized by a global DNA hypomethylation, associated to global 

transcription and proto-oncogene activation, and a focal hypermethylation, responsible for turning off 

tumor suppressor genes. DNA methylation is an active process highlighted in GC tumorigenesis, and 

different DNA methylation patterns have been highlighted in the four TCGA subgroups, identified as 

CpG island methylator phenotype (CIMP) subgroups, i.e. EBV positive and MSI subtypes (Figure 14). 

Accordingly to Matsusaka’ classification GC can be divided into extremely high-methylated 

epigenome type which overlaps with the EBV+ class of TCGA classification; high-methylated 

epigenome type, which overlaps with the microsatellite instable (MSI) class and low-methylated 

epigenome type, corresponding to GS and CIN tumors 90. Interestingly, it has been recently found a 

new unique subtype with extremely low methylation characterised by poor prognosis that is not 

associated with inflammation-associated elevation of DNA methylation levels 91.  
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Figure 14. The Cancer Genome Atlas: Gene 

expression heterogeneity in epigenome 

regulators in different  gastric cancer subtype 89 

 

Aberrant DNA hypermethylation usually happens in 

the promoter of tumor suppressor genes in GC like 

p16, RASSF1A and hMLH1, resulting in gene 

silencing. In addition, hypomethylation at gene body 

regions impact on cancer progression and are 

associated with shortened survival time in patients 

with advanced gastric cancer 92,93. Promoter 

hypermethylation, loss of heterozygosity (LOH) and 

somatic alterations are responsible for loss of 

oncosuppressor CDH1, the encoding gene for E-

cadherin, triggering tumorigenic pathways such as 

β-catenin and Wnt-, EGFR-, and mTOR signalling  

94,95. Loss of CDH1 is common to both intestinal and 

diffuse GC, and CDH1 germline mutations are recognized to be the genetic cause of hereditary diffuse 

GC, as they are present in the 50% of cases, and usually act as a second hit after genomic alterations to 

definitively silence the gene 96. Loss of CDH1 gene also has clinical implications, as it is strictly 

related to H. pylori infection, and predicts worse OS and Disease-Free Survival (DFS) of patients 95,97. 

Gastric tumor suppressor frequently silenced through promoter methylation in GC are RUNX3 and 

RASSF1A 98,99, such as p16, a tumor suppressor involved in cell cycle regulation, for which 

methylation of its encoding gene CDKN2A is associated with H. pylori, EBV infections, and pre-

cancerous lesions 100. 

On the other hand, several proto-oncogenes are epigenetically activated by promoters 

hypomethylation, such as the component of RAS pathway HRAS, and c-MYC 101. 

 

3.1.2 Histone modifications 

A plethora of covalent modifications to core histones tails influence gene expression by changing 

chromatin accessibility to RNA polymerase II and transcription factors 102.  

Histone methylation, mainly occurring by mono- (me1), di- (me2) and tri-methylation (me3) to lysine 

residues, is a reversible epigenetic mechanism promoted by histone methyltransferase (HMTs) and 

reverted by histone demethylases (HDMs). Histone methylation could favour or repress gene 

expression, depending on the specific amino acid residue and the number of methyl groups bound 82. 

Deregulation in histone modification has been linked to gastric carcinogenesis and tumor progression, 

e.g. H3K9me3 expression has been associated to T stage and gastric cancer recurrence and worse 

prognosis 103. Histone methylation alterations are associated to tumor growth and metastasis, and 
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worse prognosis in GC patients 104,105. EHMT2 (G9a) is able to promote methylation at H3K9 and 

H3K27, and has been associated to carcinogenesis in several malignancies, including GC. It is 

associated to TNM staging, lymphatic invasion and prognosis of GC patients 82. G9a is able to interact 

or be recruited to form transcriptional regulatory complexes with DNA methylatransferases and 

histone deacetylases (HDACs) 106. 

Histone acetyltransferases (HATs) and HDACs are responsible for reversible and balanced 

acetylation/deacetylation of histone tails, mainly occurring at lysine residues; acetylation favours the 

euchromatin conformation and gene expression activation; this epigenetic mechanism has been 

highlighted in several cancer histologies, including GC 107. HDACs are a family of four classes of 

proteins (I-IV) depending of preferred cellular localization 108. In GC, global hypoacetylation has been 

associated to HDAC class I, which also correlate with TNM stage and lower OS 82.  

 

4. Clinical and translational significance 

In the last years, epigenetic mechanisms have been investigated as therapeutic targets in several 

malignancies, also in GC. Many epigenetic drugs are nowadays under development to reprogram the 

epigenome of GC, in order to ensure the control of tumor growth, block invasion, and metastasis, and 

treat tumor resistance 109,110. The clinical benefit of epigenetic drugs in treating solid tumours is still 

emerging, but their use at low dosage  for epigenetic priming in combination with other therapies 

seems to be the best promising approach 109,111. In fact, epi-drugs have been demonstrated to enhance 

the activity of anticancer therapies such as radiotherapy, cytotoxic chemotherapy, DNA damage 

repair-targeting therapies, hormonotherapy, targeted therapies and immunotherapies leading to 

sensitization to treatment and/or reversal of resistance 112. DNMT inhibitors (DNMTi) and HDAC 

inhibitors  (HDACi), synergise with genotoxic and/or cytotoxic therapies by increasing DNA damage 

and disruption of the DNA damage response (DDR) pathway. Treatment of cancer cells with enhancer 

of zeste homologue 2 inhibitors (EZH2i), lysine-specific histone demethylase 1A inhibitors (LSD1i), 

or DNMTi favours chemokine-dependent T cell attraction and stimulate type I interferon response. 

Epi-drugs can also modulate immune cell transcriptional programmes, elicit functional alterations in 

regulatory T cells, enhance the cytotoxicity of effector T cells, decrease myeloid-derived suppressor 

cell activity and favour a M1-like macrophage-mediated antitumour immune response 112. Despite 

numerous preclinical studies, these therapies have not reached clinical practice in solid malignancies 

yet, except for some few epigenetic drugs that are approved by Food and Drug Administration (FDA) 

111. The use of epigenetic agents on gastric cancer has been deeply studied in preclinical models and 

their effect on the reduction of cell growth and invasiveness on CIMP cell lines has been demonstrated 
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113,114. On the other hand, still issues are present about which drug concentration and which treatment 

schedule could be the most effective for a right translation into humans. In fact, only a single phase I 

study has been completed on the use of demethylating agents for epigenetic priming before the 

standard neoadjuvant chemotherapy in resectable gastric cancers 115. Other epigenetic inhibitors, 

particularly HDACi and HMTi, have been or are being tested in preclinical and phase I settings in 

gastric cancer. Used as a single agent or in combination with other therapies, either in in vitro and in 

vivo models, they have been shown to decrease cancer cell proliferation and migration, trigger 

apoptosis, re-establish tumor suppressor gene expression and act synergically with chemotherapy in 

cytotoxic response 116–118. 

In a phase II clinical trial combining the same epigenetic drug with capecitabine–cisplatin in advanced 

GC patients an objective response rate of 42% was reached, not appearing to improve the clinical 

outcome of patients, and with a considerable rate of grade 3–4 adverse events 119. 

Finally, the combination of immune checkpoint inhibitors (ICIs) with epigenetic agents are starting to 

show considerable synergy in in vivo models of cancer 120. Moreover, clinicals trial to test a 

combination regimen of ICIs along with epigenetic agents will be of particular interest in the future, in 

particular in PDL1-negative patients, and there even combining epi-drugs could be a walkable option 

in the future (Figure 15). 

Figure 15. Promising new epigenetic strategies for gastric cancer treatment. CT: chemotherapy; 

DNMTs: DNA methyltransferases; DNMTi: DNA methyltransferase inhibitor; HDACs: histone 

deacetylases; HDACi: histone deacetylase inhibitor; HMTs: histone methyltransferases; HMTi: 

histone methyltransferase inhibitor; ICIs: immune-checkpoint inhibitors 82. 
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5. Study aims 

Gastric carcinoma is characterized by a wide heterogeneity at the histopathological, onset location and 

molecular levels, resulting in a complex scenario for patients’ clinical management and prognosis. 

Current treatment algorithms are not able to face this medical challenge, creating the need for new 

therapeutic approaches. In fact, precision medicine is a passable option only for a subgroup of selected 

patients, and immunotherapy, even though brought a revolution in patients’ clinical management, 

lacks of predictive biomarkers. GC is defined by remarkable epigenetic profiles, which play active 

roles in carcinogenesis until advanced disease. Targeting epigenetic mechanisms could be therefore a 

new approach for GC treatment, and several studies are focusing on new epigenetic therapies for 

gastrointestinal diseases 110. Despite this, to date no epigenetic therapies are available for GC clinical 

management.  

Recently, at the Centro de Investigación Médica Aplicada (CIMA) in Pamplona, Spain, an active 

compound with epigenetic activity has been synthetized, namely CM-272, which is a potent and dual 

reversible inhibitor of G9a and DNMT1, and of their adaptor UHRF1 (Figure 16) 121. This molecule 

already reached important results in haematological malignancies and gastrointestinal disease, such as 

hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA) pre-clinical models 121–123. In fact, it 

has been demonstrated that G9a, DNMT1 and UHRF1 were upregulated in HCC and CCA tissues 

with respect to non-tumoral tissues, and that pharmacological targeting with CM-272 had strong anti-

tumoral effect both in-vitro and in-vivo 122. 

 

 

The aim of this project is to evaluate the potential of CM-272 in the treatment of pre-clinical models 

(in-vivo and in-vitro) of GC. Moreover, a case series of GC patients has been analysed, to assess the 

expression of the targets of this compound in GC tissue, with the aim to confirm the rationale for a 

A B 

Figure 16. A Plausible binding models proposed by docking studies using known crystal structures 

(3RJW.pdb for G9a and 4DA4.pdb for DNMT1) for CM-272. B. Dual targeting of G9a and DNMT1 by 

CM-272 compound 118. 
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pharmacologically inhibition of  these specific epigenetic molecules. The expression of G9a, DNMT1 

and UHRF1 has been assessed also in relation to clinical outcome of patients and to cancer 

histological type and features, to assess whether specific epigenetic patterns are more present in 

specific histological subtypes of GC.  

For in-vitro evaluation of the therapeutic potential of CM-272, a panel of GC cell lines has been 

considered. In particular, cell lines with a known molecular profile, and representative for the different 

cancer histologies, have been selected. CM-272 molecule has been tested alone and in combination 

with standard cytotoxic agents used in the clinical practice for GC management, comparing its 

efficacy with respect to other epigenetic compounds (i.e. azacitidine as anti-DNMT1 and BIX-01294 

as anti-G9a). Several doses and treatment schedules of these drugs have been tested, to establish which 

dose of single agent/combination of agents is the most effective. 

The mechanism of action and the pharmacological profile of CM-272 has been investigated at cellular 

and molecular levels, to better elucidate which epigenetic patterns stand at the basis of GC cells, and 

how this compound is able to reprogram and remodel cellular epigenetic machinery and gene 

expression. 

Aim of the project was also to verify the CM-272 activity using in-vivo xenograft murine models of 

GC, alone or in combination with cytotoxic agents, with the best treatment schedule highlighted in-

vitro. 

This project has been conducted through an active research network involving several research 

Institutes, such as the Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, the 

University of Bologna and the San Raffaele Institute in Italy and the Centro de Investigación Médica 

Aplicada (CIMA) in Spain  

The expected results of this study were to provide the preclinical rationale to test epigenetic drugs and 

inhibitors in GC patients, and to better understand the biology of the epigenetic pathways related to 

carcinogenesis and cancer development. 
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6. Materials and methods 

6.1 Patients case series 

A total of 67 patients with a diagnosis of  GC were enrolled at the Medical Oncology Units of the 

Romagna catchment area (Area Vasta Romagna, AVR). Different stages of disease and subtypes were 

considered, and all patients underwent surgical intervention for GC. Patients characteristics were 

retrieved using medical and radiographic records including age at diagnosis, gender, histology, and 

clinical follow-up information. 

Patients tissue samples were retrieved by the Pathology Units of AVR. For each patient, 5 unstained 

formalin-fixed paraffin embedded (FFPE) sections of 4µM were retrieved for both cancerous and 

matched non-cancerous tissues, together with a hematoxylin eosin slide for tumor selection by an 

expert pathologist. The study was approved by Ethic Committee of Romagna (CEROM), study code 

IRST-B121. 

6.2 Immunostaining 

G9a, DNMT1 and UHRF1 expression on cancer tissues were assessed by immunohistochemistry 

(IHC) on FFPE slides. All analyses were performed on a Ventana BenchMark Ultra platform using 

Optiview DAB detection kit (Ventana Medical Systems Inc, Tucson, AZ, USA). Sections were stained 

with pre-diluted antibodies from Abcam (Cambridge, UK): G9a (EPR18894, dilution 1:200), DNMT1 

(EPR18453, dilution 1:100) and UHRF1 (EPR18803, dilution 1:100) and counterstained with 

Hemoatoxylin II (Ventana Medical Systems). Immunohistochemical scores were evaluated in blind by 

an expert pathologist, considering the following expression cut-off: ≤10%: negative, >10%: positive. 

Stained slides were scanned by Aperio CS2 platform and images analysed with Aperio Imagescope 

software (Leica, Wetzlar, DE). 

For assessment of senescence status of GC cell lines, the senescence β-galactosidase staining kit (Cell 

Signaling Technology, Danvers, MA, USA) was used, according to the manufacturer's instructions. 

Briefly, GC cells at a concentration 5x103/1ml/well in a 24 well plate were seeded and treated or not 

for 72 hours with relative IC50 dose of CM-272 (see below). Cells were then fixed in 1X fixative 

solution for 15 minutes at room temperature and stained overnight at 37°C in absence of CO2 with β-

galactosidase solution at pH 6.0. Fixed cells were washed with PBS 1X and images were acquired 

using an inverted Olympus IX51 microscope (Olympus Corporation, Tokyo, Japan) at a 20X 

magnification, equipped with a Nikon Digital Sight DS-Vi1 camera (CCD vision sensor, square pixels 

of 4.4 μM side length, 1600 × 1200-pixel resolution, 8-bit grey level) (Nikon Instruments, Tokyo, 

Japan). To assess the senescence status, for each experimental condition, 4 fields containing at least 

100 cells were taken into consideration. Stained senescent cells were counted for each field, and 
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percentage was annoted. The average value of the four fields was established to assess the senescent in 

every experimental condition, and Student’s t-test has been performed to assess statistical significance 

among experimental conditions.  The experiment has been repeated three times, and each experimental 

condition has been tested in triplicate. 

6.3 Gastric cancer cell lines 

Several GC commercially available cell lines were used. In particular, cell lines from GC (AGS, YCC-

1, YCC-2, SNU-1, SNU-5, KATOIII) and distal oesophageal carcinoma (KYAE-1, FLO-1) were used. 

Cells were maintained in F12-K with 10% foetal bovine serum (FBS) (AGS cell line), RPMI 1640 

with 10% FBS (SNU-1, KYAE-1, YCC-1, YCC-2 cell lines), IMDM with 20% FBS (KATO III, 

SNU-5 cell lines), DMEM with 10% FBS (FLO-1 cell line), all supplemented with 1% penicillin-

streptomycin, and cultured at 37°C in a 5% CO2 atmosphere. 

6.3.1 Tumor cells growth assay 

Tumor cells growth was assessed by MTT assay. Briefly, 3000 cells/100 μL/well were seeded in a 96-

well plate. Cells were treated with CM-272, cisplatin, azacitidine, BIX-01294 or 5-fluorouracil the day 

after seeding. All compounds were dissolved in the growth medium of each cell lines, and aliquots for 

treatment were prepared the same day of treatment. After 72 hours of exposures to compounds, cells 

were incubated with 0.5 mg/ml of MTT solution (Sigma Aldrich, Darmstadt, Germany) dissolved in 

phosphate buffered saline (PBS) 1X, pH 7.4, for 2 hours at 37°C. Absorbance was determined at 550 

nm using a Synergy H1 plate reader (Biotek, Agilent, Santa Clara, CA, USA). 

For each cell line, half maximal inhibitory concentration (IC50) was calculated through serial dilutions 

of drugs, i.e. CM-272 (from 1 nM to 10 µM), azacitidine (from 10 nM to 100 µM), BIX-0194 (from 1 

nM to 50 μM), cisplatin (from 3.32 mM to 332 nM) and 5-fluorouracil (from 10 nM to 100 µM). All 

doses for drug administrations, including drug combinations, were arbitrary selected basing on IC50 

doses, considered as reference.  

For drug combination assays, cells were seeded in a 96-well plate and treated for 72h with 

contemporary administration of two or more drugs, at different concentrations. For epi-sensibilization 

assays, cells were seeded and pre-treated for 24 or 48 hours with the epigenetic compound, and then 

treated with only cytotoxic compound for 72 hours. 

All experiments were conducted in triplicate, and all analyses and graphics were performed using 

GraphPad Software v.8.4.3 (GraphPad Software Inc., La Jolla, CA, USA). For drugs synergism 

assessment, CompuSyn software v. 1.0 (ComboSyn INC, Paramus, NJ, USA) was used. 
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6.4 Apoptosis and cell cycle assays 

Induction of apoptosis was assessed by AttuneNext cytometer (ThermoFisher, Waltham, MA, USA) 

with the Annexin V Apoptosis Detection kit (Invitrogen, Waltham, MA, USA) according to the 

manufacturer’s instructions. GC cell lines were seeded 3x105 cells/well/2.5ml in a 6-well plate and 

treated with CM-272 for 72 hours at relative IC50 concentrations. The experiments were performed in 

triplicate, in at least three independent experiments. For caspase 3 and 7 activation assessment, the 

Caspase-Glo 3/7 assay system (Promega Corporation, Madison, WI, USA) was used, according to 

manufacturer instruction. Briefly, cells were seeded in at a concentration of 3x103 cells/well/100µl a 

96-wells plate compatible with luminometer and treated with the compounds. The Caspase-Glo 3/7 

substrate was added to its specific buffer and then spotted to the wells. After mixing and incubating for 

30 minutes, luminescence was assessed at 700nm by a Synergy H1 plate reader (Biotek, Agilent, Santa 

Clara, CA, USA). 

 For cell cycle analysis, the same cell lines were seeded and treated at the same drug concentrations. 

The effect of CM-272 on cell cycle was evaluated using propidium iodide staining mix (Sigma-

Aldrich, St.Louis, MO, USA). Quantitative analyses were performed using FlowJo software (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA). 

 

6.5 RNA-Sequencing 

6.5.1 RNA extraction 

For RNA extraction, cells were seeded 1x106 in 10 ml in a Petri dish. The day after cells were treated 

with three different doses of CM-272 (around IC50) for 72 hours. After treatment, cells were counted, 

and RNA was extracted using RNeasy mini kit (Qiagen, Hilden, Germany), using manufacturer’s 

instructions. RNA yields were assessed with Qubit 3 instrument using RNA High Sensitivity kit 

(Waltham, MA, USA). All experimental conditions were performed in triplicate. 

6.5.2 RNA library preparation 

RNA libraries were performed starting from 900 ng of purified total RNA, using the Illumina Stranded 

Total RNA Prep with Ribo-Zero Plus (Illumina, San Diego, CA, USA) on an automatic Hamilton 

STARlet platform (Reno, NV, USA). Briefly, total RNA was depleted, and total RNA was fragmented 

and denatured. The cDNA two strands were synthetized in two separated steps, followed by 

adenylation at 3’ ends and anchors ligation. Generated fragments were cleaned up and libraries were 

generated by amplification. After a clean up step, libraries quantity and quality were assessed on Qubit 
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instrument and BioAnalyzer 2100 (Santa Clara, CA, USA). All libraries were sequenced on a single 

run on a NovaSeq 6000 platform (Illumina) with a NovaSeq 6000 S2 Reagent Kit v1.5, and two steps 

of 101 cycles of paired-end sequencing were performed. 

6.5.3 Reads alignment and bioinformatics 

Transcript-level read count was performed with kallisto v0.46.2, then raw counts were collapsed to 

gene-level with tximport v1.12.1, then Differential Expression Analysis (DEA) was performed with 

DESeq v1.22.1 124–126. The same software was used to produce PCA plots, while for heatmaps and 

hierarchical clustering seaborn v0.12.1 was used. Gene Set Enrichment Analysis (GSEA) was 

performed with the package GSEApy v0.9.16 127–129. For DEA and GSEA analyses, the counts for the 

three different CM-272 doses were compared among the three technical replicates for each 

experimental condition. For QC analyses, DESeq2's Variance Stabilizing Transformation (VST) was 

applied to raw read counts, and the 500 genes with highest variance across the dataset were selected to 

perform PCA and hierarchical clustering; VST-transformed counts were also used as input for GSEA, 

after removing genes < 1 across all samples. GSEA were analysed using three different genomic 

repositories, i.e. Kyoto Encyclopedia of Genes and Genomes (KEGG) Human Pathway Database v. 

2019, Reactome v. 2016 and Gene Ontology (GO) Biological Process, v. 2018. 

Full workflow for RNA Sequencing is shown in Figure 17. 

 
 

Figure 17. Workflow for RNA-Sequencing 
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6.6 Statistical analyses 

For in-vitro-experiments each experiment was repeated at least three times, with three technical 

replicates for each condition. GraphPad Software v.8.4.3 was used to perform all analyses. 

For patients case series analyses, data were summarized using median and first (IQ) and third (IIIQ) 

quartile and minimum and maximum values, for continuous variables. Categorical variables were 

reported as natural frequency and percentage. Correlation among variables was measured through the 

Spearman correlation coefficient. The association between continuous and categorical variables was 

assessed using the Wilcoxon-Mann Whitney test or Kruskal Wallis test, as apropriate, whereas that 

between categorical variables using the Pearson Chi-square test or the Fisher Exact test, as 

appropriate. 

The association between the biomarkers and the time-to-event endpoints was investigated by means of 

the Kaplan-Meier estimator as well as the Cox proportional hazards model. The endpoint considered 

were the DFS, defined as the time since surgery until disease progression or death from any cause, 

whichever occurred first (alive patients withour recurrence were censored at the time of last contact); 

the OS defined as the time since surgery until death from any cause (alive patients were censored at 

the time of last contact); time-to-recurrence (TTR) defined as the time since surgery until disease 

progression (patients not experiencing recurrence were censored at the time of death, if any, or at the 

last contact). 
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7. Results 

7.1 G9a, DNMT1 and UHRF1 expression in patients case series 

A case series of 67 GC patients has been enrolled (Table3). Of all patients, 42 were males and 25 were 

females, with a median age at diagnosis of 71 years (range 42-89.5 years). Stage III (58.2%) and 

intestinal type according to Lauren (68.6%) were the most common diagnosed cancer characteristics in 

the case series.  

 

Given the retrospective case series, no 

patient underwent neo-adjuvant 

treatment, while almost all patients 

(60/67, 89.5%) were treated with an 

adjuvant therapy; this information is 

critical for the study aims, as the 

possibility to investigate surgical 

specimens without damage of neo-

adjuvant chemotherapy, empower the 

biomarkers expression data 

significance. All clinical data were 

retrieved from patients medical 

records. 

 

 

 

 

 

 

 n % 

Gender   

M 42 62.69 

F 25 37.31 

   

Age at diagnosis, y   

Median [IQ - IIIQ] 71 [60 - 76] 

Min-max 42 – 89.5 

   

Stage   

IB 1 1.49 

IIA 6 8.96 

IIB 21 31.34 

IIIA 11 16.42 

IIIB 16 23.88 

IIIC 12 17.91 

   

WHO   

Poorly differentiated 44 65.67 

Signet-ring 15 22.39 

Papillary 3 4.48 

Mucinous 2 2.99 

Tubular 3 4.48 

   

Lauren   

Intestinal type 46 68.66 

Diffuse type 16 23.88 

Mixed type 5 7.46 

   

Tumor localization   

Antrum 35 53.03 

Fundus 6 9.09 

Cardias 4 6.06 

Angolus 3 4.55 

Body 12 18.18 

pylorus 5 7.58 

missing 1  

   

Adjuvant therapy   

No 7 10.45 

Yes 60 89.55 

Table 3. Patients characteristics. 

WHO: World Health Organization 
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7.1.1 Expression of G9a, DNMT1 and UHRF1 in cancerous and non-cancerous tissues 

Expression of G9a, DNMT1 and UHRF1 was assessed by IHC. Expression of G9a (>10% of positive 

cells in the sample) was present in 40.3% (27/67), DNMT1 was present in 17.9% (12/67) and UHRF1 

was expressed in 87.8% (58/66) of patients. Six patients had contemporary co-expression of the three 

markers, while only 5 patients (7.4%) had a negative tumor for all the three markers (Figure 18). 

Moreover, considering the positivity of markers as a continuous variable, a significant positive 

correlation existed between the expression of G9a and UHRF1 (Spearman correlation 0.445), with was 

not observed for the other markers. G9a, DNMT1 and UHRF expression in cancer and non-cancer 

tissues is shown in figure 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 18. G9a, DNMT1 and UHRF1 immuno-histochemical expression in tumoral 

and matched non-tumoral tissues of gastric cancer patients (20x magnification). 
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7.2 Expression of UHRF1 

Considering the whole case series, UHRF1 was the most expressed biomarker among the patients. 

When expressed, it had a strong IHC staining in almost totality of the cancerous cells in analyzed 

samples. Intriguingly, UHRF1 was also expressed in non-cancerous tissues of patients, especially in 

follicular lymphoid tissues, intestinal metaplasia and high-grade dysplasia (figure 19), suggesting it is 

involved in the malignant transformation of gastric mucosa.  

 

 

 

 

 

Figure 19. UHRF1 immuno-histochemical expression in pre-cancerous lesions in gastric cancer patients. 

A: high grade dysplasia (20X magnification); B: follicular lymphoid tissue (20X magnification); C: 

metaplasia with regeneration aspects (200X magnification); D: intestinal metaplasia (200X 

magnification). 
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7.3 Association of G9a, DNMT1 and UHRF1 with clinical characteristics of patients 

Of the 65 patients with clinical information about tumor relapse after surgical treatment, 14 (21.5%) 

relapsed, while 51 (78.5%) did not. No associations were observed between the expression of the three 

biomarkers and the tumor location. 

Considering Lauren classification, G9a 

was found significantly less expressed in 

the diffuse type cancer patients (p=0.02), 

(Figure 20). On the other hand, no 

statistically significant associations were 

found between the three biomarkers and 

the classification of GC according to 

WHO (Figure 21). No statistically 

significant associations have been found 

between biomarkers expression and time-

to-relapse (TTR) after surgical treatment.  

 

 

 

 

 

 

Figure 20. G9a, DNMT1 and UHRF1 immuno-

histochemical expression in the gastric cancer 

subtypes according to Lauren 

Figure 21. G9a, DNMT1 and UHRF1 immuno-histochemical expression in the gastric cancer 

subtypes according to World Health Organization. A: Poorly differentiated; B: Signet-ring cell 

carcinoma 
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7.4 Gastric cancer cells sensitivity to CM-272, azacitidine, BIX-01294, cisplatin and 5-

fluorouracil 

IC50 for different compounds was established in a panel of gastric and distal oesophageal cancers. In 

particular, the compound CM-272, the DNMT1 inhibitor azacitidine, the G9a inhibitor BIX-01294, 

and two cytotoxic compounds largely used in the clinical practice for GC, i.e. cisplatin and 5-

fluorouracil. Each cell line was seeded at a concentration of 3000 cells per well in 100 μl, and after an 

overnight time to permit cells attachment, single compounds were administrated for 72 hours. As 

shown in figure 22, CM-272 demonstrated to have a strong cancer cells inhibition in all tested cell 

lines, with IC50 concentrations at nM order. Interestingly, it demonstrated a potent activity especially 

in FLO-1 and KYAE-1 cell lines, isolated from distal oesophageal carcinoma, with IC50 of 102nM and 

11nM, respectively.  

This efficacy emerges when comparing CM-272 effects with respect to other single-target epigenetic 

compounds, i.e. azacitidine and BIX-01294, which display an IC50 at µM order. For cytotoxic 

compounds, IC50 was established for each cell line in order to have experimental specific assessments 

to consider as a reference for combination treatments with CM-272 and other epigenetic compounds. 

Figure 22. IC50 of a panel of gastric and distal oesophageal cancers for epigenetic compounds (CM-272, 

azacitidine and BIX-01294) and cytotoxic agents (cisplatin and 5-fluorouracil). 
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Basing on these concentrations, the focus of the following experiments was mainly addressed on 

SNU1, KATOIII and AGS cell lines, which are GC cell lines representative of the different disease 

subtypes, and with a medium/high resistance to CM-272. 

7.5 Drug synergistic effect and epi-sensitization of CM-272 and chemotherapy 

Previous works highlighted that CM-272 had a chemo-sensitizing effect in CCA cells, also 

demonstrating a synergic activity when the two drugs were administered together 123. In the present 

study, several combinations at different doses of CM-272 with cytotoxic agents used in the clinical 

practice for GC patients management have been tested in GC cell lines. Treatment schedules were 

administered in GC cell lines seeded as for IC50, and analyses were carried out after 72 hours 

exposures to compounds. Compounds concentrations were mainly lower than single IC50 for each cell 

line, to observe synergic effect. As shown in figure 23A, CM-272 has a strong synergic effect  with 

cisplatin, especially when it was administered at low doses. On YCC-1 cell lines, the reverse effect 

was then observed, as a synergistic effect was observed, but only at higher doses of CM-272 and 

cisplatin simultaneous administration. 

Moreover, a possible effect of epi-sensitization to chemotherapeutic agents has been tested. The 

rationale was possibly to re-establish the expression of genes possibly involved in chemotherapy 

efficacy prior to cytotoxic effect. GC cell lines were seeded in 96-wells plates as described above, and 

pre-treated with 24 or 48 hours with CM-272, or kept with normal medium; then fresh medium with 

serial dilutions of cytotoxic compound were added to cells for further 24 hours, and cells viability was 

compared between pre-treated cells and no pre-treated cells (Figure 24). Even though not statistically 

significant, the synergic effect of CM-272 and cisplatin emerged, becoming to be evident at low doses 

of cisplatin. Conversely, CM-272 was not able to chemo-sensitize cancer cells to 5-fluorouracil. 
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7.6 Growth inhibition induced by CM-272 and pro-apoptotic pathway activation 

As shown, CM-272 alone has a potent inhibitory effect on GC cells growth, and the possible 

mechanism of action of the compound was investigated. Cells were seeded in a 6-wells plate and 

treated (or not) with two-third of IC50 dose of CM-272, and cell growth inhibition was visually 

assessed after 72 hours of treatment. As shown in Figure 25, CM-272 alone was a potent inhibitor of 

cancer cells growth.  

Figure 25. Visual assessment of cell growth inhibition. A: AGS cell line control and CM-272 

at 400nM for 72 hours (4x and 10x magnification); B: KATOIII cell line line control and CM-

272 at 300nM for 72 hours (4x and 10x magnification); C: SNU-1 cell line control and CM-

272 at 300nM for 72 hours (4x and 10x magnification). 

All images are acquired in brightfield. 

Figure 24. Epi-sensitization assessment in AGS cell line with CM-272 and chemotherapy. The cells were 

pre-treated with CM-272 at 400nM concentration (two-third of IC50) for 24 hours (A) or 48 hours (B). 
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Considering this potent and evident effect, evaluation of induction of apoptotic process of the 

compound alone was tested. AGS, KATOIII and SNU-1 were seeded in a 6-wells plate and treated 

with CM-272 at different doses, for 72 hours. Cells were then counted and stained for annexin-V 

expression for cytofluorimetric analyses. As shown in Figure 26,  the compound alone was slightly 

able to induce pro-apoptotic cascades in the analyzed cells, as only slight differences were observed in 

cellular subpopulations percentages.  

  

Nonetheless, an evaluation of early activation of pro-apoptotic cascade has been tested. In particular, a 

luminescent assay for caspase 3 and 7 activation was performed. AGS cells were seeded in a 96-wells 

plate at a concentration of 3000 cells/well/100μL and treated or not with CM-272 alone. At 8, 16 and 

24 hours, each sample triplicate was evaluated for caspase 3 and 7 activation. Contemporary, another 

sample triplicate was used to assess cell viability by MTT assay. As shown in Figure 27, CM-272 was 

a potent activator of caspase 3 and 7, in a time-dependent manner. At the same time, cells viability 

decreased accordingly to caspase activation. This result and the evidence from annexin assay suggest 

that the compound could act as an activator of early apoptotic processes, but not of late apoptosis. 

Figure 26. Apoptosis assay by cytometer evaluation of annexin expression. A: AGS cell line control and 

CM-272 at 400nM for 72 hours. B: KATOIII cell line control and CM-272 at 300nM for 72 hours. 
 

Figure 27. Induction of caspase 3 and 7 by CM-272 in AGS cell line. A: Chemo-

luminescence at different time-points denoting a time-dependent activation of caspases. 

B: Contemporary assessment of cell viability by MTT assay at the same time-points. 
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7.7 Senescence induction 

The induction of cell cycle arrest was then investigated in gastric cancer cell lines, highlighting that 

the compound was not able to induce cell cycle arrest (data not shown).  

AGS and KATOIII cell lines were then cultured and treated with relative IC50 of CM-272 to 

investigate the potential of epigenetic induction of cellular senescence. After being fixed, cells were  

fixed, and stained to assess β-galactosidase expression, indicator of cellular senescence. Cellular 

senescence is a state of non-proliferative and metabolic inactivation, leading to a quiescent phenotype. 

The induction of senescence by CM-272 was then investigated in GC cell lines at various exposure 

times. Interestingly, it was demonstrated that CM-272 is a potent inductor of cellular senescence in 

particular in AGS cell line (p<0.05), while it was not statistically significant in KATOIII. Nonetheless, 

in KATOIII cell line, typical cellular senescence aspects was observed in several cells, consisting in 

increased cell size and flat cells with huge cytoplasm (appearance of a fried egg), and increased 

cytoplasmic granularity (Figure 28).  

 

 

B 

Figure 28. β-galactosidase assay to assess cancer cells senescence. A: AGS cell line control and 

treatment with CM-272 400nM for 72 hours; B: KATOIII cell line control and treatment with CM-

272 400nM for 72 hours. 

Green stained cells indicate β-galactosidase. All images are acquired at 20x magnification, in 

brightfield. 
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7.8 CM-272 affects cancer cells proliferation through inhibition of multiple pathways 

AGS, KATOIII and SNU-1 cell lines analyses were treated with three different doses (50%, 100% and 

200% of IC50) and gene expression using total RNA was performed. After DEA analyses, the KEGG, 

the GO and the Reactome genome repositories were used to analyse GSEA. As shown in Figure 29, 

the compound CM-272 was able to reprogram the transcriptomic profile in a cell line-specific fashion. 

In particular, for AGS cell line, an inhibition of pathways related to intra-cellular phosphorylation 

cascades has been observed. Specifically, CM-272 at 400nM for 72 hours was able significantly to 

reduce expression of genes of RAS, ErbB, PI3-Akt, and MAPK signalling pathways, p values <0.001 

for all pathways. The same pathways resulted downregulated using CM-272 at 600nM for 72 hours 

(all p values <0.001), while at the higher dose of CM-272, the RAS and ErbB signalling pathways 

remained strongly significant, p=0.02 and p<0.001, respectively. All together, these altered pathways 

represent the main phosphorylation cascade mechanisms through which cancer cells are able to 

display several cancer hallmarks, i.e. evade growth suppressors, activate invasion and metastasis, 

resisting cell death and sustain proliferative signalling. 

In the KATOIII cell lines, KEGG database highlighted a significant modulation of cellular 

metabolism, mainly linked to ATP production. In particular, at 400nM concentration for 72 hours, 

CM-272 was able to significantly down-regulate the valine, leucine and isoleucine degradation, the 

pyruvate metabolism, the oxidative phosphorylation, and the pentose phosphate pathway, p<001, 

p=0.007, p<0.001, and p<0.001, respectively. At compound higher dose, the former two pathways 

resulted significantly down-regulated (p<0.001, and p=0.005).  

In the SNU1 cell line, similar results have been demonstrated. In particular, at low dose of CM-272 

(200nM) for 72h, the mithocondrial tricarboxylic acid cycle (TCA) pathway and the oxidative 

phosphorylation pathways were significantly up-regulated (both p<0.001), suggesting a strong 

addiction of the cell line to mithocondrial respiration and the inefficacy of the compound at this dose. 

Surprisingly, at 400 nM dose (IC50), both this pathways were strongly down-regulated (both p<0.001), 

highlighted a deep epigenetic reprograming of all intermediates. Taken together, all these pathway 

collaborate to carbon metabolism, in maintaining the redox potential within the cell and in producing 

energy within the cell. 
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Figure 29. Gene set enrichment analysis (GSEA) using Kyoto Encyclopedia of Genes and Genome (KEGG) in 

AGS (A), KATOIII (B) and SNU1 (C) cell lines treated with IC50,  50% and 200% IC50 of CM-272, for 72 hours. 
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8. Discussion  

Targeting epigenetic mechanisms is an attractive option for the treatment of several malignancies, 

including gastric cancer. The complex scenario at aetiological and histopathological level of this 

disease is reflected in the fact that clinical current treatment algorithms are often ineffective. Several 

studies investigated molecular feature of gastric cancer, identifying epigenetic patterns altered in the 

different subtypes of disease, also proposing new possible classification system based on epigenetic 

machinery alterations 42. Thus, the aim of this study was to target simultaneously two different 

epigenetic modifiers, namely G9a and DNMT1, known to participate in an intense crosstalk activated 

in carcinogenesis 130. CM-272, a small molecule inhibiting G9a and DNMT1 in a reversible manner, 

showed remarkable results in haematological malignancies, and demonstrated therapeutics 

improvement in pre-clinical models of hepatocellular carcinoma and cholangiocarcinoma 121. The 

main aim of this study was then to test CM-272 efficacy in pre-clinical models of gastric cancer, 

investigating the potentiality of targeting epigenetic mechanisms in this malignancy. 

Firstly, we enrolled a retrospective case series of surgically resected gastric cancer patients affected by 

different  disease histology, to  assess the expression of G9a, DNMT1 and their functional adaptor 

UHRF1 in cancer tissues, to demonstrate the rationale of targeting these biomarkers 131. As expected, 

all the three biomarkers were expressed in cancerous tissue of patients with respect to adjacent 

disease-free tissues. This was consistent with previous results that identified that G9a, DNMT1 and 

UHRF1 are overexpressed in gastric cancer patients tissue, and are associated with carcinogenesis, 

triggering  of the metastatic process and predictors of poor prognosis 132–135. In this study, possibly 

dependent on the clinical characteristics of the enrolled case series (i.e.  non-metastatic patients), no 

association among biomarkers expression and clinical outcome was observed.  Interestingly, UHRF1 

was expressed in almost all case series, and it was also expressed in pre-cancerous lesions such as high 

grade dysplasia and intestinal metaplasia. This evidence was not observed for the G9a and DNMT1, 

suggesting that UHRF1 expression could be associated to early carcinogenesis and gastric 

transformation, as another study found a modest expression of UHRF1 in patients with gastritis 136. 

The sensitivity of a panel of gastric cancer cell lines to CM-272 treatment was then assessed, 

demonstrating that the compound was a potent inhibitor of cancer cell growth, especially with respect 

to single-target other epigenetic therapies, confirming the efficacy in upper gastrointestinal cancer cell 

lines highlighted in previous works 122,123. Interestingly, a strong sensitivity to the compound was 

demonstrated by two cell lines of distal oesophageal carcinoma; even though it was not the aim of the 

present study, this evidence merits a deeper testing of the efficacy of such compound also in gastro-

oesophageal junction and oesophageal tumours. 
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Pharmacological epigenetic priming efficacy has been demonstrated to improve chemotherapy 

efficacy in gastric cancer cell lines, and brought first interesting results also in gastric cancer patients, 

being tested as a strategy in clinical trials 137,138. In this study, the potential of CM-272 in improving 

cytotoxic treatment was evaluated both with concomitant and previous administration of the 

compound with respect to chemotherapy. Even though it was not observed in all the tested cell lines, 

with contemporary administration, CM-272 was able to synergize with chemotherapy treatment, 

especially cisplatin; interestingly, it improved chemotherapy treatment when administered at low or 

high doses in different cell lines, suggesting that it is able to induce an epigenetic reprogramming and 

restoring of cellular pathways involved in response to cytotoxic treatment. This synergic effect was 

consistent with previous results  highlighted in CCA cell lines 123. On the other hand, CM-272 

epigenetic priming did not show significant improvements in cytotoxic efficacy, suggesting its effect 

was additive rather than synergic. 

Consistent with previous results, inhibition of cancer cells growth was not accompanied by the 

induction of apoptosis, or cell cycle arrest 122. On the other hand, it was demonstrated that CM-272 

was a potent inductor of cellular senescence. Cellular senescence is a stable and terminal state of cell, 

that is associated with a pro-inflammatory and hypersecrectory phenotype and in cell cycle arrest 

139,140. It is often induced by several therapeutic agents that exerts proper mechanism of action by 

causing DNA damage, such as radiation and cytotoxic compounds 139. In this study, we found that 

induction of senescence could be epigenetically regulated. Recently, it has been highlighted that 

cellular senescence is a dynamic and reversible process, and that epigenetic mechanisms are involved 

as key regulators in inducing non-DNA damage dependent senescent phenotypes141,142. 

Moreover, it has been demonstrated that CM-272 is a modulator in epigenetically-induced phenotypes, 

as it was able to reactivate genes related to a more adult and differentiated phenotype in HCC cell lines 

122.  

Epigenetic reprograming on GC cancer cells has been investigated in this study through a wide 

transcriptome sequencing and genome database analyses, to highlight which pathways were altered by 

the epigenetic pharmacological treatment. Interestingly, it has been highlighted that the inhibition of 

cancer cells growth in-vitro is exerted affecting multiple pathways altered in cancer, such as 

phosphorylation patterns and metabolic dysregulation, in a cell line-specific manner. 

In AGS cell line, a significant down-regulation of RAS, ErbB, MAPK and PI3K-Akt pathways has 

been highlighted. All these pathways are well recognized to be up-regulated or affected by activating 

mutations in several solid tumors, especially in the EGFR-HER2/RAS/RAF/MEK/ERK pathway 143. 

They are strongly inter-connected, and by activation of ErbB trans-membrane receptors mainly by 
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growth factors (GFs), the activation of a huge number of kinases promote phosphorylation cascades 

that promote cell survival, uncontrolled growth, resistance to therapy and metastasis. Downstream 

activation of RAS, RAF and MEK in that order converge in the activation of the ERK1/2 transcription 

factor activator. The PI3K/Akt/mTOR cascade can also be activated via ErbB receptors and RAS, and 

its main implications are related to metabolic signalling and protein synthesis that sustain cell growth 

144. Several agents inhibiting one or more of these kinases are under investigation or already in clinical 

practice in many solid malignancies, resulting in the fact that these pathways represent the most 

cancer-addiction altered mechanisms 144. Even though GC is not a commonly defined oncogene-

addicted cancer, as the only targeted therapy approved to date is trastuzumab plus chemotherapy in 

ErbB2 amplified advanced stage tumors (less than 10% of all advenced tumors in frequency), 

epigenetic silencing of these pathways could be a fascinating strategy to stop cancer growth 145. 

Moreover, the CM-272 compound demonstrated to simultaneously down-regulate the expression of 

several genes involved in these pathways, even at low dose, and to induce a concomitant multiple 

inhibition of the principal phosphorylation pathways. 

In this study, a metabolic reprograming has been highlighted in two cell lines. In particular, in 

KATOIII and in SNU1 cell lines, the compound CM-272 induced a down-regulation of genes 

involved in mithocondrial metabolism for adenosine tri-phosphate (ATP) production. Metabolic 

dysregulation is an emerging hallmark of cancer, mainly through the high glucose and the glycolysis 

derivate pyruvate consumption to enter the Krebs cycle and produce ATP via electron transport chain 

(ETC). Even though the known Warburg effect indicates that cancer cells prefer an aerobic glycolysis 

more than mitochondrial oxidation of pyruvate, (TCA) and ETC play a pivotal role in carcinogenesis 

and cancer progression 146. In fact, mitochondria supply energy, provide building blocks for new cells, 

and control redox homeostasis, oncogenic signalling, innate immunity, and apoptosis 146. Moreover, 

new ETC small inhibitors are under investigation as anti-cancer therapies 147. Valine, leucine and 

isoleucine are branched-chain amino acids (BCAAs) constituting approximately 35% of all essential 

amino acids that regulate protein metabolism via multiple pathways, including mTOR 148,149. Carbon 

elements in valine and leucine are derived from pyruvate, while the isoleucine carbons are derived 

from threonine 150. Leucine is a well known mTOR agonist, promoting protein translation, growth and 

cell survival 151; alterations of levels of BCAA have been observed in serum and plasma of patients 

with gastrointestinal malignancies 152–154. BCAA are also used as indirect nitrogen sources for 

nucleotide and non-essential amino acids biosynthesis via glutamate-glutamine axis, further 

catabolized to produce acetyl-CoA to use in the TCA for energy production 155. The acetyl-CoA levels 

have an impact on the epigenetic changes of cells. It can influence diverse cellular processes, such as 

gene expression, cell-cycle progression and DNA repair 155. The potential to epigenetically reprogram 
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and restore metabolic homeostasis is then an attractive option for cancer therapy, given the possibility 

to act simultaneously on multiple altered pathways. 

9. Conclusions and future perspectives 

Epigenetic mechanisms are a hallmark involved in all steps of malignant transformation. In this study, 

the rationale to target epigenetic mechanisms in gastric cancer has been demonstrated through a 

translational and pre-clinical approach. The tested compound demonstrated to have a potent effect on 

inhibition of gastric cancer cells in-vitro, remodelling gene expression and phenotype of treated cells. 

Further steps of the study will be to evaluate the potential of the compound in pre-clinical setting by 

in-vivo experimentation. In this direction, authorization for in-vivo experimentation of Italian Ministry 

of Health has been obtained, and the first preliminary studies to selected the right cell lines have been 

conducted.  
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