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1. Introduction

1.1 Gastric Cancer Epidemiology

Gastric Cancer (GC) is one of the main malignancies in the world. Even though we
are now observing a decline in incidence in most Western countries (Song H et al.,
2015), according to Globocan 2020, GC is the sixth tumor form for new cases
(representing 5.6% of the total) and the fourth for mortality (representing 7.7%
among all cancers (in 2020 caused over 700.000 cancer-related deaths) (fig.1) (Sung
Hetal.,, 2021).

Incidence of GC is straightly correlated to aging and sex: it increases with age and
is generally two to three times more present in men than in women (Luo G et al.,
2017). Moreover, GC shows a considerable geographic variation with the highest
incidence value is found in Eastern Asia (32.1 per 100.000 in men, 13,2 per 100.000
in women), while the regions with lowest incidence are North America (5,6 per
100.000 in men, 2,8 per 100.000 in women) and Africa (about 5 per 100.000 in men
and 3-4 per 100.000 for women) (Ferlay | et al., 2021).

Japan has the highest number of male cases diagnosed per year, but the 5-year
survival rate it’s around 90%, compared to 10-30% in Europe. In fact, while in Japan
there is a strong mass screening policy starting from the age of 25 in males, in
Western Countries the disease is spotted when the symptoms become evident, and
the tumor is in advanced stages. This late diagnosis causes a worse prognosis for
patient: in USA the average 5-year survival is 68,8% for pre-metastatic diagnosis,
whereas it falls to 5,3% in metastatic patients. Endoscopy therefore represents the
most sensitive and reliable screening method for diagnosis, but it is extremely
expensive as mass screening test, and it's recommended only in regions with a high

incidence rate, such as Japan (Sitarz R et al., 2018).



Estimated number of new cases in 2020, worldwide, both sexes, all ages

Breast
261419 (11.7%)

1796 144 (18%)

2206 771 (11.4%)

Other cancers
Other cancers 3932 768 (39.5%)
8285 897 (42.9%)
Colorectum
1931 590 (10%)
Prostate
1414 259 (7.3%)
NMSC Pancreas Stomach
1198 073 (6.2%) 466 003 (4.7%) 768 793 (7.7%)
Liver Stomach Oesophagus Breast
905 677 (4.7%) 1089 103 (5.6%) 544 076 (5.5%) 684 996 (6.9%)
Total : 19 292 789 Total : 9 958 133
Figure 1: incidence and mortality of tumor (updated 2020) (Sung et al. 2021)
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Estimated number of deaths in 2020, worldwide, both sexes, all ages

Colorectum
935 173 (9.4%)

Liver
830 180 (8.3%)

Figure 2: Worldwide gastric cancer incidence and mortality rates (age-adjusted according to the world

standard population, per 100 000) in males and females in 2020 (Morgan E et al., 2021).



1.2 Gastric Cancer Etiology
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Figure 3: Summarization of GC risk factors (Yang WJ et al., 2023).

GC Etiology, in the same way of other tumor, is a combination of environmental
and genetic factors. Among these, infective agents, lifestyle and diet are certainly

the most known.

1.2.1 Diet and Life-style Risk Factors

Diet-related factors have a notable influence on gastric tumor growth. A first
possible intervention to reduce the risk of developing this form of cancer is certainly
maintain a balanced and healthy diet: among the foods positively associated with
the risk of GC we find sausages, bacon and more generally processed red meat; in
fact, they contain substances produced at high temperatures during cooking such
as heterocyclic aromatic amines, polycyclic aromatic hydrocarbons, recognized as
carcinogenic; various compounds found in smoked meat have also been linked to
gastric cancer, such as N-nitrous nitrogen compounds and again polycyclic
aromatic hydrocarbons (Bouvard V et al., 2015). Furthermore, these foods contain
high levels of salt, another risk factor linked to gastric cancer (Nomura AM et al.,
2003).



Other risk factors linked to diet may include a high-calorie diet and the
consumption of incorrectly refrigerated foods which positively correlate with the
development of GC (Zhang Z et al. 2013).

On the other hand, regarding foods negatively associated with the development of
GC, we certainly find vegetables, in particular dark green and yellow ones; the
reason is their high content of beta-carotene, vitamins C and E and folic acid. The
protective role of beta-carotene in GC is now well established: it is an excellent
antioxidant and radical scavenger, as well as having immunomodulatory effects
useful in carcinogenesis prevention. Vitamin C, being an antioxidant, can
counteract the formation of N-nitrous nitrogen compounds in the stomach;
however, it is only active in the aqueous phase. Vitamin E, on the other hand, being
a fat-soluble vitamin, is also active in a lipidic environment: it also manages to
prevent the process of intragastric nitration. Finally, Folic acid is an important
intermediate for the biosynthesis of nucleic acids, and its lack has been correlated
with tumor genesis (Nomura AM et al., 2003).

Talking about lifestyle, smoking and alcohol, like as for many other malignancies,
are the main risk factor GC occurrence. It was observed that in smokers the risk of
developing gastric cancer was approximately 1.53, with a higher incidence in men
than in women; Has also been demonstrated that tobacco smoking increases the risk
of gastric cancer at the cardia level and is thought to be implicated in the increased
incidence of this type of stomach cancer in developing countries. (WCRF/AICR,
2018 (Ladeiras-Lopes R et al., 2008).

Alcohol consumption is also positively correlated GC: opinions on moderate
consumption are conflicting, while those on high consumption indicate a significant
increase in the risk of GC occurrence; opinions on the quantity of alcohol are also
under debate (12). Finally, obesity is a very important factor for tumor
development, especially for non-asian males; in obese people, a greater production
of Tumor Necrosis factor-alpha (TNF-alpha), Interleukin-6 (IL-6) and monocyte
chemoattractant protein-1 (MCP-1) can lead to greater inflammation at stomach
level (Tsugane S and Sasazuki S; Lyn X] et al. 2014).


https://sciwheel.com/work/citation?ids=1629908&pre=&suf=&sa=0&dbf=0

1.2.2 Infective factors: Helicobacter Pylori and Epstein-Barr Virus
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Figure 4: the effect of Helicobacter pylori infection on gastric epithelium. Action of Helicobacter can lead
to Gastric Adenocarcinoma (Ajani JA et al., 2017).

Helicobacter pylori is a gram negative, microaerophilic bacterium (Matsunaga S et al.,
2018) whose only natural reservoir is the human stomach (Alipour M, 2021). In this
environment it can survive thanks to the urease enzyme and the stomach protective
mucus (Correa P et al., 2006). In 1982 Warren and Marshall demonstrated the
correlation between H. pylori and gastritis (Warren | et al., 1983) and in 1994 the
International Agency for Research on Cancer (IARC) officially classified this
pathogen as a Class I Carcinogen for “Non-Cardias” stomach cancer, confirming it
in 2009 (IARC Working group, 2012).

An untreated H. pylori infection can affect the patient lifelong. It has been estimated
that almost 50% of the world population is affected by this infection, and
approximately 15% of it develops gastric ulcers (Bravo D et al., 2018). Many studies
indicate that the 2-3% of people infected with this bacterium will develop gastric
adenocarcinoma, and 0.1% will develop MALT (mucosal-associated lymphoid
tissue) lymphoma (Diaz P et al., 2018; Bagheri N et al., 2018). The initial response of
the organism can vary depending on the virulence of the H. pylori strain: strains

with low virulence produce weak inflammation and generally not progress towards



gastric atrophy or adenocarcinoma; on the other side, highly virulent strains have a
closer correlation with more severe gastric diseases, such as adenocarcinoma,
duodenal and gastric ulcers, multifocal atrophic gastritis.

The main factor that plays a role in virulence between various strains is the
Cytotoxin Associated Gene A (CagA). Bacteria that express these gene are related
to a higher inflammation rate and a higher risk of peptic ulcer and GC due to a
facilitation to penetrate in the cell. Once in cytoplasm, CagA is phosphorylated and
activated, determining damages to cytoskeleton and so inflammation. The more
CagA is phosphorylated, the more is the inflammation. There is a different
geographical distribution related to CagA: strains found in South-East Asia express
an isoform that undergoes intense phosphorylation compared to the Western ones
(Correa P et al., 2006).

Another infectious agent related to GC is the Epstein-Barr Virus; the exact
mechanism of EBV induction of tumorigenesis in stomach is not yet known (Cho |
et al., 2016), but has been observed that approximately 5-10% of GC are associated
with this virus (Boysen T et al., 2009): at genre level it is twice as common in males
as in females and it has been hypothesized that co-presence of EBV and H. pylori
may increase the incidence of gastric cancer (Murphy G et al., 2009; Singh S et al.,
2017).

1.2.3 Genetic factors

Although most GC have a sporadic frequency, approximately 10% of GC cases are
related to hereditary factors; among this percentage, the 1-3% can be associated with
three hereditary syndromes: HDGC (Hereditary Diffuse Gastric Cancer), GAPPS
(Gastric Adenocarcinoma and Proximal Polyposis of the Stomach) and FIGC
(Familial Intestinal Gastric Cancer) (Gullo I et al., 2018).
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Figure 5: resume of risk factors of GC including genetics factors and associated diseases
(Ramos MFKP et al., 2018)

HDGC is an autosomal dominant ereditary syndrome characterized by an
approximately 80% lifetime risk of developing diffuse GC. This syndrome is related
in approximately 50% of cases to the germline mutation of a gene, CDH1, which
codes for E-cadherin, important for cell cohesion. In patients with this mutation
there is also a risk of developing lobular breast carcinoma and colon cancer.
Furthermore, mutations in a second adherents junction protein, a-E-catenin
(CTNNA1) have also been observed in a small minority of HDGC cases (Blair VR et
al., 2020). GAPPS is a rare dominant autosomal syndrome characterized by
characterized by mutation in the 1B region of the APC promoter that codes for 8-
catenin; is associated with polyposis of the fundic gland of the gastric body, with a
high risk of developing gastric adenocarcinoma (Vogelar IP et al., 2015). FIGC, an
autosomal dominant hereditary syndrome characterized by IL12RB1 mutation is
associated with onset of CG in multiple individuals of the same family (Vogelar IP
et al., 2015).

Gastric cancer is also associated with other hereditary tumor syndromes.

Lynch syndrome (LS) or non-polyposis colorectal cancer (HNPCC), an autosomal
dominant disease responsible for 2-3% of colorectal cancer cases. It is characterized
by the germline mutation of one of the genes responsible for correcting errors in the

DNA duplication system, resulting in a change in the length of the repeated
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sequences of tumor DNA called MSI (microsatellite instability). MSI is associated
with the lack of expression of MLH1, MSH2, MSH6 and /or PMS2 proteins (Syngal
Setal., 2015).

Familial Adenomatous Polyposis (FAP) is an autosomal dominant inherited
predisposition to adenomatous polyps caused by germline mutations in the APC
gene. The risk of FAP patients developing CG is less than 1% and an environmental
component is required to transform polyps into adenocarcinomas (Nakamura K et
al., 2017).

Peutz-Jeghers Syndrome (PJS) is a rare autosomal dominant inherited condition
characterized by hamartomatous gastrointestinal polyposis and melanin patches on
the lips and buccal mucosa. Patients affected by PJS have an 89% risk of developing
CG and appear to be more predisposed to developing tumors of the intestine,
pancreas, breast, testis, ovary and lung (van Lier MG et al., 2010).

Juvenile Polyposis Syndrome (JPS) is caused by a mutation of SMAD4 or BMPR1A
genes and manifests with the formation of numerous polyps in the colon or stomach
at a young age; the incidence in those with this gastric cancer syndrome stands at
around 21% (Howe |R et al., 2004).

Li-Fraumeni Syndrome (LFS) is an autosomal dominant disease caused by mutation
of the TP53 gene. Differently from other syndromes, patients do not present site-
specific tumors, but multiple primary tumors with divergent phenotypes: GC is
detected in 1.8-4.9% of LFS-positive individuals (Masciari S et al., 2011).
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Figure 6: progression of GC, from normal tissue to adenocarcinoma phenotype; environmental and genetic
factors intervention during aberrant transformation is enlighten (Tan P et al., 2015).



1.3 Gastric Cancer classifications

Gastric Cancer is a term commonly used referring to Gastric Adenocarcinoma,
which represent the 95% of every stomach malignancy. The remaining are less
common tumor that affect other gastric structures: lymphoma, gastrointestinal
stromal and neuroendocrine tumor.

Due to the heterogeneity of gastric adenocarcinoma, with different phenotypes,
there are many classification systems.

Based on histological criteria and starting from the ‘60 we find the Laurén (Laurén
P, 1965), Nakamura (Nakamura K, 1968), Ming (Ming SC, 1977), Goseki (Goseki N et
al., 1992) and Carneiro (Carneiro S et al., 1995) classifications. In the 2000" Solcia
(Solcia E et al., 2009), the World Health Organization (Bosman FT, t al. 2010), and the
Japanese Gastric Cancer Association (Japanese GCA, 2011) proposed other
classifications.

The most used is the Laurén classification, which distinguish Gastric
Adenocarcinoma in two different main types: Diffuse and Intestinal. The diffuse
type appears as loosely adherent cells, alone or in small groups, which grow in a
highly infiltrating form. The Intestinal type is characterized by the formation of
clearly visible papillary or glandular structures with adherent cells. Gastric tumors
that cannot been classified in these two categories are defined as Mixed or
Indeterminate. The first one occurs in young patients, mainly females, and has a
hereditary component. Due to its aggressiveness, characterized by metastasizing
through peritoneal surfaces, diffuse GC is a prognostic factor. On the other side,
Intestinal GC occurs mostly in elderly male patients and its strongly associated with
intestinal metaplasia and infection by Helicobacter Pylori.

Another largely used classification is the WHO, that combines specific histological
aspects that can be observed in the entire Gastrointestinal tract. Indeed, according
to these criteria the 95% of cases of GC can be classified as tubular, mucinous and
papillary adenocarcinoma (which correspond both to the intestinal type according
to Lauren classification), poorly cohesive adenocarcinoma (the Diffuse type) and
mixed. The other 5% of cases are rare histological variants.

The main limit of every classification based just on histology is an inter-observer
variability that often leads to difficult of reproducibility. For this reason, through
the years many groups have proposed different criteria of classification based on

molecular aspects.



Tan et al.,, used the gene expression signature to classify GC in G-INT and G-DIF
subgroups (Tan P. et al., 2015); Lei et al., further analyzing gene expression,
identified the mesenchymal, the proliferative and the metabolic subtypes (Lei Z et
al., 2013).
The Cancer Genome Atlas study in 2014 elaborated a molecular bases classification
that divides GC in four groups (fig.7):

1) Epstein-Barr virus-positive GCs with high DNA hypermethylation, JAK2

and PD-L1 amplification and PIK3CA mutations;

2) microsatellite instable GCs with DNA hypermethylation and MLHI1
silencing;
3) stable GCs with frequent CDH1 and RHOA mutations and correlated with
diffuse morphology;
4) chromosomally instable GCs with high TP53 mutations, tyrosine kinase
receptors amplification and intestinal morphology (Cancer Genome Atlas

Research Network, 2014).

Gastro-oesophageal
junction

Fundus

Body

Antrum/
pylorus

TCGA CIN

classification EBV MSI HM-SNV GS CIN-F CIN-B

Hypermethylation, Hypermutation, Hypermutation, CDH1 and RHOA TP53 mutations, Tumour supressor
CDKN2A silencing hypermethylation, POLE mutations  mutation, whole-genome gene (cell cycle/
PI3KCA,ARID1A, and ~ MLH1 silencing, CLDN18- doubling, RTK WNT/TGFB)

BCOR mutation, TIL infiltration ARHGAP26/6 fusion mutations (EGFR, alterations,

Molecular
characteristics

Clinical
characteristics

CD8* Tcell
IFNY signalling

PD-L1/L2 expression,

CD8* T cellinfiltration,

presence of M1
macrophages, IFNy
signature

Best prognosis in
patients with
resectable disease,
associated with
potential benefit
from anti-PD-1
antibodies

Associated with a
favourable
prognosis
following surgery, a
lack of benefit from
chemotherapy and
the highest level of
benefit from
anti-PD-1
antibodies

Lauren diffuse-type
(not completely
overlapped),
associated with the
worst prognosis in
patients with
resectable disease
and a lack of benefit
from chemotherapy

ERBB2, ERBB3, FGFR2,
JAK2 and MET),
KRAS/NRAS, VEGFA
and cell-cycle gene
amplifications, AA > AC
mutational signature

mutations in RTKs

Lauren intestinal-type (not completely

overlapped)

Benefit from adjuvant chemotherapy

Figure 7: clinical and molecular characteristics of GC according to TCGA classification; subtypes of Gastric
and Gastro-Esophageal Junction cancer by anatomical distribution (Nakamura Y et al., 2021)
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The last molecular classification was elaborated in 2015 by The Asian Cancer

Research Group (ACRG) (Cristescu R et al. 2015) defining four molecular subtypes

with different prognosis:

1) microsatellite instable GCs, with an intestinal morphology and the best
prognosis;

2) microsatellite stable with epithelial-to-mesenchymal signature GCs
(MSS/EMT), with a diffuse morphology and the worst prognosis.

3) and 4) GC with microsatellite stability and no epithelial-to-mesenchymal
signature and TP53-active (MSS/TP53+) or inactive (MSS/TP53-), and with

an intermediate prognosis (Cristescu R et al., 2015).

Laurén Carneiro WHO [20], Japanese classification [21], Nakamura Goseki [17], Solcia [19],
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Figure 8: Overview of the heterogeneity classification of GC with histo-pathological (above) and mole
Molecular classification of GC elaborated by TCGA and ACRG (Gullo | et al., 2018; Ajani JA et al., 2017)
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1.4 Therapeutic Options

Regarding therapy, the only approach to eradicate GC is the complete resection by
surgery with lymph node dissection (Weleji EP et al., 2017). But in more than half of
surgically removed GC, patients show peritoneal, locoregional or distance
recurrence. Because of this, it has become evident that surgery alone is no more the
standard treatment.

Through the years many studies have demonstrated the efficacy of the combination
of surgery with a chemotherapeutic regimen: perioperative, coadjutant
chemotherapy and chemoradiation are largely used and improve the outcome of
GC resection with extended lymph node dissection (Lazir DC et a., 2016).
However, chemotherapy is used as elective therapy especially in patients with
metastasis or when surgery is not possible. In fact, chemotherapy can reduce tumor
mass growth before surgery, hit the cells that initiate the metastatic process and
prevent possible local recurrence.

Target therapy, which is a successful approach in many tumors (Lee Y et al., 2018),
is unfortunately not a first line therapy in GC; in fact, only the epidermal growth
factor receptor 2 (HER2) positive GC can be treated with the monoclonal antibody
Trastuzumab (Bang Y] et al., 2010).

According to International Guidelines, a target therapy-approach is recommended
as first line treatment only for HER2 positive patients. In these cases, the therapy
consists in a combination of Trastuzumab with fluoropyrimidines (5-fluorouracil or
capecitabine) and platinum compounds (cisplatin or oxaliplatin); this combined
approach has demonstrated a survival benefit compared to traditional
chemotherapy (as shown by the ToGA trial). Unfortunately, the amount of HER2
patients is just a minor percentage of total GC cases (almost the 20%) (Bang Y] et al.,
2010).

The introduction of taxanes in the first line regimen has improved the efficacy of
chemotherapy; these class of compounds, which have a toxic activity on
microtubules, can be added to therapy in DCF (Docetaxel-Cisplatin-Fluorouracil)
or FLOT (Fluorouracil-Oxaliplatin-Docetaxel) regimen (Van Cutsem et al., 2006).

As reported in 2017 by Al-Batran et al., the FLOT therapy demonstrated an
improvement of progression-free and overall survival, compared to other
perioperative regimes, which includes ECF (Epirubicin-Cisplatin-Fluorouracil) and
ECX (Epirubicin-Cisplatin-Capecitabin) and young patients showed a pathology

complete regression. On the other hand, the excellent efficacy of the FLOT treatment

12



is accompanied by important side effects which reduce the number of patients
eligible for this type of therapy (Al Batran SE et al., 2019).
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Figure 9: Current therapies for Gastric Adenocarcinoma based on staging. Therapeutic interventions for
GC at different stages illustrated by icons. The mainly used regimens of chemotherapy, targeted therapy,
and immunotherapy are listed (Lei ZN et al., 2022).

1.5 Chemoresistance in Gastric Cancer

Due to the paucity of target therapies in use in GC, one of the main issues for
treatment is represented by the onset of side effects due to the use of traditional
chemotherapeutics. Moreover, in many cases the occurrence of chemoresistance
limits the effectiveness of pharmacologic treatment and in the worst scenario
chemotherapy is no longer capable to inhibit tumor progression and tissues
invasion (Russi S et al., 2019). We can classify drug resistance in two different types:
inherent and acquired. In the first case tumor cells already possess the ability to
survive in presence of drugs. On the other side, acquired (or secondary)
chemoresistance is induced by the exposure of cancer cells to drugs, that can induce
expression of specifical proteins that help tumor growth.

In GC, chemoresistance has been studied for its link with the high expression of the

multi-Drug efflux pumps. These proteins belong to the super-family of ATP-
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Binding Cassette, also known as ABC carrier: they are ATP-dependent transporters
able to extrude toxic agents from the cytoplasm. Their role in tumors has been
described in several malignancies: ovarian cancer (Szotek PP et al., 2006), colorectal
cancer (Haraguchi N et al., 2005), glioma cell lines (Kondo T et al., 2004) and
retinoblastoma (Seigel GM et al., 2005).

The ABCB1, or MDR1 (Multi-Drug Resistance 1), has been reported in 1993 as over-
expressed in primary GC (Wallner ] et al., 1993); its expression and role has been
further investigated and today we know that a high expression of this carrier
correlates with a bad outcome for the patient (de Oliveira | et al., 2014). Other carrier
proteins have been studied for their ability to induce chemoresistance. The ATP7A
and ATP7b (ATP-dependent transporter) have been described as biomarker for the
platinum-compounds resistance (Ly I YQ et al., 2019).

Chemoresistance occurrence has been also correlated to the alteration of enzymes
involved in drug detoxification. The overexpression of enzymes involved in
Glucuronidation or those related to the P450 cytochrome can inactivate drugs (Daigo
Setal., 2002).

One of the main mechanisms of action of anticancer drugs is the damaging of cell
crucial component (such as DNA and cytoskeleton) which determines cell death.
Survival to programmed cell death is another mechanism of resistance to drug
treatment. Therefore, the imbalance between pro-apoptotic and anti-apoptotic
signals determines the survival of cancer cells even in the presence of strong death
signals.

P53 is the regulatory protein responsible for the inhibition of proliferation and
induction of apoptosis. Known as the “Genome Guardian”, this protein is activated
by DNA damage signals; its correct activity can result in cell cycle arrest, DNA
repair or apoptosis. Mutations in P53 have been described in several works as an
important step of chemoresistance acquisition (Surget S et al., 2016; Alvaro-Ortiz E et
al., 2021; Yashiro M et al., 2009), also in Gastric Adenocarcinoma (Marin ] et al., 2020);
moreover, an overexpression of BCL2, impairment of BAX and activation of
AKT/PI3K pathway, that regulate the correct activation of apoptosis, have been
correlated to chemoresistance in GC.

Therefore, re-establishing correct functioning of the apoptotic cascade (from its
activation to the execution of proteolytic cuts by Caspase) is one of the strategies

that scientific research continues to investigate.
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1.5.1 Cancer Stem Cells and Chemoresistance

As we previously exposed, chemoresistance is an event participated by many
components of the tumor mass and one of the main peculiarities of cancer is
certainly its cell population heterogeneity. Indeed, within the tumor lesion we find
different types of cells: mutated cells, infiltrating cells, and fibroblasts. It is now a
common belief that in every tumor there exists a nucleus of cells capable of ensuring
continuous proliferation and at the same time maintaining a high clonogenic
potential of the tumor itself. This core of cells, known as CSCs (Cancer Stem Cells)
or TIC (Tumor Initiating cells) has the same role as the normal progenitor cells
present in normal tissues, i.e., to regenerate the tissue (in the case of cancer, the
tumor mass) when necessary.

The first identification of CSC dates back to 1998, when Bonnet and Dick isolated a
leukemia cells subpopulation with high expression of the surface marker CD34 but
not CD38; they established that the CD34*/CD38" subpopulation can induce tumor
genesis in NOD /SCID mice (Bonnet D et al., 1997).

The first evidence of stem-like cells in solid tumors followed in 2002 with the
identification of a clonogenic, sphere-forming population isolated from adult
human brain gliomas. Human cortical glial tumors contain neural stem-like cells
expressing astroglial and neuronal markers in vitro; cancer stem cells isolated from
adult human gliomas were shown to induce tumors that resembled the parent one
when grafted into intracranial nude mouse models (Ignatova TN et al., 2002).

The presence of stem-like cancer cells has also been correlated with the acquisition
of resistance to pharmacological treatment, also thanks to the expression of specific
molecules capable of guaranteeing their survival in the presence of toxic substances.
Among these, the previously cited carriers of the ABC family (MDR-1 above all) and
the Aldehyde Dehydrogenase enzymes identified in various models of malignant
tumors, deserve mention.

The Aldehyde dehydrogenases (ALDHs) are a group of enzymes that catalyze the
oxidation of aldehyde: nineteen genes encoding for ALDHs have been identified in
human genome and they participate in many biological processes including the
detoxification of exogenously and endogenously generated aldehydes (Marchitti SA
etal., 2008). Through the years ALDH has been described as one of the main markers
of a stem-like population within the tumor mass, responsible for the maintenance
of the proliferative machine (Yasuda K et al., 2013; Clark DW et al., 2016).
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Other mechanisms attributed to a stem cell phenotype and related to
chemoresistance are the overexpression of DNA repair mechanisms (Yuan M et al.
2014), the inhibition of proteins involved in apoptosis such as PARP (poly-ADP-
ribose polymerase) (Venere M et al., 2014) and the acquisition of an epithelial-

mesenchymal transition (EMT) phenotype (Thiery JP, 2002).

As stated above, it emerges that chemoresistance is an extremely heterogeneous
process in which proliferating tumor cells and the stem compartment play a pivotal
role in the progression of the disease.

Also, the tumor microenvironment, now known as an active protagonist of cancer
progression, also participates in the acquisition of drug resistance. Therefore, in the
search for solutions to overcome chemoresistance, the molecules that participate in

the modification of the microenvironment itself cannot be ignored.

1.6 Potential marker of Chemoresistance: the case of

Carbonic Anhydrase

Carbonic anhydrases (CA) are a family of catalytic zinc-containing metalloenzymes,
they are involved in the reversible hydration-dehydration reaction of carbon
dioxide (CO,) generating bicarbonate ions (HCOs;-) and protons (H+). The
molecules involved in this reaction play fundamental physiological and biological
roles, showing relevant differences in tissue distribution, subcellular localization,
and biological function (Parkkila S et al., 2000).

Carbonic anhydrases are classified into eight genetically distinct classes named with
Greek letters. The members of each class possess different transcripts and protein
isoforms, characterized by different biochemical properties and specific tissue and
subcellular localizations (Capasso C and Supuran CT, 2016). The CAs present animal
cells belong to the «a class, which includes sixteen different isoforms: five cytosolic
(CAI, CAII CAIII, CAVII and CAXIII), five membrane bound (CAIV, CAIX, CAXII,
CAXIV and CAXV), two mitochondrial (CAVA and CAVB), only one secreted
isoform (CAIV). The remaining isoforms lack a catalytic site (CAVIII, CAX and
CAXI) (Supuran CT, 2008).

Carbonic anhydrase IX (CAIX) is an isoform that belongs to the recently identified

carbonic anhydrase-a family. CAIX is considered an important tumor marker, since
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its expression levels are increased in tumor cell lines and in many surgical tumor
samples (Zavada | et al, 1993). Is a homodimer transmembrane glycoprotein, made
up of 414 amino acid residues with a molecular weight of 49.5 KDa. Its structure can
be divided into different domains: the extracellular portion includes a catalytic
domain (near the membrane), a proteoglycan-like domain, and an N-terminal signal
peptide. The latter represents a unique feature of CAIX, absent in the remaining
human isoforms (Supuran CT, 2008).

While expression of CAIX in healthy tissues concerns almost exclusively stomach
and the epithelial tissues of the duodenum, jejunum, ileum and small intestine in
many solid tumors, a notable increase in the expression levels of this specific CA
isoform has been detected, making it a new tumor market and therapeutic target
(Chen ] et al., 2005). In GC, higher levels of CAIX are observed in healthy mucosa
compared to tumor tissue, contradicting trends found in most solid tumors.
However, histochemical analyzes highlighted a significant increase in CAIX in the
invaded margins of GC, linking this enzyme to cancer progression and low post-
operative outcome in a similar way of other cancer where overexpression of CAIX
is correlated with chemoresistance and poor prognosis (Chen ] et al., 2005; Liao SY et
al., 2009).

CAIX increased levels in various tumors are linked to the hypoxia, typical
conditions in the various regions of solid tumors. Hypoxia is a key element in cancer
development and is caused by poor vascularization of the growing tumor mass. Cell
proliferation in the tumor mass is much faster than in the vasculature, so cells
further inside the mass are found in an oxygen-deficient environment (Folkman | et
al., 2000).

Low oxygen levels cause necrosis events which are often detected through
histological examinations (Brahimi-Horn MC et al., 2007) so tumor cells need to adapt
to this condition to survive and proliferate. As the main adaptation mechanism in
hypoxic conditions, cells activate hypoxia-inducible factor-1 (HIF-1), a heterodimer
made up of a and  subunits. In hypoxic the two sub-units can interact and so HIF-
1 become an activated heterodimer. conditions sub-HIF-1« is stabilized and can
interact with sub-HIF-1p forming the active heterodimer (Doe MR et al., 2011). In its
activated form HIF-1 regulates the transcription of genes involved in glycolysis,
angiogenesis, pH regulation and in many processes of tumor progression: EMT and
invasion above all (Ullah MS et al., 2006). CAIX is one of the genes regulated by HIF-
1: the overexpression of CAIX in hypoxic conditions is linked to its catalytic function
of hydration and dehydration of CO, to HCO;— in the presence of H,O (Li Y et al.,
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2011). This reaction is necessary for the regulation of tumor microenvironment,
characterized by a very low pH. In fact, CAIX activity leads to the acidification of
the tumor microenvironment, a process coupled to the metabolic switch of tumor
cells from oxidative to glycolytic resulting in lactic fermentations and production of
H+ ions. This change is forced in tumor cells because the absence of oxygen limits
oxidative phosphorylation (Gillies R] et al., 2015). Protons accumulation in the
cytoplasm affects intracellular pH, representing a danger for the cell. The acids
produced by metabolism can react with HCO;— leading to the production of H,O,
and CO, which is permeable to the membrane, representing a way of elimination of
metabolic acids from the cell. Through this mechanism, CAIX creates an efflux of
CO,, contributing to the maintenance of an alkaline intracellular pH and
simultaneously to the acidification of the tumor microenvironment (Swietach P et al.,
2019). So, Hypoxia and extracellular acidity represent two closely linked elements
of tumor microenvironment both capable to influence each other in the regulation
of many tumors” molecular aspects (Andreucci E et al., 2017).

CAIX driven acidification of microenvironment is very important for its
consequence on chemotherapy. In fact, the majority of anti-tumor drugs are
transported via active transport or passive diffusion through plasma membrane;
since these transport mechanisms are pH sensitive, the cytotoxic activity of the
drugs depends on the pHi (intracellular pH) and pHe (extracellular pH) (Stuubs et
al., 2000).

Over the years, various strategies of altering pHi and pHe have been tested to
identify new therapies for the treatment of solid tumors ( Thiry A et al., 2006). Has
been described an increasing efficacy of drugs with weak basic nature
(Mitoxantrone, Paclitaxel and Topetecan) at the increase of pHe (Robertson N et al.,
2004). Furthermore, the slowing of tumor growth induced by the weak base
doxorubicin is improved by the increase in tumor pHe, after chronic ingestion of a
sodium bicarbonate-based solution (Raghunand N et al., 1999). So, therapies targeted
on CAIX can improve anti-tumor drugs activity and at the same time decrease the

acidity of the tumor microenvironment associated with cancer progression.

1.6.1 CAIX inhibition and effects on cancer progression

CAIX inhibition is a current strategy to overcome chemoresistance; there are two

possible approaches to inhibit CAIX: the first involves small molecules with an
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inhibitory function, and the second the use of specific antibodies. The latter
approach is based on the concept of antibody-mediated cellular cytotoxicity
(ADCC), an example is the drug cG250, a possible antitumor agent in
immunotherapy (Surfus JE et al., 1996).

The specific inhibition of CAIX using small inhibitory molecules is a currently
explored research topic (Supuran CT, 2008). A typical CA-a inhibitor has three main
components: a zinc binding group (ZBG), a linker region which can be a heterocycle
or a benzene ring and finally a variable tail (Pinard M A et al., 2015). The zinc-binding
group has the function of interacting with the catalytic site preventing the catalysis
of the reaction (Wilkinson BL et al., 2006). Based on the orientation of the zinc bond,
two main groups of ZBG can be distinguished: those that form a direct bond with
zinc (such as sulfonamides and bisulphites) and those that interact with the bond
between zinc and water (such as cyanates and formates) (Supuran CT, 2015). Among
the ‘"classic" CAIX inhibitors, sulphonamides and their isosteres
(sulphonamides /sulphamates) are the most studied group of inhibitors (Supuran
CT, 2008): these molecules bind directly to the zinc of the catalytic site, forming
tetrahedral adducts and preventing catalysis. In this class of inhibitors, we find:
acetozolamide, brinzolamide, dorzolamide and methazolamide (McKenna R and
Supuran CT, 2014). These molecules are currently classified as first- and second-
generation inhibitors, since they form very strong and compact interactions within
the catalytic site, often non-specific for the various CA isoforms, causing adverse
effects. For this reason, inhibitory molecules with greater specificity for the target
isoforms have been developed in recent years. SLC-0111 particularly has been
described as an efficient inhibitor for the CAIX and CAXII (another CA isoform
associated with solid tumors), with important anti-cancer effects in animal models
methazolamide (McKenna R and Supuran CT, 2014). Furthermore, the anti-tumor
effect of this compound has also been reported on tumor stem cell population. SLC-
0111 is a sulphonamide derivative belonging to a cogeneric series of 4-ureido-
substituted-benzenesulphonamides, which act as specific inhibitors for CAIX. The
specificity of this compound is linked both to the linker region and to the addition
of the 4-fluorophenyl that can interact with the hydrophobic region of the catalytic
site of the enzyme. The compound from which SLC-0111 derives was identified by
the Supuran group by evaluating pharmacokinetic aspects (absorption,
distribution, metabolism, and excretion) of a series of ureido-substituted
compounds with inhibitory activity on human CAIX. In fact, SLC-0111 was selected

for its excellent pharmacokinetic and antitumor profile demonstrated in preclinical
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phases conducted on various models. This compound was synthesized by
SignalChem Lifescience Corporation (SLC, British Columbia, Canada). SLC-0111
has completed phase I clinical trials for the treatment of solid tumors that
overexpress CAIX. In 2017, SLC-0111 entered an ongoing phase Ib/II clinical trial,
to evaluate its efficacy in combination with standard chemotherapeutic agents in
the treatment of pancreatic cancer (McDonald et al., 2020).

So, a further the study of the effects of SLC-0111 activity can help to better
understand the role of CAIX in GC progression end eventually its possible role as a

target for therapy.

1.7 Natural compounds as Therapeutic Agents — The activity

of Polyphenols in human diseases

The search for molecules that can interfere with tumor progression does not only
concern synthetic drugs. Indeed, since the 1990s, nutraceuticals have become one of
the fields in which to seek new therapeutic possibilities.
"Nutraceuticals" was coined in 1989 by Stephen Felice to indicate all products
contained in foods capable of having beneficial effects on health. Compared to
traditional drugs, nutraceutical compounds have some advantages: mainly the
almost total absence of significant side effects and their easy availability (Sauer S et
al., 2017).
The main resource of these compounds is undoubtedly food. The daily introduction
of food involves the intake of substances naturally produced by it. Plants represent
the main source of compounds with pharmacological activity and a diet rich in
vegetables exposes the body to their effects.
Polyphenols are the most interesting class of compounds due to their diffusion and
their ability to have positive effects in physiological and pathological conditions.
The name “Polyphenols” is referred to their chemical structure: they are natural
products with a specific structure including hydroxyl groups and aromatic rings
(Manach C et al., 2004).
There are four principal classes of polyphenols:

- Phenolic acids, that include caffeic acid

- Flavonoids include flavones, flavanols, flavanols, flavanones, isoflavones,

proanthocyanidins, and anthocyanins; flavonoids are particularly abundant
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in food: catechin (tea, fruits), oleuropein and oleocanthal (olive) hesperetin

(citrus fruits), cyanidin (red fruits and berries), daidzein and genistein

(soybean), proanthocyanidins (apple, grape, cocoa), and quercetin (onion,

tea, apples)

- Lignans, polyphenols derived from phenylalanine
- Stilibenes, widely used in cosmesis

The main interest regarding polyphenols is for cancer therapy and prevention; It
has been seen that diet is closely implicated in tumor prevention, especially in
reducing the onset of cancer. It has been estimated that approximately two thirds of
cancers in human could be prevented with lifestyle and diet modifications
(Choudhari et al., 2020).
Specifically, a diet rich in fruit and vegetables is directly linked to a lower risk of
developing various cancers (Law BY et al., 2016): more than 200 studies have linked
polyphenols consumption with a reduction of tumor incidence, particularly of the
gastro-intestinal tract, were the incidence seemed to be half reduced (Petra S et al.,
2021; Talero E et al., 2012).
There are many mechanisms by which polyphenols exerts their preventive action:
they regulate apoptosis, autophagia and cell cycle arrest. They can inhibit invasion
and angiogenesis and have a natural anti-inflammatory activity (Petra S et al., 2021).
Regulation of apoptosis is one of the main processes in which polyphenols shoe
their function. For example, Curcumin is a strong antioxidant and has been
described for inducing apoptosis in tumor cell lines: in glioma cells (U-87 MG)
regulates caspase-3 and Bcl2; in mesothelioma cells (MM-F1 and MM-B1) induces
an over expression of Bax/Bcl2 and moreover determines the cleavage of PARP and
the nuclear translocation of p53 (Masuelli L et al., 2017). Quercetin, another
polyphenol, has shown its efficacy on HeLa cells (cervical carcinoma) inducing
apoptosis and reducing tumor mass growth (Vidya Priyadarsini R et al., 2010) and
also in osteosarcoma model (Badziul et al., 2014). Genistein has proven effectiveness
in many tumors, such as prostate, breast and lung cancer, leukemia, and melanoma
(Li HQ et al., 2012) through various mechanisms, including the upregulation of Bax
and downregulation of Bcl-2 (particularly in breast cancer breast) (Hung JY et al.,
2009).
The biological effect of these compounds has been studied also in combination with
conventional therapy. In fact, many works described a synergism between
polyphenols and chemotherapeutics when administered together as a therapy. The

previously cited curcumin is able to re-establish sensitivity to Oxaliplatin (one of
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the most used drugs in cancer-therapy) in chemo-resistant cells of ovarian cancer,
inducing apoptosis via NF-kB (Nessa MU et al., 2012). Always in association with
platinum-compounds, also quercetin has shown efficacy in ovarian cancer and in
nasopharyngeal carcinoma, interfering with tumor cells cycle and modulating
apoptosis (Daker M et al., 2012).

There are many other polyphenols studied for their anti-tumor applications, but in
these work we have focused our attention on two compounds that derive from Extra

Vergin Olive Oil and Soybean.

1.7.1 Oleocanthal- A Mediterranean Polyphenol against Cancer

Extra Virgin Olive Oil (EVOO) is one of the main foods and the first source of fat in
the Mediterranean diet. It has been widely documented that a high intake of olive
oil is correlated with a lower risk of developing chronical diseases including cancer,
cardiovascular disease, and neurodegenerative diseases (Scarmeas et al., 2009; Ruiz-
Canela M et al., 2011; Pelucchi C et al., 2010).

The beneficial effects of EVOO were attributed to the high levels of
monounsaturated fatty acids (like as linoleic acid) and of Minor Polar Compounds
(MPCs) that include polyphenols (Romani A et al., 2019).

Among the various polyphenols described in EVOO, including tyrosol and
hydroxytyrosol, in 1992 Montedoro et al. discovered a molecule responsible for the
sensation of oral irritation by olive oil. In 1993, the same group revealed the
molecular structure and in 2005 Bauchamp et al. named it Oleocanthal (OC)
(Beauchamp et al., 2005).

This molecule, It has an excellent anti-inflammatory and antioxidant action (was
described as similar to ibuprofen, the main NSAID (Iacono A et al., 2010), making its
use in diseases such as tumors, neurodegenerative and osteoarticular diseases very
interesting and worthy of further investigation. As previously described,
oleocanthal is associated with the typical sensation of prickle produced by EVOO.
A molecular study by Peyrot de Ganchons et al. correlated this typical sensation to
the activation of transient receptor potential cation channel type A1 (TRPA1) (Peyrot
des Gachons C et al., 2011).

Consumption of OC in Mediterranean Diet is associated with a slightly lower

incidence of breast and colon cancers, compared to other populations. Many studies
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support this thesis, and everyone agrees that the consumption of EVOO enriched
with OC, could be a possible approach in tumor prevention (Goren L et al., 2019).
Moreover, OC activity has been studied also in breast cancer with promising results.
OC has proven to be an excellent inhibitor of MET tyrosine kinases (c-MET),
controlling breast cancer progression and recurrence; blocking these proteins leads
to a reduction in their activity, growth, migration, and invasion of breast tumor
cells, induces G1 arrest of the cell cycle and apoptosis; in in vivo mouse models it
has demonstrated an inhibition of carcinogenesis. Furthermore, the combination of
this polyphenol with innovative drugs, such as Lapatinib, allows the administered
dose to be reduced, thus decreasing chemoresistance and side effects occurrence,
while maintaining its therapeutic activity (Khanfar MA et al., 2015; Tajmim A et al.,
2019; Siddque AB et al., 2019).

OC has also shown a strong anti-proliferative activity, blocking mTOR signaling in
a metastatic cell line of breast cancer, the MDA-BD-231 ( Khanfar MA et al., 2015) and
in 2015 Le Gendre et al demonstrated the selective activity of OC against tumor: the
treatment induced cell death only in cancer cells while no effect on normal cells. The
mechanism was mediated by the inhibition of Acid sphingomyelinase inducing
permeabilization of Liposomal Membrane (Le Gendre O et al., 2015).

Other studies evaluated the effects of OC on hepatocarcinoma; OC has been
observed able to inhibit tumor growth and metastases formation through inhibition
of STAT3 pathway (both in vitro and in vivo models); these results were obtained in
various hepatocarcinoma cell lines, inhibiting tumor migration and invasion (Pei T
et al., 2016).

1.7.2 The role of Genistein, a soy derived isoflavone, in cancer

We previously exposed the differences of Gastric Adenocarcinoma incidence in
different countries. Asia is the first continent for GC diffusion, so in literature there
is a great abundance of publication regarding correlation between diet and GC.
Eastern Countries (Japan especially) are particularly known for their typical diet
which includes rice, fresh fish (rich in omega-3 and omega-6), a lot of vegetables
and soy.

Talking about polyphenols, soy (and other leguminous) has a rich amount of
Genistein, an Isoflavone. The effects of soy-rich diet have been mainly studied for

the protein contents; the high quality of soy proteins and the low contents of fat
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make this food favorable compared to meat-derived proteins. Furthermore,
Genistein is a hormone-like compound, with a 17beta estradiol-like structure and
acts as a phytoestrogen, so its presence in the cells can obviously causes a biological
effect.

Genistein has been studied for its function as antioxidant compound like other
polyphenols, but some studies highlighted its role as a helping agent in chronic
disease.

The curative potential of Genistein has been investigated in several studies. The
earliest publications discussed its role as a hormone-like compounds: indeed, the
presence of estrogenic receptors that can bind Genistein in the key for its activity.
First evidence about Genistein role in cancer have been found in breast cancer cells,
due to the high presence of hER in this kind of tumor. Morito et al in 2001 studied
the effects of many Isoflavones on MCF7 breast cancer cells with a focus on the
affinity of these compounds for receptors hER-alfa and hER-beta, finding that the
binding affinities of genistein and Equol (one of its metabolites) are comparable to
the binding affinity of 17 pB-estradiol resulting in growth stimulation of MCF7
(Morito K et al., 2001).

These initial data suggested a positive effect of Genistein on tumor cells, but later
studies showed different results.

In 2009-2010 three different groups highlighted effects of Genistein in brain, cervix
and prostate. A meta-analysis evaluated the effect of High consumption of soy-
based food identifying five cohort studies and 8 case-control studies using
databases form South Korea, China and Japan; their results showed that Genistein
and daidzein were associated with a lower risk of prostate cancer, suggesting that
soy food consumption could lower the risk of prostate cancer (Huang YW et al.,
2009).

In 2009, a Korean research group investigated the effect of Genistein on the growth
of cervical cancer cells, HeLa and CaSki discovering an inhibition of cell growth
mediated by Genistein with a modulation of AKT and various mitogen-activated
protein kinases mediated pathway (Kim SH et al., 2009).

In the third study the authors evaluated the action of many flavonoids (apigenin, (-
)-epigallocatechin,  (-)-epigallocatechin-3-gallate (EGCG), and Genistein)
administered as treatment on human glioblastoma T98G and U887MG cells; these
compounds did not induce cell death in normal astrocytes but were found
increment of ROS production and apoptosis induction with phosphorylation of p38
mitogen-activated protein kinase (MAPK) (Das A et al., 2010).
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The activity of genistein in cancer was also discussed for its correlation with stem
compartment. Specifically, genistein seemed to be efficient in reducing the CSC
population in breast cancer models (MCF7) through the modulation of Hedgehog
signaling, which is responsible for the correct process of self-renewal (Fan P et al.,
2013). The inhibiting effect of genistein on Hedgehog pathway has been also
observed in a prostate cancer cell line (PCa9 cells) treated with the polyphenols
accompanied by significant reduction of proliferation and re-generation of tumor
mass in vitro and in vivo in mice models (Zhang L et al., 2012).

Furthermore, a study conducted on GC cell lines MGC-803 and SGC-7901, showed
that genistein is efficient in re-sensitizing drug-resistant cells to chemotherapy and
to inhibit stem-like population through the downregulation of the carrier ABCG2.
So, the activity of genistein in GC therapy, also considering the relationship between

chemoresistance and stem cells, deserve attention.
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2. Aim of the study

The need to understand the mechanisms that contribute to chemoresistance is one
of the fundamental steps for the development of new strategies to combat tumor
progression. The aim of this research was to investigate some molecular
characteristics of Gastric Adenocarcinoma.

This study was carried out investigating two aspects: the first is the detection of
crucial molecules that maintain tumor cellular homeostasis and progression and the
understanding of their role in the pathological context of gastric cancer. In this case
our attention was focused on Carbonic Anhydrase 9 (CAIX), an enzyme responsible
for the de-acidification of the intracellular compartment and acidification of the
external microenvironment of the tumor, identified in recent years as one of the
main drivers of cancerous progression towards chemo-resistant and more
aggressive phenotypes. We aimed to evaluate the activity of SLC-0111, a synthetic
CAIXinhibitor, on our experimental model of resistant gastric adenocarcinoma. The
evaluation of its activity was carried out either as stand-alone treatment or in
combination with the current chemotherapy regimens used in gastric
adenocarcinoma, in order to overcome chemoresistance.

The second aim of this work was the evaluation of the effects of two polyphenols,
Oleocanthal and Genistein, in our experimental model. It is now known that many
natural compounds such as polyphenols are able to exert favorable activities both
in contrasting tumor progression and in reducing the side effects that traditional
therapies entail. The evaluation of the efficacy of these two polyphenols was also
carried out in combination with chemotherapeutics on models of chemo-resistant
gastric adenocarcinoma. We evaluated their effect to understand their possible use
in clinical practice as adjuvants to traditional chemotherapy.

Ultimately, in this work, we tried to characterize a relationship between
chemoresistance and stem cell capacity found in some solid tumors. Indeed, if it is
true that the presence of stem cells in the mass of tumors represents the proliferative
reserve of the tumor itself, we need more data to establish a clear correlation
between the onset of chemoresistance (which, as already mentioned, is one of the
main causes of the failure to eradicate the tumor) and the presence of a stem
population in gastric cancer. So, one of the aims of this work was to evaluate the
presence or absence of a stem population within gastric cancer cell lines in

conditions of chemoresistance.
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3. Materials and methods

3.1 Gastric Cancer cell lines and Chemotherapeutic agents

The ACC-201 cells (also known as 23132 /87) were purchased from DSMZ (Leibniz
Institute, DSMZ-German collection of and Cell Cultures GmbH). Cells were
maintained in RMPI 1640 medium (Euroclone) supplemented with 10% FBS
(Euroclone), 1% L-glutamine (Euroclone) and 1% Penicillin-Streptomycin
(Euroclone).

AGS cells were provided by ATCC (CRL-1739TM) and maintained in F12K medium
(Corning) with a supplement of 10% FBS (Euroclone), 1% L-glutamine (Euroclone)
and 1% Penicillin-Streptomycin (Euroclone).

5-Fluorouracil (5-FU, F6627), Paclitaxel (TAX, T7402), and Cisplatin (CIS, P4394)
were purchased from Sigma-Aldrich (Sigma-Aldrich,) while Oxaliplatin (HY-
17371) and Docetaxel (HY-B0011) from MedChemExpress (distributed by DBA).
The AGS chemo-resistant cell lines (5FUr, CISr and TAXr) were selected and
established in our laboratory by Peri S. and colleagues (Peri S et al. 2021), following
the “high-level laboratory models” reported by McDermott and colleagues
(McDermott et al. 2014), so for the treatment and establishment of ACC-201 resistant
cells and the AGS FLOTr we followed the same protocol.

Briefly, ACC-201 cells seeded at low density were treated for 48 h with 3 uM of 5-
fluorouracil (5FU), 2 uM cisplatin (CIS) or 1 nM paclitaxel (TAX), in order to obtain
respectively 5FU-resistant (5Fur), CIS-resistant (CISr) and TAX-resistant (TAXr)
ACC-201 cells. For the FLOT treatment, the drugs were administered
simultaneously in the same plate: we started administering 3 yM of 5FU, 2 uM of
Oxaliplatin (OXA) and 1 nM of Docetaxel (DOCE).

After the treatment, the plates were washed with PBS (Dulbecco Phosphate Buffer
without calcium and magnesium, Euroclone), and the cells were cultured in drug-
free fresh complete media. We maintained the cells in drug-free media for 2-3 days
in order to reach sub-confluence. Then we detached the cells with trypsin-EDTA
(Euroclone) and plated them in new petri dishes (60 mm) at low confluence.

This procedure was repeated for about 9 months and during this period we
increased chemotherapeutics concentration until we reached 25 uM for 5FUr, 15 yM
for CISr, and 10 nM for TAXr; for the FLOT treatment on ACC-201 cells were tinally
maintained at 10 uM for 5FU, 5 uM for OXA and 2 nM for DOCE. The FLOT
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treatment for AGS cells achieved concentrations of 10 uM for 5FU, 1 uM for OXA
and 2 nM for DOCE.

3.2 Patients” enrollment and retrospective analysis

Twenty-six patients undergoing pre-operative therapy followed by gastrectomy at
the Azienda Ospedaliera Universitaria Careggi (AOUC) of Florence were classified
into two groups: Responders and Non-Responders. The classification was carried
out through the evaluation of the Tumor Regression Grade (TRG) parameter,
established by pathologists following the Mandard score. Patients with TRG 1-2
were classified as Responders and those with TRG 3-5 as Non-responders.

Sections of Formalin-fixed Paraffin-embedded (FFPE) were used following
approval from the Local Ethics Committee of the AOUC of Florence according to
the Declaration of Helsinki and informed consent was obtained for each enrolled

patient.

3.3 Immunohistochemistry

The immunohistochemistry experiments were realized with the collaboration of
Professor Daniela Massi research group (Department of Health Sciences, University
of Florence); the tumor samples were analyzed to assess CAIX expression, and the
analysis was performed in the Ventana Discovery Ultra Immunostainer.
Representative FFPE tumor sections 3 um thick were deparaffinized in EZ prep
(950-102; Ventana), and antigen retrieval was obtained through the incubation with
cell-conditioning solution 1 (CC1) (950-124; Ventana). Sections were then incubated
with a mouse monoclonal anti-CAIX primary antibody (dilution 1:80, Abcam
ab107257).

The signal was developed with UltraMap anti-mouse HRP and visualized using
Chromomap DAB (760-159, ready to use, Ventana Medical Systems). Then, the
sections were counterstained with Hematoxylin II (790-2208, ready to use, Ventana
Medical Systems). Negative control was obtained through the substitution of the
primary antibody with a Mouse IgG1l kappa Isotype Control Clone P3.6.2.8.1,
dilution 1:80 (Invitrogen, Catalog # 14-4714-82).
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3.4 Other treatments

The SLC-0111 (CAIX inhibitor) was kindly provided by Professor Claudiu T.
Supuran NEUROFARBA Department, University of Florence, Italy).

OCF (Olea Extract Fraction) was selected by Peri et al and was quantitatively and
qualitatively evaluated for its content in bioactive compounds using HP-1260 liquid
chromatography with the equipment of a DAD detector (Peri S et al., 2022)
Genistein was purchased by Sigma-Aldrich (G6649); the powder was resuspended
in DMSO as indicated by Sigma-Aldrich and stored at the concentration of 200 mM
at -20°C.

3.5 IC50 assay — Viability Assay with MTT

In order to test the sensitivity of cells to chemotherapy we performed MTT viability
assays. Thanks to this procedure was possible to calculate the IC50 (Inhibiting
Concentration) for every treatment we used to select resistant cells.

Cells were plated at a density of 5x10"3 (AGS) or 7x1073 (ACC-201) in a 96 multi-
well plate. After 24h culture media were removed and replaced by fresh media in
which cells were treated with serial dilutions of the drugs. After 72h the plate was
incubated for 90 minutes at 37°C in the dark with 0,5 mg/ml 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium bromide (MTT) in medium without phenol red.
Then, MTT was removed from the plate and cells were lysed in DMSO (100 u1 per
well). After the lysis we recorded absorbance values at 595 nm wavelength with an
automatic plate reader; to optimize the analysis we subtracted the absorbance
values of blank (consisting of only 100 ul of DMSO) to independent measurement of
each sample. The obtained data were expressed as a percentage of Mean +/-
Standard Deviation with respect to treated-untreated controls.

Then, the data were transferred to GraphPad Prism to assess IC50 curves and
calculate the IC50.

The MTT was also performed for the avaluation of cell viability after treatment with
the studied compounds: SLC-0111, OCF and genistein.
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3.6 Overexpression and silencing of CAIX
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For the overexpression and silencing of CAIX we used the Lipofectamine, a
common transfection reagent. Thanks to this methodology it was possible to
modulate the levels of CAIX in the AGS and ACC-201 lines with the aim to evaluate
the role of CAIX in supporting chemo-resistance and therefore in the therapeutic
response. For the CAIX overexpression condition, AGS cells were transfected via
Lipofectamine 3000 (ThermoFisherScientific) containing an empty vector or with a
plasmid (fig.28) for CAIX overexpression (pRP-EGFP /Neo-CMV >hCA9).

In this plasmid the CAIX OREF is in frame with the fluorescent protein Enhanced
green fluorescent protein (eGFP) and a gentamicin resistance gene. Following
selection using gentamicin,cell population characterized by overexpression of
CAIX (CAIX+) was isolated using FACS Melody exploiting eGFP fluorescence.

A similar approach was used for CAIX silencing in both WT and FLOTr AGS and
ACC-201 cell lines. Cells were transfected using Lipofectamine 3000 transfection
reagent (ThermoFisherm Scientific), containing MISSION siRNA Universal
Negative Control or MISSION esiRNA Human CA9 (Sigma-Aldrich) following the
manufacturer's instructions. The kit used for MISSION® esiRNA silencing consists
of a heterogeneous mixture of siRNA endoribonuclease preparations, all capable of
recognizing and selectively silencing the same mRNA sequence. Both controls and
CAIX-silenced samples were tested for CAIX expression levels by Western blot

analysis, and the silenced cells were used for further testing.
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3.7 GC-MS (Gas Chromatography Mass Spectrometry)

A further characterization of metabolism of our cells was performed by the evaluat
the production of Tricarboxylic Acid Cycle metabolities. Cells were starved
(cultured in FBS-free and Glutamine-free medium) for 6h. Then, they were prepared
for GC-MS analysis on an Intuvo9000/5977 B MSD (Agilent Technologies, Santa
Clara, CA, USA) via selected ion monitoring (SIM) mode MS.

Cells were washed with a solution of NaCl 0,9% at 4°C. and then with a solution of
80% cold Methanol (-20°C) in water with 1 ug/ml of Norvaline as internal standard.
The samples were sonicated in ice for 5 seconds for 3 times (with an interval of 5
seconds) at 70% amplitude. Then they were centrifugated (14000 rpm) for 10
minutes at 4°C. After centrifugation the supernatants were collcted and lyophilized.
We resuspended the pellet remained after centrifugation in 50 ul of NaOH 200 mM
denatured them at 96 °C for 15 min, centrifuged at 14000 rpm for 5 minutes. These

samples were used as standard of protein content for the normalization.

3.8 Seahorse technology

We used the Seahorse technology to evaluate the metabolic profile of ACC-201 and
AGS cells, WT and Chemo-resistant. The adherent cells were plated under sterile
conditions in their own growth medium and at concentration (3 x 1074 per well).
The same day, the "XF Sensor Cartidge" plate is hydrated with the appropriate "XF
Calibration Buffer" and incubated overnight in the absence of CO, at 37°C. The
following day we proceed with the preparation of the specific soil for the test; this
medium containing, 100 mL of Seahorse XF DMEM at pH 7.4 with 10 mM glucose
XF, 1 mM pyruvate XF and 2 mM glutamine. At this point, the cells are removed
from the incubator and then examined using an optical microscope to verify their
confluence and morphology. The growth medium is then removed from the plate
and replaced with the specific one for the assay, which has been previously
prepared. Subsequently, the plate is incubated in CO,-free conditions at 37 °C for
approximately 60 minutes before the experiment.

During this incubation we proceed with the reconstitution of the inhibitors supplied

with the kit: oligomycin and rotenone/antimycin A. Following the kit instructions,
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prepare 3 ml of solution for each drug so that the concentration of these solutions is
15 uM for oligomycin and 5 pM for rotenone /antimycin A.

Subsequently, 20 ul of oligomycin is then loaded into port A, while 22 ul of
rotenone/antimycin A into port B of all the wells, even those that correspond to the
control, so that the final concentrations are 1.5 uM per oligomycin and 0.5 uM for
rotenone/antimycin A.

Oligomycin released from port A is an inhibitor of oxidative phosphorylation.
Specifically, it acts on complex V of the mitochondrial respiratory chain, the so-
called ATPase. It binds to a 23kDa polypeptide of the Fo subunit and blocks the ATP
synthesis of the Fo/F1 ATPase. The addition of oligomycin reduces the amount of
mitochondrial respiration to zero, since the energy necessary to power the
respiratory chain is no longer generated. Finally, Port B releases a solution of
respiration inhibitors, rotenone and antimycin. Rotenone inhibits the transfer of
electrons at complex I (NADH dehydrogenase) level of the electron transport chain,
while antimycin blocks the complex III of respiratory chain, between cytochrome b
and cytochrome cl1, preventing oxidation of both NADH and succinate, and so
inhibiting OxPhos process.

Before starting the assay, the medium is removed again from the plate with the cells
and replaced with 180 ul of fresh medium equilibrated to a temperature of 37 °C.
Subsequently, the “XF Sensor Cartridge” plate is inserted into the “XF Cell Culture
Plate” where the cells were plated, and the two together are placed in the
appropriate machine at least 20 minutes before to allow calibration.

The Seahorse XFe96 analyzer (Seahorse Bioscience) can record two parameters that
show the metabolic status of the samples: the OCR (Oxygen Consumption Rate
measured in pmoles O, consumed /min) and the ECAR (Extra Cellular Acidification
Rate, measured in mpH/min). Depending on the desired analysis, many kits
provided by the Agilent company can be used. For our experiment we used the
Agilent Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies) to measure
mitochondrial function and the Seahorse XF Glycolysis Stress Test Kit or the
Glycolytic Rate Assay Kit (Agilent Technologies) that measures the glycolytic
function. Briefly, we plated AGS and ACC-201 cells at the concentration of 3x10"4
cells in quintuplicate into Seahorse XFe96 microplates. Cells were then resuspended
in Seahorse assay buffer and the following drugs were added: 1 uM oligomycin, 1
uM FCCP (carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone), 0.5 uM
rotenone /antimycin A for Mito Stress Assay, 10 mM glucose, 1 yuM oligomycin and

50 mM 2-DG for Glycolysis Stress Assay, and 0.5 uM rotenone /antimycin A and 50
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mM 2-DG for the Glycolytic Rate Assays. Every experiment was performed at 37°C
and normalized via cell protein content measure with a Pierce BCA Protein Assay
Kit (ThermoFisher Scientific).

3.9 Lactate Production

The D-lactate assay kit provided by BioVision gives a quick and easy way to
accurately measure D-lactate in a variety of biological samples such as serum,
plasma, cells, culture and fermentation media. In the D-Lactate Assay Kit, D-lactate
is specifically oxidized by D-lactate dehydrogenase and proportionally generates
readable color at the wavelength of 1 max = 450 nm. The kit detects D-lactate in
samples such as serum, plasma, cells, culture and fermentation media. The useful
concentration range in samples is 0.01 mM - 10 mM D-lactate.

A reaction mix was then prepared using 46 ul of D-Lactate Assay buffer, 2 ul of D-
Lactate Substate Mix and 2 ul of D-Lactate Enzyme Mix and to obtain a standard
curve, having resuspended known quantities of a standard of D-lactate in an
additional 50 ul of Assay buffer in different wells of a 96 multiwell. For the
experiment we plated the cells in medium culture and after 24h

To measure the lactate produced by the various cell cultures, as per the protocol
illustrated in the kit, the conditioned medium of the cells is taken 24 hours after
having plated them to ensure they have a confluence of 80-90% such as to condition
the medium. The cells that conditioned the medium at the time of sampling are then
counted. In a 96 multiwell, 50 ul of conditioned medium have been incubated for
each well in addition to 50 ul of the previously prepared mix, therefore for a total of

100 pl for each well for 30 minutes at room temperature. We proceed with the
reading of the spectrophotometer at A = 450 nm and interpolate the concentration

of lactate (nM) in each conditioned medium on a previously prepared standard
curve. Finally, the data obtained were normalized on the number of cells that

conditioned the medium (Andreucci et al. 2022)
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3.10 Flow Cytometry analysis

3.10.1 Expression of CAIX

To evaluate the expression of CAIX in GC cells we performed a staining in flow
cytometry.

GC cells in number of 2x1075, detached with Accutase (EuroClone), and collected
in tubes for flow cytometry were washed with PBS, centrifugated at 1200 r.p.m. for
5 minutes and then were stained for 1h at 4°C in the dark with anti-CAIX antibody
conjugated with Alexa Fluor 488 (sc-365,900 AF488; Santa Cruz Biotechnology).
After the stain, cells were washed in PBS and analyzed with BD FACS Canto II (BD
Biosciences). We also isolated the CAIX-high and CAIX-low-expressing cell
populations within AGS WT cells by FACS sorting after the CAIX staining, thanks
to the FACS Melody (BD Bioscience).

The analysis of CAIX expression was performed on in AGS and ACC-201 WT and

resistant cells.

3.10.2 Double staining Annexin V-PI in Flow cytometry— Evaluation of

viability / apoptosis

The analysis of viable and apoptotic cells after treatment has been performed via
flow cytometry by annexin V-PI double staining. For the experiments, we used the
Annexin V-APC conjugated provided by Immunotools, Germany.

For the assay, the cells were harvested with Accutase and centrifugated at 1200
r.p.m. for 5 minutes; then they were resuspended in Annexin Binding buffer, a
solution made of 100 mM 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid
(HEPES), 140mM sodium chloride, 25mM calcium chloride supplemented with 2 u1
of Annexin V-APC and 1 ul of PI1 100 ug/ml. Cells were incubated for 15 minutes in
the dark at room temperature. Subsequently, 400 ul of the Annexin Binding buffer
were added to each sample and we proceeded with the flow cytometric analysis
performed by BD FACS Canto II flow cytometer. The positivity to Annexin V
and/or PI determines the cell distribution on the plot, distinguishing and
measuring the percentage of viable cells (annexin V negative/PI negative), early
apoptosis (annexin V positive/PI negative), late apoptosis (annexin V and PI

positive) and necrosis (annexin V negative and PI positive).
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The avaluation of cell viability and death was performed on AGS and ACC-201 WT
and resistant cells after treatment with SLC-0111, OCF and genistein.

3.10.3 ROS Stress evaluation in Flow cytometry — DCFDA assay

ROS assessment has been performed after treatment of 72h with OCF or 48h
Genistein. AGS and ACC-201 cells were plated in 60 mm petri dishes and treated
with the compounds. At the relative time points the cells were detached using
Trypsin-EDTA centrifugated at 1200 r.p.m. for 5 minutes and then resuspended in
medium pre-warmed at 37°C supplemented with DCFDA 10 uM (Sigma Aldrich).
This probe, which extended name is dichlorodihydrofluorescein diacetate, exerts
fluorescence in presence of ROS.

The cells were incubated in the dark for 30 minutes at 37°C. To optimize the
experiment a positive control was prepared adding H,O, 20 mM during incubation
with DCFDA. After incubation, the cells were analyzed through BD FACS Canto II
flow cytometer. The DCFDA signal was detected in the FITC channel.

This assay was performed for the evaluation of ROS production after treatment with

OCF and genistein.

3.10.4 Intracellular staining of p53

We evaluated the expression of p53 in flow cytometry by performing intracellular
staining of AGS and ACC 201 WT and Drug-Resistant cells after treatment.

Cells treated for 72h with OCF or 48 with Genistein were detached with Accutase
(EuroClone) and centrifugated at 1200 r.p.m. for 5 minutes. Cell pellets were
washed with PBS w/o Calcium and Magnesium for two times, centrifugated and
then resuspended in Paraformaldehyde (PFA) 4% in PBS and incubated 10 minutes
at 4°C. Then they were centrifugated at 1200 r.p.m. for 5 minutes and resuspended
in a permeabilization buffer, made of PBS with 0.25% TritonTM X-100 (Sigma
Aldrich). The permeabilization process lasted 5 minutes.

At this point, cells were centrifugated again and then incubated overnight at 4°C
with a 2 ug/pl anti-p53 primary mouse antibody (1:100, Santa Cruz Biotechnology)
prepared in PBS 0.1% TritonTM X-100 0.2% BSA.

The day after the cells were washed twice with PBS and then incubated with the
secondary antibody: an anti-mouse FITC-conjugated (1:200, Merck Millipore)
prepared in PBS 0.1% TritonTM X-100 0.2% BSA. The incubation with the secondary
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antibody lasted 1h at room temperature in the dark. Then, the cells were washed
with PBS, resuspended in PBS, and subjected to analysis through BD FACS Canto
II.

The staining and quantification of p53 expression was performed on AGS and ACC-

201 WT and resistant cells after treatment with OCF and genistein.

3.11 Western Blot Analysis

For the western blot analysis, the cells were firstly incubated with the lysis buffer,
the RIPA (50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 5 mM EDTA) supplemented with a protease inhibitor
solution (Sigma-Aldrich); the incubation lasted 30 minutes on ice. The resulting
lysates were centrifugated at 14.000 rpm for 15 minutes. The supernatants
containing the protein mixture were collected and evaluated for their protein
concentration with the Bradford method. The SDS page was performed using pre-
cast gel provided by Thermofisher.

Western Blot experiments were performed for the evaluation of CAIX expression in
AGS and ACC-201 cells; the primary antibody was a mouse anti-CAIX (sc-365900,
Santa Cruz Biotechnology) and a mouse anti-vinculin (sc-73614, Santa Cruz
Biotechnology). The secondary antibody used is a goat anti-mouse IgG

For the expression of p21, Rb and pRb after treatment with OCF on AGS WT and
resistant cells the primary antibodies used were a rabbit anti-p21 (1:1000, Cell
Signaling Technology, distributed by Euroclone), a rabbit anti- phospho Rb (1:1000,
Cell Signaling Technology) and a rabbit anti Rb (1:1000, Cell Signaling Technology).
The rabbit anti-vinculin (1:1000, Cell Signaling Technology) was used as

housekeeper gene to assess the equal amounts of protein loaded in each lane.

3.12 RNA extraction and gRT-PCR

WT and chemo-resistant AGS cells were cultured in 100 mm petri dishes in
complete medium. Before the reaching of confluence, they were lysed in 500 ul of
TRI reagent (Sigma-Aldrich). Following manufacturer’s instructions RNA was

extracted and solubilized in RNase/DNase-free water; then was doses using a

36



NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermofisher
Scientific). We use 1 ug of RNA for the retro transcription reaction to the cDNA
using the iScript™ ¢cDNA Synthesis Kit (Biorad) and following the manufacturers’
instructions. The cDNA obtained after reaction was diluted 1:5 in RNase/DNase-
free water. The PCR reaction in Real time was performed using a CFX96 Touch Real-
Time PCR Detection System (Biorad) using the primers listed in table 3. 1 ul 4 uM
of forward and reverse primers mix, 2 ul of diluted cDNA, 2 ul of water and 5 ul of
Sso Advanced Universal SYBR Green Supermix (Biorad) were dispensed into a 96
well plate with each experimental point in triplicate. Real time was performed with
the following steps:

- 1) 2min at 95 <C,

- 2)15sat95°C,

- 3)30sat60-°C,

- 4) repeat from step 2, 39 more times

- 5) and then temperature increase from 55 °C to 95 °C, increasing 0.5 °C per

second.

The data were then analyzed using the CFX Maestro software (Biorad)

forward reverse
18S 5’- CGGCTACCACATCCAAGGAA -3’ 5-  GCTGGAATTACCGCGGCT 3
AKR1B1 5’-  CCAACTTCAACCATCTCCAGGTG -3’ 5’-  GTCACCACGATGCCTTTGGACT -3’
AKR1B10 5’- CCAAGTCTGTGACACCAGCA -3’ 5-  CGTTACAGGCCCTCCAGTTT 3’
AKR1C1 5’- TGCATAATGCCTGGGCTATCTT -3’ 5-  AGGCCATGACAGTGTTTGAG -3’
AKR1C2 5’- GACCAGCCTTGGAAAGGTCA -3’ 5-  AGACATGCAATCACGGAAGT -3’
AKR1C3 5- ATGCCTGTCCTGGGATTTGG -3’ 5-  GGCGGAACCCAGCTTCTATT -3’
GPX2 5’- CCCTTGCAACCAATTTGGAC -3’ 5-  TCCTTCAGGTAGGCGAAGAC -3’

Table 1: description and sequence of primers used in gRT-PCR for the evaluation of antioxidant
enzymes expression.

3.13 In cell western — evaluation of CAIX intracellular content

We plated 2x1074 cells per well in a 96-well plate; then the cells were fixed and
permeabilized respectively with PFA 4% in PBS and 0,1% Triton X-100. We used
Immobilion Block FL (Fluorescent Blocker, Millipore, Sigma-Aldrich, Milan Italy),
as a blocking solution for 1h and then performed two staining: with an anti-CAIX
primary antibody (Abcam, distributed by Prodotti Gianni) and with anti-tubulin
primary antibody (Cell Signaling, EuroClone), both at 1:100 concentration.

37



After incubation, the plate was washed with PBS and stained with the secondary
antibodies (respectively a goat antirabbit for CAIX and a goat anti-mouse for
tubulin) both at 1:1000 concentration (ThermoFisherScientific)).

After the incubation with secondary antibodies, the plate was washed with PBS
0,1% Tween and then analyzed through the Odissey Scanner Imager (LI-COR).
The in-cell western analysis was performed for the evaluation of CAIX expression
in AGS and ACC-201 WT and resistant cells.

3.14 AldeRed assay — Evaluation of Aldheyde dehydrogenase
activity

We evaluated the activity of Aldheyde dehydrogenase through AldeRed assay (588-
A ALDERED ALDH Detection Assay for Cancer Stem Cells, SCR150, Sigma-
Aldrich). The AldeRed reagent is a red-shifted fluorescent substrate for aldehyde
dehydrogenase (ALDH) that allows to identify and isolate cells by flow cytometry.
The emitted fluorescence is detectable by PE channel.

For our experiments, WT and chemo-resistant ACC-201 cells were cultured in
complete medium (RPMI) in 60 mm petri dishes. They were monitored and once
70% confluence was reached, they were detached in Accutase (Euroclone). The cells
were resuspended in fresh medium and centrifugated for 5 minutes at 1200 r.p.m.
The labeling with AldeRed followed the preparation of the buffer (supplemented
with verapamil to avoid the extrusion of the AldeRed probe) according to
manufacturer’s instructions. Cells were counted and resuspended in fresh medium
in number of 3 x 1075. The cell suspension was split in in two: one half served as a
control for the optimization of the assay and was transferred to a new tube
containing the specific ALDHI1 inhibitor diethylamino benzaldehyde (DEAB). Cells
were then incubated for 1 h at 37°C in darkness. Then, cells were centrifugated (1200
r.p.m. for 5 min); the supernatants were discarded, and cells pellets were
resuspended in 500 ul of cold AldeRed assay buffer. Samples were stored on ice and
then subjected to analysis through BD FACS Canto II.
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3.15 In vitro limiting dilution assay

We evaluated the ability of a GC cell line to regenerate tumor mass in extra limiting
dilution condition. WT and chemo-resistant ACC-201 were seeded in conditioned
medium made with: DMEM/F12 supplemented with B27, 20 ug/ml insulin, 20
ng/ml FGF-2, and 20 ng/ml EGF in ultra-low attachment 96-multiwell (all provided
by ThermoFisher Scientific). Cells were plated at different doses (from 1 up to 50
cells per well).

Colony formation was evaluated by visual inspection. After 14 days, for each
dilution series, we counted positive wells that showed sphere formation. Data
obtained were analyzed and displayed using the Extreme limiting dilution assay
(ELDA) software http:/ /bioinf.wehi.edu.au/software/elda/ (Hu and Smyth 2009).

3.16 Statistical Analysis

The results obtained in this study are obtained from at least three independent
experiments and are expressed as Mean +/- Standard Deviation. The statistical
analysis is performed through GraphPad Prism software; we performed multiple
comparison tests as specified in each figure legend. The statistical significance was
accepted at p < 0,05. * p < 0,05; ** p <0,01; *** p < 0,001; **** p < 0,0001.
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4. Results

4.1 Establishment of Chemo-resistant GC cell lines

Our in vitro Gastric Cancer model consist in two different Gastric Adenocarcinoma
cell lines, the AGS and the ACC-201. These cells are characterized for deriving from
primary tumors.

AGS gastric cancer cell line was derived from a primary tumor resected from a
female Caucasian gastric adenocarcinoma patient (54 years old) who did not receive
prior therapy. According to Lauren Classification the tumor had a mixed phenotype
(Lauén, 1965). Genetically, these cells are negative for EBV infection (Zhao ] et al.,
2013), and without microsatellite instability (Yao Y et al., 2004).
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Figure 10: Growth curves and representative pictures of AGS WT, 5Fur, CISr, TAXr and FLOTr. (A-B) and of
ACC-201 WT, 5FUr, Cisr, TAXr and FLOTr (C-D): Statistical analysis performed by two-way ANOVA (Andreucci
et al., 2023)
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Figure 11: representative photos and hematoxylin/eosin staining of GC cells AGS and ACC-201 (wild type
and chemoresistance) (A); table reporting the actual IC50 of ACC201 and AGS chemo-resistant cells lines.

The ACC 201 (also known as 23132/87) were established from the primary tumor
of a 72-year-old man with gastric adenocarcinoma in 1987 (Vollmers HP et al., 1993).
They have a hypertetraploid karyotype and microsatellite instability and are EBV-
negative.

These two cell lines have been used to establish four chemo-resistant

subpopulations. The resistant AGS cells were previously obtained in our laboratory
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(Peri S et al., 2021) so for the establishing of ACC-201 chemo-resistant cells we
followed the same method.

We subjected ACC 201 cells to chronic exposure of the three main chemotherapeutic
drugs for the treatment of GC: 5-fluorouracil (5FU), cisplatin (CIS), paclitaxel (TAX)
and FLOT regimen which consist in a combination of drugs (5FU, oxaliplatin and
docetaxel).

After 9 months of chronic treatment, we evaluated the IC50 for every treatment.
The graphs in figure 10 show the survival curves of ACC-201 WT cells and of AGS
cells (in black) that have been subjected to chronic treatment with the different
therapeutic regimens (green for 5FU, blue for CIS, red for TAX and violet for FLOT
treatment).

It is possible to observe a clear distance between the two curves which represents
the acquisition of resistance to chronic treatment.

The table in figure 11 is a resume of the IC50 of all resistant cells selected by chronic

administration of chemotherapeutic agents.

4.2 CAIX expression in GC tissues is increased in non-
responder patients compared to responder patients
subjected to perioperative FLOT/FOLFOX treatment

We evaluated the expression of CAIX in 23 responder and non-responder GC
patients treated with perioperative FLOT/FOLFOX regimen (16 patients treated
with FLOT and 7 with FOLFOX).

All the patients were grouped basing on the TRG value as we described in Materials
and Methods. Between the two groups we observed a significative difference in the
expression of CAIX. Non-responder patients showed a significative increasing in

percentage and score of CAIX. All the results are shown in the figure below.
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Responder (TRG 2) Non-responder (TRG 3-5)
Number of patients 7 16
Age 57-77 (average: 68,57) 49-79 (average:67,17)
Sex Male 4 10
Female 3 6
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Figure 12: Expression of CAIX in responder and non-responder patients with different TRG. (A) table
reporting responder and non-responder patients to FLOT/FOLFOX treatment. (B-l) Representative images
of TRG2: (B) Hematoxylin/Eosin staining and (C) CAIX IHC staining. Representative images of TRG3 (D)
Hematoxylin/Eosin staining and (E) CAIX IHC staining. Representative images of TRG4 (F)
Hematoxylin/Eosin staining and (G) CAIX IHC staining. Representative images of TRG5 (H)
Hematoxylin/Eosin staining and (I) CAIX IHC staining. (Magnification x20, inset x40; scale bar 100 pm, 50
pum, respectively). (J-L) Percentage of positive (J), intensity (K) and score (L) of CAIX staining in samples of
responder and non-responder GC patients with gastric adenocarcinoma and subjected to gastrectomy
following the perioperative FLOT/FOLFOX treatment (Statistical significance obtained with T-test)
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4.2.1 Metabolic Profile of AGS and ACC 201 cells — Chemo-
resistant Gastric Cancer cell line shows a more glycolytic

metabolism compared to the wild-type
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Figure 13: Metabolic profile of WT and Chemo-resistant GC cells; Glyco Rate Assay was performed by
Seahorse Analyzer XFe96 (A), lactate production evaluated by colorimetric assay (B) and quantification of
production of alfa-ketoglutarate, citrate and malate (C) (Statistic: One-way ANOVA for A and B, Two-Way
ANOVA for C; WT vs drug-resistant cells).
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In the figure 13 are shown the graphs obtained by the Seahorse analysis of ECAR
(Extra Cellular Acidification Rate) for ACC-201 and AGS cells, WT and Resistant.
There is also a quantification of the content of TCA metabolites.

The first experiment performed by Seahorse Analyzer XFe96 shows a different
metabolic profile between resistant and WT cells, both in AGS and ACC-201. The
resistant ones seem to have a more glycolytic metabolism (A); this evidence is
confirmed by the increasing in Lactate production (that is a result of high
consumption of glucose in tumor) showed in figure (B). These data are accompanied
by a reduction in the production of TCA metabolites (Citrate, alfa-Ketoglutarate and

Malate) in the Resistant cells compared to the wild type.

4.2.2 Chemo-resistant GC Cells shows an increment of CAIX

expression compared to the WT control

Given the boosted glycolytic metabolism of chemo-resistant AGS and ACC201
accompanied by increased lactic acid production and release in the extracellular
milieu, we tested whether the expression of carbonic anhydrase IX (CAIX), a key
regulator of intracellular and extracellular pH, is varied in chemo-resistant, high-

glycolytic cells compared to the WT cells.
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Figure 14: Expression level of CAIX in WT and Chemo-resistant AGS and ACC 201. Graphs of membrane
staining performed in Flow Cytometry (A) and in in-cell western(B). All data normalized on tubulin (Statistic:
One-way ANOVA; WT vs drug-resistant cells).
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We observed that chemo-resistant cells are indeed characterized by an increased
expression of CAIX compared to the WT cells. As can be observed by the graphs
above (fig.14A) the flow cytometry experiments revealed an increase of CAIX
expression on cell surface of drug-resistant cells compared to the WT control in both
AGS and ACC-201 cell lines. In the AGS cells every drug-resistant cell shows
significant difference in the expression of the protein with the 5FUr cells shows an
almost doubled expression of CAIX - compared to the WT tested in flow cytometry.
In the ACC-201 group, no significant differences in CAIX cell surface expression
were observed among WT and CISr or FLOTT cells, but a strong increase of CAIX
expression was again observed in 5FUr and in especially in the TAXr cells, which
showed a doubled expression of CAIX compared to the ACC-201 WT.

When looking at the total expression of CAIX (thus analyzing the whole cell lysate)
we obtained similar results of flow cytometry: in both AGS and ACC-201 drug-
resistant cells there is an increased expression of CAIX compared to the control WT,
with statistical significance.

In order to further highlight the relationship between CAIX and chemo resistance
in GC cell lines, we sorted the CAIX-high- and the CAIX-low-expressing cells within
the AGS WT population. AGS WT cells were thus sorted based on the expression
levels of CAIX, so we obtained: CAIX-low-expressing cells=25% of AGS WT with
the lowest expression of CAIX; CAIX-high-expressing cells= 25% of the AGS WT
with the highest expression of CAIX. These two subpopulations were subsequently
subjected to FLOT treatment, to make a comparison in terms of response to
chemotherapeutic agents. The data obtained by flow cytometry reported in figure
15, indicate that the CAIX-high subpopulation has a greater resistance than the
CAIX-low subpopulation, as showed by the decrease in cleaved caspase 3/7 levels
- which is a reporter of apoptosis - detected in the CAIX-high after the treatment
with chemotherapeutics for 72 hours. Particularly, CAIX-low AGS cells treated with
TAX shows the highest value of apoptosis but in every treatment a significant
difference between CAIX-low and CAIX-high is noticeable.
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Figure 15: (on the left) AGS WT sorting of the 25% low-CAIX and high-CAIX expressing cells; (on the right):
Apoptosis level detected with Cleaved Caspase 3/7 in flow cytometry in CAIX-lo and CAIX-high AGS cells
after treatment with 5FU, TAX, CIS and FLOT for 72h (Statistic: Two-way ANOVA).

In a similar way, when we induced the expression of CAIX in AGS WT cells, via
transfection with lipofectamine containing the pRP-EGFP/Neo-CMV>hCA9
plasmid, the cells with overexpression of CAIX (CAIX+) showed a reduction in
terms of therapeutic response after treatments with chemotherapeutics. In every
treatment group there is a correlation between the increased expression of CAIX

and the increasing of cell proliferation, as reported by graphs in figure 16.
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Figure 16: (on the left): flow cytometer plot and overtone value of CAIX expression in control (CTRL) and
CAIX+ AGS cells; (in the middle): graph representation of data obtained by MTT assays and (on the right)
flow cytometry evaluation of apoptosis of CTRL and CAIX+ AGS cells after 72h of treatment with 5FU, TAX,
CIS and FLOT. (Statistic: Two-way ANOVA).
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42,3 The CAIX inhibitor SLC-0111 sensitizes chemo-

resistant cells with a better response to therapy.

SLC-0111 is a CAIX inhibitor that already showed its efficacy in in vitro model of
melanoma, breast cancer, and colorectal carcinoma (Andreucci et al., 2019; Peppicelli
et al., 2020). This drug has successfully passed the phase I clinical trial
(NCTO03450018) showing that is safe and well tolerated when administered to
patients with advanced stage of cancer (McDonald et al., 2020). Nowadays, SLC-0111
isunder phase Ib/II clinical trials (NCT03450018) for the treatment of CAIX-positive
metastatic pancreatic cancer in combination with capecitabine.

So, after the observation of CAIX expression in our GC model we decided to test his
efficacy on AGS and ACC 201 resistant and WT and to evaluate its possible ability
to re-sensitize the cells to the therapy. We observed that SLC-0111 alone is able to
reduce of almost 50% the proliferation of ACC 201 and AGS WT cells. The
combination of SLC-0111 with the drugs used for treatment (5FU, CIS, TAX and
FLOT) induced a better response to the drug; a significative decrease of proliferation
has been observed in both lines when subjected to combinatory treatment with
respect to single chemotherapy administration (50% in AGS and 30% in ACC 201).
An interesting data emerged after the administration of SLC-011 as single treatment
to AGS and ACC 201 5FUr, CISr, TAXr and FLOTTt: in every AGS resistant cells.
SLC-0111 induced a reduction in proliferation of about 50%; moreover, in the
combined treatment SLC-0111 was able to reduce AGS 5FUr, CISr, TAXr and FLOTr
cells proliferation, demonstrating an improvement of anti-proliferative effect of the
chemotherapeutic drugs.

Regarding ACC 201 resistant cells, single treatment with SLC-0111 induced a
reduction of 30% of proliferation rate in 5FUr and TAXr. In CISr and FLOTTr has
been observed a reduction of 50%. Also in ACC 201, in the combined treatment SLC-
0111 showed its capacity to improve to all the drugs.
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Figure 17: (A-D) Graphs that show the cytostatic and cytotoxic effects of SLC-0111 on GC cells; MTT assay
of WT, 5-FUr, PTXr, CISr, and FLOTr AGS (A and B) and ACC-201 (C and D) cells after 72h of treatment
with the respective IC50 dose of 5-FU, TAX, CIS, and FLOT administered as single treatments or in
combination with 100 uM SLC-0111 (Statistical analysis performed by two-way ANOVA test); (E-H) Cleaved
caspase 3/7 flow cytometer assay performed on WT, 5-FUr, PTXr, CISr, and FLOTr AGS (E and F) and ACC
201 (G and H) cells, after 72h of treatment with the respective IC50 dose of 5-FU, TAX, CIS, and FLOT
administered as single treatments or in combination with 100 pM SLC-0111 (Statistic: two-way ANOVA
test).
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In accordance with these results, colony formation assays were performed to
evaluate the proliferative capacity of single cells treated with SLC-0111 and / or 5FU,
TAX, CIS and FLOT and therefore having an indication on the power of the treated
cells to lead to recrudescence after treatment. The colony formation assay confirmed
the ability of SLC-0111 to improve response to the chemotherapeutic treatment and
at the same time to restore sensitivity to chemotherapeutics in chemo-resistant cell

lines.
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Figure 18: Colony formation assay of AGS WT (A) and ACC-201 WT (D) cells treated with SLC-0111 alone
and in a combined therapy with chemotherapeutic drugs. Colony formation assay of chemo-resistant AGS
(B, C) and ACC-201 (E,F) cells. The colony formation assay was performed after treatment with SLC (alone
and in combination with chemotherapeutic drugs) at two different concentrations: 50 uM (+) and 100 pM

(++) (Statistic: Two-way ANOVA).

To verify and confirm the crucial role of CAIX in supporting chemoresistance, we
silenced CAIX via siRNA in AGS and ACC-201 WT and FLOTT cells. Once verified

the correct silencing we tested them for the response to SLC-0111 treatment. The

outcome of silencing was evaluated by detecting the expression levels of total CAIX,

via Western blot. We detected a 75-80% decrease in total CAIX expression levels in
AGS WT and FLOTT, a halving in ACC 201 WT cells and a notable decrease (about

85%) in ACC 201 FLOTr.
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Figure 19: Expression and quantification of CAIX expression of of AGS and ACC cells WT and FLOTr. (A)
Western blot quantification by densitometry. (B); MTT/viability assay of AGS and ACC 201 WT and FLOTr
subjected to FLOT treatment fo 72h after CAIX silencing; (C) quantification of cleaved caspase 3/7
performed in flow cytometry of AGS and ACC WT treated with FLOT for 72h after CAIX silencing. (Statistic:
One-way ANOVA).

Once we ascertained the effectiveness of silencing, we performed an MTT assay on
AGS and ACC 201 WT and FLOTT cells after 72h of FLOT treatment. We observed
that the downregulation of CAIX determines an improvement in the therapeutic
response in both sensitive and drug-resistant cells. Specifically, not-silenced AGS

WT cells (siCTRL) showed both in the MTT assay a decrease in viability of 50%
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when treated with the FLOT regimen whereas the silenced ones (siCAIX) showed a
75% decrease. In AGS FLOTT cells the viability went from 90% in siCTRL to 80% in
siCAIX. Similarly, a slight viability reduction was observed in WT ACC 201 and
FLOTr siCAIX cells when treated with the FLOT regimen (respectively from 55% to
40% and from 80% to 60%).

These data were supported by the detection of a significant increase in caspase 3
and 7 activity in the same cells. This evidence indicated a decrease in
chemoresistance in GC cells with a down-regulation of CAIX, supporting the

relationship between CAIX and chemoresistance in GC.

As introduced in section 1, the study of natural compounds, specifically
Polyphenols and their activity in cancer is a current topic in scientific research.
Many studies involving different models of malignant tumor treaed with
Polyphenols, have showe promising results relatively to their possible usage in
clinical practice.

One of the main target of this research field is the evaluation of the potential of
polyphenols to exert toxic effect on malignant cells, to sensitize cells to
chemotherapy and/or possbly re-establish a sensitivity in resistant tumors. In this
work, we focused our experiments on the evaluation of two compounds that have
shown their ability to interfere with tumor progression in several cancer models:
Oleocanthal and Genistein. The first one is on of the many product of Olea Euopaea,
that was described as an efficient anti-inflammatory, anti-angiogenic and anti-
proliferative agent ; Genistein, an isoflavone that can be found abundant in soybean,
demonstrated its efficacy on cancer cells inhibiting cell cycle progression and
inducing apoptosis.

In this work, will be exposed the results obtained treating our GC model (the AGS
and ACC-201 cells) with this two molecules in condition of normal response to anti-

cancer therapy or chemoresistance.
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4.3 Effects of Oleocanthal-Enriched Extract in WT and

Chemo-resistant Gastric Cancer cell lines

4.3.1 Composition and characterization of Oleocanthal-Enriched Evo

Qil extract.

For this work, we used a solution of Oleocanthal-enriched extract defined Olea
Extract Fraction (OCF), resuspended in Ethanol (EtOH) 70%. This OCF was
obtained by the selection of EVO oils from Leccino, Frantoio and Moraiolo
cultivarrs, all obtained from two phase mills. The blend of the oils used for the
extration has a total MPC content of 856 mg/kg (HPLC-DAD-MS).

Olea Extract Fraction (OCF)

hydroxytyrosol 12.38
tyrosol 8.29
elenolic acid 76.32
10-hydroxyoleocanthal 287.62
oleocanthal 189.16
oleuropein aglycone 95.44
ligstroside 23.29
secoiridoidic derivatives 171.99
Total 864.50

Table 2: OCF composition obtained by HPLC-DAD-MS

4.3.2 OCF administration induces a reduction of viability in AGS WT
and chemo-resistant 5FUr, CISr and TAXr cells.

A preliminary assessment of the toxicity of OCF on healthy, non-tumor cells was
first carried out; we treated NHDF cells (Neonatal Human Dermal Fibroblasts) and
HMVEC (Human Microvascular Endothelial Cells). On both these lines, no marked
toxicity of the compound was observed except at the 120 uM concentration. After

this initial evaluation we treated AGS, WT and chemo-resistant GC tumor cells.
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Figure 20: graphic representation of the results of MTT assay on normal cells. NHDF (Neonatal Human
Dermal Fibroblasts) (A) and HMVEC (Human Microvascular Endothelial Cells) (B) are non-transformed cell
cultures and were used to test their vitality using an OCF dose-dependent treatment through a MTT assay
(Statistic: One-way ANOVA).

We tested on AGS WT, 5FUr, CISr and TAXr cells serial dilutions of OCF starting
from 240 uM to 3,7 uM treating cells for 72h. No effect on viability or proliferation
was observed until the 60 uM dose. At 60 uM OCF the reduction in cell viability was
approximately 25% at, 50% at 120 uM and by approximately 75-80% at 240 uM of
OCF in all cell lines but CISr.

The AGS CISr cells, on the other hand, seemed to be unsensitive to the OCF
treatment until the 120 uM dose in which we observed a slightly but not significant
decrease in cell viability. At 240 uM dose the reduction of viability was about the
50%, lower compared with the other cell lines, but notable (fig.21).
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Figure 21: (A) Graph representation of results obtained by MTT assay after 72h of treatment with OCF in
AGS WT, 5FUr, CISr and TAXr. (B) representative pictures of OCF effect when administered to AGS cells,
WT and chemoreistant. (Statistic: One-way ANOVA).

4.3.3 Treatment with OCF affects the progression of cell cycle in WT,
S5FUr and TAXr AGS cells but not in AGS CISr.

4.3.3.1 Western-blot Analysis - OCF unbalances the equilibrium between p21 and
pRb in WT, 5FUr and TAXr but not in CISr AGS cells

To better understand the molecular mechanism of OCF activity on GC cells we
evaluated the expression of two protein involved in the correct progression of cell
cycle and survival: Rb (phosphorylated and not) and p21.

The expression of both these transcription factor has been assessed by western blot
analysis.

In a similar way to the viability assay, also the results obtained after western blot
experiments suggested a difference in response to 60 uM OCF treatment within our
cell lines cohort. In fact, a strong decrease of pRb expression, about 50%, was
observed in WT, 5FUr and TAXr AGS cells whereas the CISr AGS cells showed no
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differences between control and treatment. Similarly, while in WT, 5FUr and TAXr
AGS cells treated with 60 uM OCF the decrease in pRb expression is accompanied
by an increase in p21 expression, in AGS CISr cells this effect disappears and p21

expression stands at almost the same value between treated and control.

4.3.3.2 Flow Cytometry-Increase of p53 expression induced by OCF treatment in
WT, 5FUr and TAXr but not in CISr AGS cells.

A further investigation about the effect of OCF treatment on WT and drug resistant
AGS cells has been performed in flow cytometry. P53 plays a crucial role in
regulation of cell cycle, apoptosis, and genomic stability so we evaluated its
expression after 60 yM OCF treatment through an intracellular staining.

The data obtained confirmed that OCF administered to WT, 5FUr and TAXr
resulted in an overexpression of p53. In the three cell lines the increment in protein
expression stands at similar values (25-30% in WT and 25% in 5FUr and TAXr AGS)
after a 60 uM OCF treatment.

In the CISr AGS cells we observed no difference in p53 expression comparing
treated cells with control. This data confirmed the first observation provided by the
western blot analysis of pRb and p21.

Due to the strong correlation occurring between p53 overexpression and apoptosis
induction we decided to evaluate the status of cell viability /cell death in our GC
cell lines after treatment with OCF.

We performed a double staining with Annexin V and PI in treated and control WT,
5FUr, CISr and TAXr and obtained the quantification of Apoptosis (late and early),
necrosis and live cells.

Even in this case we found similar results for WT, 5FUr and TAXr but different for
CISr, as shown in figure 21.

The data obtained by flow cytometry analysis of Apoptosis revealed that OCF at 15
and 30 yM was unable to enhance cell death (reported as “dead” in the graphs in
fig. ) in comparison to the vehicle treatment (10- 20% attested values for WT, 5FUr
and TAXr AGS); the 60 uM concentration determined an halving in live cells in AGS
WT, a 25% of death cells in 5FUr AGS and an highest number of the dead cells
compared to the live ones in TAXr. This behavior common to three cell lines is not
respected in the CISr AGS cells, in which we did not observe any significant

increases in cell death even at the 60 M concentration (fig. 21 E-F)
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Figure 21: Effect of OCF treatment in GC Cells. (A-D) Western blot and flow cytometry analysis of OCF 60
UM treatment effect on expression of p21, Rb and pRb (evaluated in western blot, densitometry, and graph
above) and p53 (evaluated in flow-cytometry, plot and graphs below); the data are normalized of vinculin
expression. (E and F) Flow cytometry anlysis and graphs of the expression of p53 after treatment at 3 doses
of OCF performed by double staining with Annexin V/PI (Statistic: Two-way ANOVA).
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4.3.4 Evaluation of colony formation capacity - OCF decrease capacity
to initiate colony growth in WT, 5FUr and TAXr AGS cells

In cancer research, the clonogenic assay is useful for having an initial evaluation of
the tumor model ability to initiate a new tumorigenic process on a different
adhesion substrate.

We evaluated the clonogenic potential of WT and drug resistant AGS after
treatment with vehicle, 15, 30 and 60 uM OCEF.
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Figure 22: Clonogenic assay of WT, 5FUr, CISr and TAXr AGS cells after 72h of treatment with 3 doses of
OCF (Statistic: One-way ANOVA).

Also, in this case we observed that treatment with OCF (as the doses increased)
resulted in a reduction in the ability to give rise to new colonies. This finding was
observed in AGS WT, 5FUr and TAXr cells; the AGS CISr cells, on the other hand,
confirming that they were less sensitive to OCF treatment, maintained their ability

to originate colonies comparable to vehicle.
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4.3.5 Pro-Oxidant Activity of the OCF on GC Cells

As reported in literature by Cusimano et al., oleocanthal can induce toxicity in
colorectal and hepatocellular cancer cells. So, we tried to verify whether the toxicity
observed after OCF treatment in our GC cell model could be related to an increased
ROS production (Cusimano et al., 2017). Indeed, the over-expression of p53 with OCF
treatment could be a first suggestion of a relation between oxidative stress and cell
cycle arrest, due to the implication of p53 in stress-response, including ROS-

response (Srinivas US et al., 2019)
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Figure 23: ROS production induced by OCF treatment and evaluation of anti-oxydant enzymes
expression. (A) flow-cytometry plot and graphs of ROS level (detected by DCFDA) in WT, 5FUr, CISr and
TAXr AGS cellsafter 72h treatment with 60 pM OCF). (B) Real time PCR data analysis of anti—oxydant
anzimes in WT, 5FUr, CISr and TAXr AGS cells (Statistic: Two-way ANOVA).

We performed an evaluation of oxidative stress through a staining with DCFDA in
flow-cytometry. We verified that the dose 60 uM of OCF was able to increase the
ROS production in all the AGS cell lines with the exception of the CISr AGS. This
data suggested a possible mechanism of detoxification present in CISr AGS that was

not evident in other experiments. This hypothesis, accompanied by the observation
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of the effect of OCF treatment on WT, 5FUr and TAXr AGS cells led us to further
investigate.

So, we assessed by qPCR the expression of different antioxidant genes, such as
AKR1B, AKR1B10, AKR1C1, AKR1C2, AKR1C3 and GPX2. The results of the qPCR
showed that CISr AGS cells expressed a higher level of these genes involved in ROS-
response compared to the other cell lines. This increased expression could be the
reason of the very low ROS production induced by OCF in CISr AGS cells.

43.6 Evaluation of combined therapy with OCF plus

5-Fluorouracil, Cisplatin and Paclitaxel on WT and resistant AGS cells

As described in the introduction of this work, the re-sensitization to chemotherapy
in drug-resistant cells is one of the keys to overcome chemoresistance in many
tumors. For this reason, we tested a possible potentiation effect of the OCF in the
toxicity of 5-fluorouracil, cisplatin or Paclitaxel on WT and resistant AGS cells.

In AGS cells the administration of 60 uM OCF enhanced the effect of all 3 drugs,
reducing their number after 72h of treatment: Particularly, there is a reduction of
approximately 80-85% of the cell population when OCF was administered with 5-
fluorouracil and Paclitaxel and of approximately 70% with cisplatin (Fig.24). The
same effect was observed when 5FUr, TAXr and CISr AGS cells were treated with
OCF added to their respective drug (Fig.24).

Overall, OCF treatment induced an increase of drug toxicity of approximately 43%
in WT AGS cells treated with 5-Fluorouracil of 25% in AGS cells treated with
paclitaxel, and of 30% in 5FUr cells treated with 5-fluorouracil; an increased toxicity
of 22% was also observed in CISr cells treated with cisplatin and of 27% in TAXr

cells treated with paclitaxel.
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Figure 24: effects of the combined administration of chemotherapeutic drugs with OCF after 72h of
treatment. AGS cells were treated with vehicle and 2 concentrations of OCF (30 and 60 pM) for 72h. AGS
wild type were treated with their IC50 of 5FU, CIS and TAX, alone or in combination with OCF (A). 5FUr
(B), CISr (C), and TAXr (D) GAS cells were treated with OCF alone and in combitation with their IC50 dose.
Graphic representation of the increased efficacy of chemotherapeutic drugs administered with OCF
compared to chemotherapy alone in 5FUr, CISr and TAXr AGS cells (E) (Statistic: Two-way ANOVA)..

According to literature evidence, Genistein has demonstrated promising results in
counteract tumor progression in in vitro model of hepatocellular, breast, colorectal
and in some gastric cancer cell lines. (Spagnuolo et al., 2015)

In this work we decided to evaluate the effect of Genistein in our GC cell lines,
specifically the ACC 201 cells.
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4.4 Effects of genistein in WT and Chemo-resistant Gastric

Cancer cell lines

4.4.1 Genistein toxicity on GC cell lines — Genistein induces reduction of
viability in WT, 5FUr, CISr, TAXr and FLOTr ACC 201 cells.

ACCWT ACC 5FUr ACC TAXr ACC CISr ACC FLOTr

Genistein 25 pM vehicle

Genistein 50 pM

Fig 25: representative photos of WT, 5FUr, TAXr CISr and FLOTr ACC-201 cells after treatment with
genistiein at 25 pM and 50 uM doses.

For a primary evaluation of Genistein toxicity we treated ACC 201WT and drug-
resistant cells with two different concentrations of Genistein: 25 uM and 50 uM for
48h.

A first microscope evaluation (figure 25) showed a reduction of cell number in all
the resistant cell lines, particularly in CISr, TAXr and FLOTT cells at the 25 yM dose
whereas both WT and 5FUr ACC 201 cells seemed to be less sensitive compared to
the other resistant cells. At the dose 50 uM the reduction of viability was more
evident in the cell plate for the CISr ACC-201; TAXr and FLOTr ACC-201were
similar while 5FUr and WT cells showed signs of distress.

We proceeded by MTT assay to test cell viability after treatment. A preliminary
assessment of the toxicity of genistein on healthy, non-tumor cells was performed;

we treated WI-38 cells (a Fethal fibroblast cell line. On these cells, no marked toxicity
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of the compound was observed at 25 uM dose while we found a decrease of cell
viability at 50 uM.

The viability assay conducted on GC cells, WT and chemoesistant, revealed a
sensitivity of all the cell lines to the treatment. Particularly, at the 25 yM dose of
genistein every cell showed a derease in viability of about 20%, with the highest
value observed in TAXr ACC (about 35%); with the 50 uM treatment we observed
a more marked decrease of viability and even in this case the TAXr ACC

demonstrated a higher sensibility with a viability reduction of about 45%.
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Fig 26: evaluation of genistein effect on GC cell line (ACC 201) and fetal fibroblast (WI-38); results of
viability assay of WT, 5FUr, CISr, TAXr and FLOTr ACC 201 cells after treatment with 25 pM and 50 pM
of Genistein for 48h (A); results of MTT asay performed of WI-38 fetal fibroblast compared to ACC 201
WT treated with 25 pM and 50 pM for 48h (B) (Statistic: One-way ANOVA).
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4.4.2 Genistein induces overexpression of p53 in WT, 5FUr, CISr, TAXr
and FLOTr ACC-201 cells.

Once we observed the effect of genistein on WT and chemo-resistant ACC 201 cells
we wanted to explore the mechanism by which the polyphenol induced decrease of
proliferation.

Due to its correlation with the inhibition of cell cycle, we naturally evaluated the
expression of p53, using the same approach used for the evaluation of OCF activity
(as described in relative section).

The evaluation of p53 was performed by flow cytometry.

The experiments revealed an important increase of p53 expression level in all the
resistant cell lines, as we expected by the MTT assay and by microscope observation.
The highest value was found in TAXr ACC cells that showed an expression of p53
of about 60% while 5FUr, CISr and FLOTr ACC are at similar values (around 50%).
Regarding WT cells, in this case, the percentage of p53 expression is of about 40%.
All this value in treated samples were compared with a DMSO-treated control
(genistein is resuspended in DMSO) and in every cell line was determined a

statistical significance by one-way ANOVA test (figure 27).
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Figure 27: Effect of genistein treatment in GC Cells; flow cytometry plots and graph show the differential
expression of p53 after the administration of genistein 50 uM for 48h; the DMSO was administered as
control (Statistic: One-way ANOVA).

70



High expression of p53 is not only related to the cell cycle arrest but is one of the
first step of apoptosis: in presence of irreversible damage p53 leads the process of
activation of genes involved in programmed cell death.

So, in order to understand if genistein, through p53 overexpression, induced just an
inhibition of proliferation or cell death, we performed a double staining with
Annexin V/PI This assay provided an indication of the status of cell death in our
cell lines.

As can be observed by the graphs in figure the “live” population in every treated
sample is sensibly reduced; in particular, the percentage of viable cells in TAX ACC
the half in samples treated with genistein 50 uM with respect to the untreated
control; in addition in TAX cells we observed the highest value in late apoptotic
cells whereas in 5FUr, CISr and FLOTTt, the values of non-live cells are similar. Even
ACC WT showed an increment in mortality (about 40%). In every cell line the
untreated samples have similar values of vitality. The percentage of necrotic cells in
every sample, after treatment with genistein is higher than in the untread ones but

is similar for all cell lines, except for the 5FUr cells.
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Figure 28: Evaluation of Apoptosis and cell viability after treatment with 50 pM genistein for 48h.
Representative plot obtained by flow cytometry (after Annexin V/PI double staining of WT, 5FUr, CISr,
TAXr and FLOTr ACC 201 cells; administered as control (A). Graphs reportin cell count divided in “Live”,
“Early apoptosis”, “Late apoptosis” and “Necrosis” (B).
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4.4.3 Pro-Oxidant Activity of genistein on GC Cells

Genistein, like as many other polyphenols is a natural antioxidant: in healthy cells
it can reduce the damage induced by the high production of ROS. Even OCF (as
previously described) was firstly studied for its natural antioxidant activity. But
many studies in literature showed that sometimes, polyphenols can induce the
opposite effect. In fact, in many tumor models, many of these compounds has been
described for their ability to induce an overproduction of ROS (Navaneetha Krishnan
Setal., 2019; Leon-Gonzdlez AJ et al., 2015; Bi Y et al., 2016, Zhang Q et al., 2015).
About Genistein, its main toxicity mechanism in cancer was described in section 1
of this work. In accordance with several publications demonstrating a pro-oxidant
effect of genistein in colorectal and small cells lung cancer (Alorda-Clara M et al.,
2022; Chan L et al., 2022) we wanted to evaluate the effect of genistein on ROS
production in our GC model.

We verified the pro-oxidative effect of genistein treatment (at 50 yM): this dose was
able to significantly increase ROS production in WT, CISr and FLOTr but not in
5FUr and TAXr ACC cells. This data confirmed the high sensibility of CISr ACC to
treatment (shown by Annexin V/PI and p53 evaluation) but was apparently
discording with previous data concerning TAXr. Also, in WT we observed a ROS
production increase, lower compared to CISr and FLOTr but significant.
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Figure 29: ROS production induced by OCF treatment; flow-cytometry plot and graphs of ROS level
(detected by DCFDA) in WT, 5FUr, CISr, TAXr and FLOTr AGS cells after 48h treatment with 50 pM
genistein) (Statistic: One-wat ANOVA).
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444 Evaluation of combined therapy with genistein plus

5-Fluorouracil, Cisplatin, Paclitaxel and FLOT regiment on WT and

resistant ACC cells

In order to confirm the efficacy of genistein and to evaluate its efficacy as treatment
on chemo-resistant cells we assessed the effect of a combined therapy made by

administration of genistein in combination with evert chemotherapeutic treatment.
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Figure 30: effects of the combined administration of chemotherapeutic drugs with genistein after 48h of
treatment. ACC cells were treated with vehicle and 1 concentration of genistein (50 uM) for 48h. ACC wild
type were treated with their IC50 of 5FU, CIS and TAX, alone or in combination with genistein. 5FUr, CISr,
TAXr and FLOTr ACC cells were treated with genistein alone and in combination with their IC50 dose

(Statistic: Two-way ANOVA).
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In ACC cells the administration of 50 uM genistein enhanced the effect of the 4
chemotherapeutic treatments, reducing their number after 48 h. Particularly, there
is a reduction of approximately 40% of the cell population when genistein was
administered with 5-fluorouracil, paclitaxel and cisplatin. Regarding the FLOT
treatment, combined therapy induced a lower decrease in cell viability but still
significant.

The drug-resistant ACC-201 cells showed a decrease in viability after treatment
with their respective drug in combination with genistein 50 uM. The observed

viability reduction was about 45% (Fig.30).

When we introduced the topic of chemoresistance in malignant tumor we defined
a relation between the acquisition of a non-responsive phenotype to therapy and
the presence of stem-like cells, so called CSCs or TICs. This population with
clonogenic characteristics has been described in literature as a driving factor for
cancer growth and diffusion and, in the worst scenario for recrudescence.

So, identifying stem-like cells is a current goal for scientific research, in order to
establish new approach for targeting this population further understand its
function.

In this work we tried to identify a stem-like population in our GC model
(particularly the ACC-201 cells). There are many methods to identify CSC, the most
used is the identification of surface marker. But some tissues, and stomach is one of
this, demonstrates high heterogeneity so we decided for a functional approach.

In ACC-201 WT and chemo resistant we evaluated the activity of Aldehyde
Dehydrogenase through AldeRed assay and the capacity to regenerate a

proliferative tumor core, using the ELDA method.

4.5 Evaluation of stem-like properties of WT and drug-
resistant cell lines — AldeRed Assay and limited-dilution

assay

The evaluation of ALDH was performed in flow cytometry using the AldeRed
method: this probe is processed in cytoplasm by ALDH and become fluorescent

emitting light detectable in the PE channel by flow cytometry.
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Figure 31: representative flow cytometry plot and graph representation of ALDH activity (detected through
AldeRed assay) in WT, 5FUr, CISr and TAXr ACC-201 cells (Statistic: One-way ANOVA).

The results of the experiments showed low values of AldeRed signal in all the
analyzed cells. This evidence suggested that in every cell line the ALDH activity of
was detectable but not very high. The only differences observed regarded the WT,
CISr and TAXr ACC-201 cells. Indeed, in all these cells the activity of ALDH was
higher compared to 5FUr and FLOTr. As shown in chart in figure the value of
AldeRed signal was double in CISr, and greater of almost 50% in TAXr with respect
to WT.

This little differences between WT and two of the resistant cells needed a further
investigation. In order to confirm a potential stem-like activity of the chemo-
resistant ACC-201 cells we performed an Extreme Limited dilution assay in order
to evaluate the minimum number of cells able to origin a new tumor cluster. Cells
were seeded in a conditioned medium, as described in Materials and methods, and

after two weeks we evaluate the presence of colonies.
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Figure 32: Limiting dilution assay of WT, 5FUr, CISr, TAXr and FLOTr ACC-201 cells; table reporting
the TIC (tumor initiating cell); graph output of ELDA Software for the evaluation of TIC (Statistic: Two-

way ANOVA).

After the count of positive wells, the data were processed by ELDA software
according to instructions. The tables in figure report the calculated TIC (Tumor
Initiating Cells) and it’s the output of the ELDA software analysis. The graphs above
are a graphic representation of the tendency of the cells to regenerate in extreme
diluted conditions. As we can see, the highest percentage values in TIC match with
the lines more near to zero in the graph. The meaning is that cells with highest TIC
values are able to regenerate a tumor mass better than others, in our model, CISr
and TAXr reported the highest value (22,57% and 19,57% respectively); WT ACC
cells shows a value of 17,24%, lower than CISr and TAXr but higher than the other
two drug-resistant cell lines.

A deeper evaluation of the stem cell potential and regenerative capacity of chemo-

resistant ACC-201 cells is currently the subject of our studies.
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5. Discussion

Gastric Cancer (GC) represents one of the main causes of cancer-related death (fifth
cancer in terms of number of deaths in a year). Its lethality and incidence make it an
interesting object of study for scientific research.

Among the most peculiar aspects of this pathology there is certainly the
phenomenon of chemoresistance, a mechanism through which tumor cells acquire
the ability to survive the chemotherapeutic agents used in conventional therapy.
This condition in GC occurs periodically in patients undergoing therapy: after an
initial reduction in tumor mass, in some cases, a resumption of growth is observed.
The acquisition of chemoresistance is one of the first steps towards a more
aggressive tumor phenotype capable of disseminating in the organism.

The acquisition of these characteristics is due to many factors including
modifications at the cellular genome level, microenvironmental modifications and
the presence of cells capable of providing a proliferative reserve to the mass.

In this research work, we investigated these aspects that occur in many solid
tumors, in a chemo-resistant GC model.

We used two lines of primary gastric adenocarcinoma taken from Caucasian
patients, AGS and ACC-201 cells. The selection of chemo-resistant populations from
these primary lines was carried out through the chronic administration of the main
chemotherapeutic agents, in particular: 5-Fluorouracil (selecting the 5FUr cells),
Cisplatin (obtaining the CISr cells) paclitaxel (obtaining the TAXr cells) and the
FLOT treatment (obtaining FLOTr) which currently represents the gold standard
for the treatment of HER2-negative gastric cancer (Al Batran SE er al., 2019).

Once we obtained the chemo-resistant cells we moved on to the evaluation of their
characteristics. The evaluation of the metabolism of AGS and ACC-201 cells
highlighted differences between the resistant populations and the wild type. From
the evaluation of the glycolytic rate, performed through the Seahorse Analyzer, a
boosted glycolytic activity emerged in chemo-resistant cells accompanied by an
increased lactate production. This metabolic reprogramming in drug-resistant cells
was confirmed by GC-MS analysis: the quantification of the metabolites of the 3C
acid cycle showed a lower amount of alpha-ketoglutarate, citrate, and malate in
AGS and ACC-201, therefore demonstrating a decrease in their mitochondrial

activity with respect to WT ones.
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The metabolic peculiarities of the tumor cells are closely related to the
microenvironment in which the cells themselves are located. This relationship is
also mediated by the activity of the enzymes that modify the microenvironment
inside and outside the cell. Among these, Carbonic Anhydrase 9 (CAIX) has
emerged in recent years as one of the main players in tumor progression due to its
ability to modify the tumor microenvironment and influence the outcome of the
disease (Liao SY et al., 2009; Chen | et al., 2009; Robertson N et al; 2004). In this work,
we evaluated the expression of CAIX in our wild-type and chemo-resistant cell lines
and, in parallel, we carried out a retrospective study on patients subjected to
FLOT/FOLFOX chemotherapy. From this study it has emerged that patients
classified as non-responders (TRG=3/5) were characterized by a greater expression
of CAIX compared to responder patients (with TRG=2), thus highlighting a
correlation between the lack of response to therapy and the increase in enzyme
expression.

The validation of these observations was also carried out in parallel with our in vitro
model. Notably, all our chemo-resistant cell lines that showed a consistent
glycolytic phenotype, showed an increase in CAIX expression compared to the
corresponding wild-type ones.

We then investigated the correlation between CAIX and chemoresistance in our in
vitro model using a CAIX inhibitor, that is currently employed in clinical study,
known as SLC-0111 (Supuran CT et al., 2015) to treat our chemo-resistant GC cells.
From our experiments, it has been observed that the administration of SLC-0111 is
able to impair the proliferation and the viability of both wild-type and chemo-
resistant cells by inducing the activation of caspases 3 and 7 and by inhibiting the
ability of the cells to form colonies after the treatment. Again, the correlation
between chemoresistance and CAIX expression was confirmed thanks to silencing
experiments that showed similar results, which resulted in a significant increase in
the cellular response to therapy following CAIX silencing compared to control cells.
Moreover, the results of our experiments showed not only the relation occurring
between CAIX and chemoresistance but also highlighted the possibility of re-
sensitizing chemo-resistant cells to therapy thanks to the combination with other
effective drugs. Taking this into account, from this point of view, even the search
for such molecules in nature can be fruitful. Many natural compounds are studied
for their activity in chronic diseases including cancer. Among these, polyphenols

are certainly the most investigated.
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In this work, we evaluated the effect of Oleocanthal and Genistein, two different
polyphenols, on our in vitro model of GC, in conditions of chemoresistance and not.
Specifically, after a first evaluation of the toxicity of these two compounds, we
demonstrated that both could exert an anti-proliferative and a pro-apoptotic effect
on WT and drug-resistant AGS and ACC-201 cells. The data obtained by the
evaluation of p53 expression revealed that the administration of oleocanthal and
genistein induced its overexpression; due to the correlation between p53, cell cycle
arrest and induction of apoptosis we evaluated the possible induction of cell death,
and we discovered an increased of apoptotic and necrotic cells after treatment with
the two compounds. Moreover, both polyphenols exhibited an efficient reduction
of cell viability when administered in combination with the canonical
chemotherapeutic drugs. This result is particularly interesting for the
chemoresistance cells, in which we observed a significant decrease in viability, thus
indicating a possible restoration of drug response or suggesting a considerable
sensitivity to the polyphenols’ treatment.

Regarding oleocanthal, the only cell line that seemed to be less sensitive to the
treatment was the CISr AGS cells. In particular, the experiments conducted showed
that this cell line better tolerated the treatment with oleocanthal, hence not
observing any overexpression of p53, p21 or pRb. In addition, the evaluation of ROS
stress performed by DCFDA assay showed an increase in ROS production after
treatment with oleocanthal in every AGS cell line except for CISr. Indeed, after the
evaluation of detoxification enzymes expression by gPCR we observed that these
enzymes were significantly more expressed in CISr AGS than in the other cell lines.
Regarding genistein, we followed a similar approach: the evaluation of p53 showed
overexpression of the protein in ACC-201 cell lines after treatment with genistein.
Particularly, CISr and TAXr ACC-201 seemed more sensitive to genistein.
Therefore, we proceeded to the assessment of ROS production with the same
approach used for oleocanthal. In this case, we observed an increased production
of ROS in CISr but not in the TAXr. Speculating on this result we can hypothesize
that genistein may manifest its toxic effect on TAXr cells (confirmed by viability
assays and p53 quantification) in a different way from the induction of oxidative
stress. Anyway, both oleocanthal and genistein showed efficacy in combined
treatment on GC cells and, more interestingly, in drug-resistant cells. A further
study on the activity of these natural compounds is now the subject of our research

activity.
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As we previously discussed, chemoresistance is correlated in many solid tumors
with the presence of a stem-like population called Cancer Stem Cells (CSCs). The
presence of this subpopulation was demonstrated in many studies and correlated
with the acquisition of characteristics that can lead to a more aggressive phenotype.
The stem-like profile is also related to typical characteristics of the tumor
microenvironment previously discussed such as hypoxia. It is well known that this
condition is linked to several metabolic modifications within the tumor mass,
characterized by the presence of high glycolytic cells. As previously disclosed, we
demonstrated the presence of a significantly higher expression of CAIX — one of the
main players of this metabolic and microenvironmental switching — in our chemo-
resistant GC models rather than in WT ones. We were questioning if a correlation
between what we observed in our cell lines and the presence of CSCs could occur.
Therefore, we tried to identify a stem-like population in ACC-201 cell lines, that
showed an increased expression of CAIX.

We evaluated the activity of Aldehyde Dehydrogenase (ALDH), which is
considered a stem population marker, and we observed that CISr and TAXr ACC-
201 showed higher activity of these enzymes compared to the other drug-resistant
and WT ones. Moreover, the ELDA assay was performed to evaluate the percentage
of tumor-initiating cells (TIC) in every ACC-201 cell line; the obtained results
demonstrated that chemo-resistant CISr and TAXr ACC-201 cells (that also showed
high expression of CAIX) had a higher ability to regenerate a tumor mass than the
WT ones. This evidence could establish a relationship between the acquisition of
chemoresistance in GC cells and the presence of a population with a stem cell
phenotype capable of providing a proliferative reserve to the tumor mass and
responsible for the progression of the disease.

Surprisingly, drug-resistant CISr and TAXr ACC-201 cells proved to be the most
sensitive to genistein treatment in our experiments. This data could also be in
concordance with previous studies that showed the efficacy of genistein in
inhibiting a key pathway of stem-signaling, the Hedgehog path, in breast and
prostate cancer (Fan P et al., 2013; Zhang L et al., 2012). Genistein could exert its
activity with more efficiency on stem-like cells (which we identified within CISr and
TAXr ACC-201 cell lines).

In conclusion, this work exhibits the identification of a chemoresistance marker in
an in vitro model of gastric cancer, which was also validated and highlighted in GC
patients’ biopsies. Furthermore, we have established a close relationship between

microenvironmental and metabolic modifications and the acquisition of
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chemoresistance in GC cell lines. We also demonstrated the effectiveness of three
compounds in re-sensitizing chemo-resistant cells to conventional therapy and
highlighted the presence of a stem-like population in a GC cell line. A deeper
characterization of this population (currently ongoing) could possibly lead to a
further step forward in the development of targeted therapies in the treatment of

chemo-resistant gastric adenocarcinoma.
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