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ABSTRACT

Gastric cancer (GC) ranks among the most prevalent and lethal malignancies globally,
accounting for over one million new cases and 700,000 deaths annually. Over the last decade,
two independent molecular classifications have reported the existence of a GC subgroup
characterized by microsatellite instability (MSI), including around 22-23% of GC cases. MSI
is a hypermutability condition caused by the impairment of the DNA mismatch repair (MMR)
system. In sporadic cancer, MMR deficiency usually occurs either by hypermethylation of the
MLH1 promoter or by loss-of-function mutations in the main MMR genes (such as MLH],

MSH2, MSH6, PMS2).

MSI has been described across multiple malignancies, most commonly in gynaecologic and
gastrointestinal (GI) cancers. In several cases, MSI detection has become crucial for prognosis,
surveillance, and therapeutic decisions. The clinical relevance of the MSI status is mostly due
to its role as a strong predictor of response to immunotherapy. Nevertheless, some GI MSI
tumours are refractory to immunotherapeutic regimens, probably due to both intrinsic and

acquired resistance mechanisms.

GC inter and intra-tumoral heterogeneity represents a significant challenge for precise patient
stratification and treatment. MSI status in GC has been associated with a good prognosis.
However, some reports have indicated the existence of a subpopulation of MSI GC patients
displaying a worse outcome. Furthermore, while clinical trials testing ICIs in GC have shown
effectiveness in MSI patients across all treatment lines, the outcomes were not as remarkable
as those observed in other cancer types. From the analysis of MSI GC patients enrolled in phase
IT and III clinical trials testing anti-PD1 monotherapy, it emerged that nearly half of the tumours
are intrinsically resistant and complete and long-lasting responses are achieved in very few

cascs.



The main goal of my PhD project was the generation of syngeneic GC MSI models mimicking
the key known features of MSI tumours and potentially useful for better understanding the

molecular complexity and predicting the clinical behaviour of this cancer subgroup.

We successfully generated MMR-deficient (MMRd) gastric organoid cultures, inactivating
either MIh1 or Msh2 genes in non-transformed BALB/c mouse gastric epithelial cells through
CRISPR/Cas9-based gene editing. MMRd models, but not WT controls, exhibited
microsatellite instability and increased their mutation rate over time. Notably, when cultured
in more stringent culture conditions, only the MMRd cells could generate tumour masses upon
subcutaneous injection in immunodeficient NOD SCID mice. Following the optimisation of
the gene editing protocol, we also generated clonal models without a persistent Cas9

expression, making them suitable for injection into immunocompetent BALB/c mice.

The MSI GC mouse models we developed represent a valuable resource as they could enable
the comprehensive investigation of tumour development, progression and responses to

immunotherapy in the presence of a fully active immune system.



MAIN ABBREVIATIONS

GC: gastric cancer

GEA: Gastro-Esophageal Annotated platform
ICI: immune checkpoint inhibitor

KO: knockout

MLH1/MIh1: MutL homolog 1

MMR: DNA mismatch repair

MMRd: MMR-deficient

MSH2/Msh2: MutS homolog 2

MSH3/Msh3: MutS homolog 3

MSH6/Msh6: MutS homolog 6

MSI: microsatellite instability

MSS: microsatellite stability/microsatellite stable
PD-1: programmed cell death-1

PD-L1: programmed cell death-ligand 1
PMS2/Pms2: Postmeiotic Segregation Increased 2
TCGA: The Cancer Genome Atlas

TMB: tumour mutational burden

WRN: Werner RECQL helicase

WT: wildtype



INTRODUCTION

Epidemiology of Gastric Cancer.

Gastric cancer (GC) represents a major health problem. According to GLOBOCAN estimates,
there were over one million new cases (5.6% of all cancer diagnoses) and 769,000 deaths in
2020 (7.7% of all deaths from cancer), thus ranking GC as the fifth malignancy for incidence
and fourth for mortality globally. GC burden varies concerning geographical distribution and
sex. The highest GC incidence rates are registered in Eastern Asia, Eastern Europe and Central
and South America, whereas Australia and New Zealand, Northern America and Northern
Europe as well as all African regions are low-risk areas (1). In all countries, GC incidence rates
increase with age and most patients are diagnosed between 55 and 80 years. Men are two-fold
more susceptible than women and GC is the first leading cause of cancer-related death in the
male population in several South-Central Asian countries, including Iran, Afghanistan,

Turkmenistan, and Kyrgyzstan (1,2).

Gastric cancer is a complex disease with multiple risk factors. Certain inherited genetic
alterations can increase GC risk. Mutations in CDH1 and CTNNAL have been associated with
hereditary diffuse gastric cancer (3,4), while patients with syndromes like Li-Fraumeni, Lynch
and Peutz-Jeghers display an increased risk of developing various malignancies, including
gastric cancer (5,6). Moreover, BRCAL and BRCA2 germline mutations, well-known for their

association with breast and ovarian cancers, have been also correlated with GC susceptibility
(7).

Despite these genetic predispositions, the geographic variability in GC incidence and mortality
is mainly explained by environmental factors. Persistent Helicobacter pylori infection is

considered the main risk factor for non-cardia GC and the occurrence of the infection aligns



with GC incidence when viewed geographically (8,9). Beyond H. pylori, established risk
factors for non-cardia gastric cancer include tobacco smoking and dietary factors, such as
alcohol consumption, insufficient intake of fruits and vegetables and high intake of salt-
preserved foods and smoked meats. Cardia GC has a different aetiology, generally not
associated with H. pylori infection; excess body weight and chronic acid reflux are listed
among the prominent cardia GC risk factors, thus mirroring the physiopathogenesis of

oesophageal cancer (1).

Current Gastric Cancer Treatment.

Gastric cancer prognosis and standard of care vary depending on the stage at diagnosis. Despite
the high incidence, most patients are diagnosed at advanced stages, due to subtle symptoms in

early disease and lack of systematic screening programs in most countries (10).

Localized GC (stage 0/1) is endowed with a relatively good prognosis, with a 5-year survival
rate of over 70%, while locally advanced (stage II/1ll) and metastatic (stage IV) cases are

characterized by a poor outcome (7-35% 5-year survival) (11,12).

Surgical resection remains the most effective treatment for resectable GC. However,
perioperative chemotherapy has become the standard of care for localized GC as it improves
patients’ outcome compared to surgery alone (13). Recently, the FLOT regimen (5-
fluorouracil, leucovorin, oxaliplatin, and docetaxel) has become the new standard perioperative
treatment as the FLOT4 phase 1I/111 clinical trial suggested that it improves overall survival
rates (50 months versus 35 months) in comparison with the previous standard ECF/ECX

(epirubicin, cisplatin, and 5-fluorouracil/capecitabine) regimen (14,15).

Adjuvant chemotherapy is recommended for stage II/111 patients undergoing primary surgery.

Phase 11l trials demonstrated the efficacy of several cytotoxic regimens, including S-1



monotherapy (a biochemical modulation of 5-fluorouracil), CAPOX (capecitabine and
oxaliplatin), SOX (S-1 and oxaliplatin), and DS (docetaxel and S-1) (16-18). The selection of
the adjuvant treatment depends on the stage and the patient’s performance status. S-1
monotherapy is usually chosen for stage 11 disease or in case of suboptimal performance status,

while combination therapies are favoured in case of stage 11l disease (10).

Chemotherapy is still the standard of care for unresectable and metastatic GC. The backbone
of first-line treatment is usually the combination of a fluoropyrimidine (5-fluorouracil,
capecitabine or S-1) with a platinum, while paclitaxel, docetaxel, and irinotecan are generally

administered in the second line (10).

Although chemotherapy remains a cornerstone in GC treatment, recent years have witnessed
substantial advancements in alternative systemic approaches, including targeted therapies and

immunotherapy, leading to an improvement in survival rates.

Molecular targeted therapies are vital treatment options for patients with advanced GC.
Targeted therapies, including anti-HER2, anti-angiogenetic, and other biomarker-directed
therapies, have exhibited promising efficacy in GC treatment, with significant benefits

observed in patients with specific biomarker profiles.

Trastuzumab (Herceptin®) is a humanized anti-HER2 monoclonal antibody. Based on the
promising results from the ToGA trial (19), it has been approved by both the U.S. Food and
Drug Administration (FDA) and the European Medicines Agency (EMA) as the standard first-
line setting, in combination with chemotherapy (cisplatin and either capecitabine or 5-
fluorouracil), for patients with HER2-positive metastatic GC (10). Trastuzumab is also
available in the form of antibody-drug conjugates: trastuzumab emtansine (T-DM1, Kadcyla®)
and trastuzumab deruxtecan (T-DXd, Enhertu®), both formed by the anti-HER2 monoclonal

antibody trastuzumab linked to a cytotoxic payload (20,21). T-DXd’s payload is a



topoisomerase | inhibitor connected via a cleavable tetrapeptide-based linker. In this way, the
drug is specifically delivered and selectively cleaved in HER2-expressing cancer cells, thus
exhibiting an antitumour bystander effect on nearby cells, including HER2-negative cells,
while limiting off-target toxic effects (21). Encouraging results from the Asian phase 1l
DESTINY-Gastric01 trial supported FDA and EMA indications of T-DXd for the treatment of
patients with locally advanced or metastatic HER2-positive GC who underwent prior treatment
with a trastuzumab-based regimen. Interestingly, in the DESTINY-GastricO1 trial, T-DXd was
also administered in exploratory cohorts of patients with pretreated HER2-low GC, resulting
in a benefit in overall survival (22). Another phase Il trial (DESTINY-Gastric02) confirmed T-
DXd second-line efficacy in western GC HER2-positive patients (23). Further clinical trials
testing T-DXd monotherapy and combinations with standard chemotherapy are in progress
(phase 11l DESTINY-Gastric0O4 NCT04704934 and phase Ib/Il DESTINY-Gastric03

NCT04379596).

Blocking angiogenesis is another key strategy in GC therapy. Ramucirumab (Cyramza®) is an
anti-VEGFR2 humanized monoclonal antibody, preventing the receptor from binding its ligand
VEGF. Ramucirumab is approved for the treatment of advanced GC refractory to first-line
chemotherapy and it can be administered either as a single agent or associated with paclitaxel
(10). The REGARD trial demonstrated the efficacy of ramucirumab monotherapy in patients
with advanced GC progressing after first-line chemotherapy (24), while in the RAINBOW trial,
the addition of ramucirumab to paclitaxel led to a notable extension in overall survival

compared to paclitaxel alone (25).

Anti-HER2 and anti-VEGF therapies have been established as standard treatments for
advanced GC in the first- and second-line setting, respectively. Nevertheless, the advantage of
targeted therapy application in the perioperative or adjuvant context remains unclear and is
currently under investigation (10).
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Immune checkpoint inhibitors (ICls), administered alone or in combination with other
treatments, have demonstrated potent antitumour activity in various solid cancers, including
gastrointestinal tumours. Several phase 11 clinical trials led to the approval of PD-1 inhibitors
for first- and third-line treatment of unresectable or metastatic GC in various countries.
Pembrolizumab (Keytruda®) is a monoclonal antibody that blocks the interaction between PD-
1 and its ligands PD-L1 and PD-L2. Based on positive results from the KEYNOTE-059 single-
arm phase Il study (26), the FDA granted accelerated approval to pembrolizumab as
monotherapy for GC patients whose tumours express PD-L1 and who have progressed on two
or more prior lines of chemotherapy (10). Furthermore, following the promising results from
the phase 111 KEYNOTE-811 trial (27), in 2021, the FDA approved pembrolizumab combined
with trastuzumab and chemotherapy as the first-line treatment for advanced HER2-positive GC
(10). This year, the same treatment combination has been approved as first-line treatment by
EMA, but the indication is limited to those patients whose tumour expresses both HER2 and

PD-L1 (combined positive score > 1) (28).

Another ICI targeting the PD-1/PD-L1 axis has been recently approved by both the FDA and
the EMA. In the phase Il CheckMate-649 trial, nivolumab (Opdivo®), an anti-PD-1
monoclonal antibody, was tested in combination with ipilimumab (a CTLA4-inhibitor) or in
combination with chemotherapy versus chemotherapy alone in metastatic HER2-negative GC
patients. The chemo-free regimen involving nivolumab and ipilimumab did not demonstrate
improvements in overall survival compared to chemotherapy alone. However, the addition of
nivolumab to chemotherapy improved both overall and progression-free survival (29). These
findings led to the inclusion of nivolumab and chemotherapy combination as one of the
recommended first-line treatments for advanced GC. Further research is currently exploring

the potential use of immunotherapeutic regimens in the perioperative setting (10).
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All the targeted agents and ICIs approved for GC treatment are depicted in Figure 1. Despite
the multiple therapeutic options, recurrence of GC remains a common issue, underscoring the
need for further investigation of resistance mechanisms and identification of novel therapeutic
targets. GC is a complex disease, and intratumoral, intrapatient, and interpatient heterogeneity

pose a major barrier to the development of effective systemic treatments.

Figure 1.
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Figure 1. Currently FDA/EMA-approved targeted therapies for gastric cancer treatment. Created using

BioRender.com. T-Dxd = trastuzumab deruxtecan.

From Histological to Molecular Classification.

The definition of “gastric cancer” includes any malignant neoplasm arising in the region
between the gastroesophageal junction and the pylorus. The vast majority of stomach tumours

(~95%) are epithelial in origin and designated as adenocarcinoma. Other rarer histological
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types include adenosquamous, squamous, undifferentiated carcinomas and gastrointestinal

stromal tumours (GISTs) (30).

Two main pathologic classifications are used to define gastric adenocarcinomas: the Lauren

classification and the more recent World Health Organization (WHO) classification.

The Lauren classification distinguishes: intestinal subtype (i), harbouring well-differentiated
tumour cells which form gland tubular or papillary structures, typically arising in the distal part
of the stomach; diffuse subtype (ii), characterized by scattered cells with minimal gland
formation, extensively infiltrating the gastric wall; and mixed subtype (iii), displaying features

of both intestinal and diffuse types (>25% of either component) (31).

The WHO classification recognizes four major histologic patterns: tubular subtype (i),
resembling normal gastric epithelium, predominantly composed of well-defined glandular
structures; papillary subtype (ii), exhibiting elongated finger-like projections formed by well-
differentiated tumour cells; mucinous subtype (iii), presenting abundant extracellular mucin
spaces with scattered clusters of poorly differentiated tumour cells; and poorly cohesive
subtype (iv), including signet ring cell carcinoma, characterized by cells with abundant

intracytoplasmic mucin pushing the nucleus to the periphery (32).

Histological GC classifications have been widely applied in clinical practice, even if their
prognostic value is still controversial. In two studies, diffuse adenocarcinoma was correlated
with a worse outcome (33,34), but this association has not been confirmed in other tested
cohorts (35-37). Similarly, some reports based on the WHO classification found that poorly
cohesive and mucinous adenocarcinomas have a worse prognosis compared to the papillary
and tubular subtypes (38-40). However, there is no general agreement about the prognostic
value of the WHO classification. Some other studies have indeed proposed that signet ring cell

carcinoma, which falls under the poorly cohesive subtype, may not exhibit a significantly
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different prognosis compared to other GC subtypes (41). Nevertheless, neither of these two

systems was demonstrated to be adequate to properly guide patient management (42).

To satisfy this need, in the last decade, The Cancer Genome Atlas (TCGA) and the Asian
Cancer Research Group (ACRG) proposed two different classifications, based on molecular

profiling data.

Through an integrated high-throughput evaluation of 295 primary gastric adenocarcinomas, the
TGCA identified four molecularly distinct subtypes: Epstein-Barr virus-positive (EBV™)
tumours (i), exhibiting recurrent PIK3CA mutations, extensive DNA hypermethylation, and
gene amplification of JAK2, PD-L1 and PD-L2; tumours with microsatellite instability (MSI)
(i), showing high mutation rates and mutations in known targetable genes, as PIK3CA, EGFR,
ERBB2, ERBB3; genomically stable (GS) tumours (iii), displaying alterations in cell adhesion
and cell migration pathways, such as CDH1 and RHOA mutations and CLDN18-ARHGAP
fusions; and tumours with chromosomal instability (CIN) (iv), characterized by significant

aneuploidy and focal amplification of receptor tyrosine kinases (43).

The ACRG, profiling a similar number of patients of Asian origin, distinguished four subtypes
as well: MSI tumours (i), harbouring hypermutations in the PI3K pathway and KRAS, ALK and
ARID1A genes; microsatellite stable tumours with epithelial-to-mesenchymal transition
features (MSS/EMT) (ii), showing the loss of epithelial markers; MSS/TP53 mutant
(MSS/TP53") tumours (iii), frequently positive for EBV; and MSS/TP53 wild type
(MSS/TP53") tumours (iv), displaying frequent amplifications in genes including MYC, ERBB2

and EGFR (44).

While only the ACRG classification could predict prognosis, both systems may provide

fundamental help in the development of personalized treatment strategies. Each subtype is
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indeed associated with specific molecular alterations and thus with different putative

pharmacological targets (42,45) (Figure 2).

Figure 2.
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Figure 2. GC molecular subtypes according to TCGA and ACRG. Modified from (46).

Importantly, even if the two classification systems only partially overlap, probably due to the

ethnic and histological differences in the evaluated cohorts, they both identified an MSI

subgroup, accounting for 22-23% of all GC cases and characterised by well-defined features,

as high mutation frequency and favourable prognosis.

DNA Mismatch Repair Deficiency leads to Microsatellite Instability.

Microsatellite instability is a condition of genetic hypermutability associated with slippage

mispairing events occurring in repetitive DNA sequences. Microsatellites are short tandem

repeats typically consisting of 1-6 base pairs. These sequences are dispersed throughout the
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genome and can be found in both coding and non-coding regions. Due to their repetitive nature,
microsatellites are particularly prone to mutations involving changes in the number of repeats.
Microsatellite instability arises from defects in the DNA mismatch repair (MMR) machinery

(47).

The MMR system is a highly conserved pathway playing a pivotal role in the maintenance of
genomic integrity. It specifically recognises and repairs base-base mismatches and small
insertions/deletions that occur during DNA replication or following physical and chemical
insults. MMR proteins are organised in two key protein complexes: MutS and MutL. The MutS
complex is composed of heterodimeric protein pairs, which include MSH2 (MutS homolog 2)
combined with either MSH6 (MutS homolog 6) or MSH3 (MutS homolog 3). The MutS
complex is responsible for the initial detection of mismatches in the DNA. Specifically,
MSH2/MSH6 (MutSa) recognizes single base-pair mismatches and small insertions or
deletions (up to 3 nucleotides), while MSH2/MSH3 (MutSp) primarily identifies larger
insertions or deletions (up to 13 nucleotides). In eukaryotic cells, DNA error recognition is
followed by an excision step during which MutS recruits MutLa, constituted by MLH1 (MutL
homolog 1) and PMS2 (Postmeiotic Segregation Increased 2) proteins. MutS and MutLa form
a tetrameric complex orchestrating the subsequent steps in the repair process. Eukaryotic
MutLa has a latent endonuclease activity and introduces nicks primarily in the nascent DNA
strand. After the DNA incision step, Exonuclease 1 (EXO1) is recruited and activated by either
MSH2 or MLHL1; once activated, EXO1 excises the newly-synthesised DNA strand, and the
DNA excision gap is re-synthesised by DNA polymerase 6 (Pold). When DNA re-synthesis is
complete, the remaining nick is ligated by DNA ligase | (48). The main steps of the eukaryotic

MMR pathway are illustrated in Figure 3.
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Figure 3.
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Figure 3. Hlustration of the eukaryotic MMR system. Modified from (49). EXO1 = exonuclease 1; PCNA =

proliferating cell nuclear antigen; Pol 6 = DNA polymerase delta; RFC = replication factor C.

Genetic defects or loss of expression of one or more MMR proteins determine the deficiency

of the complexes and the subsequent ineffective DNA repair (47).

Clinical Relevance of Microsatellite Instability in Familial and Sporadic Cancer.

Microsatellite instability plays a significant role in hereditary cancer syndromes. These
syndromes are caused by inherited mutations in specific genes associated with the DNA

mismatch repair system.
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Lynch syndrome, also known as hereditary nonpolyposis colorectal cancer, is one of the most
well-known familial cancer syndromes linked to MSI. It is primarily caused by mutations in
MMR genes like MLH1, MSH2, MSH6, and PMS2, but it can also result from alterations in the
EPCAM gene, impacting the function of the nearby MSH2 gene. In individuals with Lynch
syndrome, MMR impairment predisposes them to a significantly elevated risk of developing
certain types of cancers, primarily colorectal cancer. However, Lynch syndrome can also be
associated with other malignancies, such as endometrial, ovarian, urothelial and gastric cancer

(50).

Another rarer genetic condition linked to MSI is the constitutional mismatch repair deficiency
(CMMRD) syndrome, resulting from biallelic germline mutations in one of the four key MMR
genes, MLH1, MSH2, MSH6 or PMS2. This syndrome is associated with a high predisposition
to a broad spectrum of cancers, including haematological, brain and gastrointestinal tract
tumours. Differently from Lynch syndrome in which MMR impairment is partial because only
one gene copy displays a germline mutation, patients affected by CMMRD syndrome present
a complete loss of MMR function, resulting in a constitutional MSI, a much higher level of
DNA replication errors and the development of cancer at an early age, often in childhood or

adolescence (51,52).

Individuals affected by either Lynch or CMMRD syndrome undergo regular surveillance and
screening for associated neoplasms (53,54). Gastric cancer risk in individuals with Lynch
syndrome can range up to 9%. However, this risk varies according to the specific genotype,
with carriers of MLH1 and MSH2 mutations having a higher risk compared to carriers of MSH6
and PMS2 mutations (55). In the USA, the National Comprehensive Cancer Network (NCCN)
has recently advised regular gastric surveillance for patients harbouring MLH1, MSH2, MSH®,
and EPCAM gene mutations, starting between 30 and 40 years of age and repeating every 2-4
years (56). On the contrary, European institutions such as the British Society of
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Gastroenterology (BSG), the European Hereditary Tumour Group (EHTG), and the European
Society of Coloproctology (ESCP) do not recommend routine gastric surveillance in Lynch
syndrome patients, unless they are enrolled in clinical trials (57,58). CMMRD patients develop
gastrointestinal manifestations very early, predominantly in the form of multiple colorectal
adenomas evolving in early-onset colorectal cancer. Surveillance for digestive tract cancers is

based on colonoscopy and generally begins at 6 years of age (59).

Microsatellite instability is also present across multiple sporadic malignancies, most commonly

in endometrial, ovarian, and gastrointestinal carcinomas (10-30% frequencies) (Figure 4).

Figure 4.
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Figure 4. Frequency of microsatellite instability in gastrointestinal and gynecologic cancers. Modified from
(60). CIN = chromosome instability; CIMP = CpG island methylator phenotype; MSI = microsatellite instability;
EBV= Epstein—Barr virus; GS = genomically stable; NSMP = no specific molecular profile; POLE = DNA

polymerase epsilon.

In the sporadic onset, MMR impairment most frequently occurs by hypermethylation of CpG
islands in the promoter region of MLHL1, leading to epigenetic gene silencing, but in some
cases, MSI is due to biallelic loss-of-function mutations in MMR genes (61). In cancer types

with high MSI prevalence, assessment of microsatellite status has become crucial for
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prognosis, surveillance, and therapeutic decisions. Methods used in the clinical practice for
MSI detection include immunohistochemistry (IHC), to evaluate the expression of the main
MMR proteins, or molecular approaches for the analysis of microsatellite sequences (60). MSI
molecular testing is typically conducted using polymerase chain reaction (PCR)-based
amplification and measuring via capillary electrophoresis the size of the amplified DNA
fragments. There are two widely used commercial panels for MSI-PCR: the Bethesda panel
and the Pentaplex panel. The Bethesda panel comprises five pre-defined genomic regions,
consisting of two single-nucleotide markers (BAT25, BAT-26) and three dinucleotide markers
(D2S123, D5S346, and D17S250). The Pentaplex panel involves five mononucleotide loci,

namely BAT-25, BAT-26, NR-21, NR-24, and NR-27 (62,63) (Figure 5).
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Figure 5. Capillary electrophoresis results from the Bethesda panel (A) and the Pentaplex panel (B) assays.
Modified from (64). X-axis indicates amplicon size (bases); y-axis indicates fluorescence intensity. Red peaks are
internal size standards. Green, blue, and black peaks are amplification products from microsatellite loci. MSI
status is evaluated on the basis of the shift in the size of the amplification products in the tumour specimen when

compared with normal DNA. The arrow indicates an example of shifted locus in the tumour sample for each assay.

On the basis of the number of unstable markers, microsatellite status is determined as follows:
high microsatellite instability (MSI-H) (i) is defined when there are 2 or more unstable loci;
low microsatellite instability (MSI-L) (ii) is defined in the presence of a single unstable locus;
microsatellite stability (MSS) (iii) is defined when all the examined microsatellites are stable
(65). MSI-L and MSS tumours exhibit comparable molecular and clinical characteristics. Thus,

MSI-L and MSS patients are currently grouped together in clinical research studies (60).

MSI testing methods based on next-generation sequencing (NGS) have been developed as well.
Some NGS gene panels for MSI detection include MSIPlus (66) and ColoSeq (67), optimized
for colorectal cancer. MSIPlus examines 16 microsatellite sites in addition hotspots mutations
within oncogenes such as KRAS, NRAS, and BRAF (66), while ColoSeq identifies mutations,
deletions, or complex structural changes in MMR genes (67). Other approaches integrate NGS
data with computational algorithms such as mSINGS (68), MSISensor (69), MOSAIC (70) and
MANTIS (71), which allow the assessment of numerous microsatellite loci predominantly
located in protein-coding regions. These tools calculate an instability score on the basis of

microsatellite length distributions in normal and tumour samples (71).

Another possible way to infer MSI status could be through the analysis of specific mutational
signatures associated with DNA mismatch repair deficiency. Mutational signatures represent
specific patterns of alterations, encompassing single base substitutions, indels, copy number
variants and structural variants. These patterns, arising from mutagenic processes comprising

some form of DNA damage, provide profound insights into the aetiology of various diseases,
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including cancer. The COSMIC catalogue includes several patterns specifically associated with
MSI include single-base substitution (SBS) signatures —such as SBS6, SBS14, SBS20, SBS21,

SBS26, and SBS44 — and small insertion and deletion (ID) signatures — like ID7 (72,73).

MSI testing plays a major role in the classification of sporadic colorectal cancer (CRC). NCCN
guidelines recommend MSI molecular testing or IHC for MMR proteins to be done in all newly
diagnosed CRC cases, especially at stage Il (56). MSI status is indeed a well-established CRC
prognostic and predictive biomarker, fundamental for guiding clinical management. Stage I1/111
MSI-H CRCs are associated with significantly better disease-free survival and overall survival
compared with MSI-L/MSS cases at the same disease stage. Stage |1 MSI-H patients show also
a lack of benefit from 5-fluorouracil-based adjuvant chemotherapy. However, the benefit is
still uncertain in stage 111 CRC, where FOLFOX adjuvant chemotherapy remains the standard

of care regardless of MSI status (74).

The clinical relevance of the MSI status in sporadic cancer is mostly due to its role as a strong
predictor of response to immunotherapy (75). Cancer cells generate neoantigens, which are
expressed on the cell surface via major histocompatibility complex (MHC) class | molecules.
Cytotoxic CD8" T-cells play a crucial role in antitumour immune responses by recognising
neoantigens presented on MHC molecules through their T cell receptors (TCR). Beyond TCR-
MHC interaction, T-cell activation is also affected by co-stimulatory and co-inhibitory signals.
One of the main co-stimulatory pathways is represented by the interaction of the T-cell CD28
receptor with B7 family ligands, such as CD80 and CD86, which are expressed on antigen-
presenting dendritic and B-cells. However, the cytotoxic T lymphocyte antigen 4 (CTLAA4),
not detectable on the cell surface of naive T-cells but highly induced after T-cell activation,
competes with the CD28 receptor in binding to B7 ligands leading to T-cell anergy. Cancer
cells can take advantage of the CTLA4-B7 axis producing B7 ligands and thus escaping
antitumour T-cell immunity. A further immune evasion opportunity for cancer cells is
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represented by the programmed cell death-1 (PD-1) receptor, which is another key co-
inhibitory receptor on the T-cell surface. By means of overexpression of programmed cell
death-ligand 1 (PD-L1), cancer cells can indeed activate the PD-1/PD-L1 pathway in T-cells,
thus inducing and maintaining immune tolerance (76). Monoclonal antibodies targeting the
immune checkpoints CTLA-4 and PD-1 have been developed and tested for the treatment of
metastatic tumours. Since the last decades, immune checkpoint inhibitors (ICIs) demonstrated
to improve survival in multiple solid tumours, including metastatic melanoma and non-small

cell lung cancer, leading to their clinical approval (77-81).

Regarding gastrointestinal malignancies, the first trials testing anti-PD-1 monoclonal
antibodies were carried out in unselected CRC metastatic cases and showed limited clinical
responses (82). However, when evaluated in the specific context of metastatic MSI-H/MMR-
deficient CRC, anti-PD-1 ICIs demonstrated unprecedented efficacy (83,84). Promising results
from phase Il clinical studies led to accelerated approval of anti-PD-1 monoclonal antibodies
and pembrolizumab is now the first-line treatment for patients with MSI-H/MMR-deficient
CRC. Both the FDA and the EMA also approved the combination of nivolumab and the anti-
CTLA4 antibody ipilimumab for the treatment of refractory MSI-H/MMR-deficient CRCs
(85). ICIs have reshaped the treatment of advanced MSI-H CRC over the past decade.
However, even more promising results are emerging when ICls are administered in the
neoadjuvant setting, opening new curative possibilities also for patients with early-stage

tumours (86).

Despite this success, some MSI CRCs are refractory to immunotherapeutic regimens, probably
due to both intrinsic and acquired resistance mechanisms (87). A highly immunosuppressive
tumour microenvironment and a significant intratumour heterogeneity can mediate resistance

to immunotherapy. Thus, developing new immunotherapeutic targets and therapeutic strategies
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is a hot topic nowadays. Several ongoing trials are focused on testing new drug combinations

or remodelling ICI molecular structures to improve their solubility and stability (85).

Gastric Cancer with Microsatellite Instability: Molecular Features and Therapeutic

Landscape.

In recent years, several investigators have contributed to MSI GC molecular profiling,
identifying signalling pathways and genes specifically altered in this molecular subtype.
Through the analysis of 63 hypermutated GC cases, TCGA identified 37 genes significantly
mutated in the MSI subgroup. These genes are involved in diverse cellular processes such as
the maintenance of DNA integrity and cell cycle control (TP53, CUL1, FBXW7, NF1, PAX6),
transcriptional regulation and chromatin remodelling (ZBTB20, HDAC4, TBL1XR1, EP300),
signal transduction including phosphoinositide-3-kinase (PI3K) pathway (PIK3CA, PTEN) and
Whnt pathway (RNF43, CIC). Moreover, MSI GC tumours showed a high expression of pro-
mitogenic players, such as AURKA A/B, E2F, FOXML1, PLK1, and MYC activation targets

(43).

PI3K pathway activation plays a pivotal role in GC development and progression, contributing
to escape from apoptosis, sustained proliferation, and invasive phenotype (88). TCGA showed
PIK3CA gene, encoding for catalytic subunit p110 isoforms a of class IA PI3K, to be mutated
in 42% of analysed MSI GC tumours. Furthermore, H1047R PIK3CA hotspot mutation was
specifically enriched in the MSI subgroup (43). In accordance, other investigators showed that
only MSI GC cases harboured the H1047R mutation which was observed in 8 out of 39 MSI
cases and was significantly associated with MSI status (89). Another report demonstrated a
robust association between PIK3CA gene mutations and MSI status. Interestingly, in the same
study, MSI patients harbouring PIK3CA mutations exhibited a less favourable 5-year survival
rate (40%) in comparison to MSI patients with the wild-type gene (70.4%). Additionally, when

24



the prognosis was examined according to the specific hotspot of PIK3CA mutation, a
completely different outcome was found in the presence of mutations in exon 9 (E542K,
E545K) compared to exon 20 (H1047R), showing 0% and 80% 5-year survival rates,

respectively (90).

According to TCGA analysis, KRAS is among the genes significantly mutated in the MSI
subtype. More specifically, KRAS mutations are present in 24% of MSI GCs (43). The
association between KRAS and MSI status was further confirmed by a more recent analysis
performed on 595 GC patients identifying KRAS mutations in 14.9% of MSI and 1.2% of MSS
GCs (91). Consistently, a large international multicentre study examining KRAS and BRAF
alterations in 712 patients with locally advanced resectable GC reported that KRAS mutations
were enriched in MMR-deficient tumours. Interestingly, in the same study, a BRAF mutation
was detected only in a single GC case (92). Although MSI GCs and MSI CRCs share a similar
prevalence of KRAS mutations, it is worth noticing that MSI GCs do not exhibit the BRAF

V600E mutation commonly described in CRC (43).

Receptor tyrosine kinases (RTKSs), generally playing a major role in GC, did not display gene
amplification in the MSI subtype. However, MSI GCs usually show many hotspot mutations

in RTK genes like ERBB2, ERBB3 and EGFR (43).

Another gene frequently mutated in MSI GC is ARID1A, involved in chromatin remodelling
and identified as a tumour suppressor gene in both GC and CRC (43,93-95). ARID1A
mutations generally co-occur with PIK3CA mutations and MSI status in GC (94,96). A meta-
analysis proposed that ARID1A alterations could play a role in MSI GC development (97).
Consistently, low expression of ARID1A, particularly in early-stage undifferentiated

carcinomas, is correlated with poor overall survival in GC patients (98).
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Importantly, MSI GCs demonstrated also frequent truncating mutations in the major
histocompatibility complex class | genes, including B2M and HLA-B (43). Hypermutated
tumours benefit from these alterations as they result in the loss of expression of the HLA class

I complex, leading to a reduced neoantigen presentation to the immune system (99,100).

The MSI status is not routinely tested in clinical practice for GC patients, as its role as a
biomarker is still controversial. Similarly to CRC, many reports related the MSI status in GC
patients to a good prognosis. An extensive meta-analysis comprising 48 studies revealed that
MSI GC patients who underwent surgery alone showed better overall survival when compared
to the MSS group (101). The favourable prognostic impact of MSI-high status after radical
surgery has been also reported in post hoc analyses of randomised controlled trials (102-104).
Furthermore, since adjuvant and perioperative chemotherapy are recommended for GC, several
studies have explored the potential predictive significance of MSI status in chemotherapy
response. A large-scale study involving 1,990 GC patients demonstrated improved disease-free
survival in stage IlI/1Il MSS, but not in MSI patients, who received 5-fluorouracil-based
adjuvant chemotherapy after gastrectomy (105). Similar results were reported in a post-hoc
analysis of the CLASSIC trial, where capecitabine and oxaliplatin adjuvant chemotherapy did
not significantly impact survival in MSI GC cases (104). Furthermore, an analysis of 1,276 GC
cases (stage II/111) revealed that MSI patients displayed a better prognosis compared to MSS
patients when treated with surgery alone, but this benefit was attenuated when chemotherapy
was administered (106). The negative predictive value of the MSI status for chemotherapy
efficacy was also highlighted in the post-hoc analysis of the MAGIC trial, indicating that
MSI/MMR-deficient patients treated with surgery alone showed a more favourable survival
than MSI/MMR-deficient patients undergoing both surgery and perioperative chemotherapy
(107). More recently, a multinational meta-analysis pooling together data from four large

clinical trials (MAGIC, CLASSIC, ARTIST and ITACA-S) found that the MSI GC subtype
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was associated with superior 5-year disease-free survival and 5-year overall survival compared
to the MSS subtype. Notably, patients with MSS or MSI-L status showed benefit from
chemotherapy plus surgery, whereas the same benefit was not observed in MSI-H GCs (108).
While the positive prognostic value of MSI in GC is widely acknowledged, the evidence
supporting MSI as a negative predictor for the efficacy of adjuvant or neoadjuvant
chemotherapy remains questionable. This uncertainty is mainly due to the limited number of
MSI GC patients enrolled in each individual study and to the retrospective nature of the

reported analyses (109).

Over the past few years, given the striking outcomes obtained in CRC patients, immunotherapy
has been tested also in GC patients and regimens based on the anti-PD1 ICls pembrolizumab
and nivolumab and anti-CTLA4 ICl ipilimumab granted approval for treatment of patients with
unresectable GC. Unfortunately, however, immunotherapy has not revolutionized the
therapeutic landscape of GC as only a minority of patients have objective responses to ICls
(110). From this standpoint, the importance of identifying solid predictors of response clearly
emerges. The specific hypermutated phenotype of MSI GC constitutes the logical foundation
for ICI administration in this subgroup, as the abundant production of peptides functioning as
neoantigens can trigger T-cell recruitment and activation (111). However, even if clinical trials
testing these ICIs in GC demonstrated efficacy in MSI patients in each treatment line, the low
incidence of MSI in metastatic stages (2-5%) limited the number of MSI cases enrolled in the
studies and thus the statistical significance of individual post-hoc analyses. In the KEYNOTE-
059 trial, MSI patients (n = 7) showed a higher overall survival (57.1%) upon pembrolizumab
treatment compared to MSS patients (9%) (26). Consistently, in the CHECKMATE-032 trial,
exploring the activity and safety of nivolumab monotherapy and nivolumab plus ipilimumab
regimens in a PD-L1 unselected metastatic oesophagogastric cancer population, MSI patients

(n=11) reached a longer median overall survival (about 15 months) compared to MSS patients
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and patients with unknown microsatellite status (112). Furthermore, a meta-analysis, including
data deriving from the KEYNOTE-061, the KEYNOTE-062, the CHECKMATE-649 and the
JAVELIN Gastric 100 phase 111 studies, showed a significantly improved overall survival upon
anti-PD1 treatment in MSI GCs (n = 123, 4.8% of the entire cohort) compared to MSS cases
(113). Taken together, these results strengthen the potential of the MSI status as a predictive
biomarker for ICI efficacy in GC. Importantly, in 2022, EMA extended pembrolizumab
indication for the treatment of 4 MSI-H/MMRd tumour types, including recurrent unresectable
or metastatic GC, thus leading to the second approval for pembrolizumab in Europe based on
the MSI-H/dJMMR status as a predictive biomarker (114). Another putative alternative
biomarker could be the tumour mutation burden (TMB), which demonstrated to be useful for
the prediction of ICI efficacy in various cancer types (115). In an exploratory analysis of the
KEYNOTE-061 trial, pembrolizumab led to an overall survival benefit compared with
paclitaxel in the TMB-high GC cohort and this clinical efficacy was confirmed also when MSI
patients were excluded (116). Nevertheless, the potential of TMB as a standalone or valuable

biomarker for GC requires further investigation with more extensive patient cohorts.

An increasing number of reports are pointing out MSI GC as an entity characterized by low
responsiveness to chemotherapy but heightened sensitivity to immunotherapy. However, the
molecular complexity of the disease must be considered in order to effectively direct patient
care. Indeed, GC high heterogeneity is emerging as a major concern for proper MSI GC
stratification and treatment. Importantly, our team and other investigators reported the
existence, among MSI GC patients, of two distinct populations endowed with peculiar
transcriptional traits and different survival probabilities. Starting from the analysis of MSI GC
patient-derived xenografts, our group extrapolated a cancer cell-intrinsic MSI signature able to
identify a subset of MSS patients endowed with a better prognosis. Moreover, when the same

signature was applied to MSI cases from the ACRG dataset (GSE66229), we managed to
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discriminate a subgroup of patients with a lower MSI-like score showing a poorer outcome
(117). In line with this observation, Yang et al. analysed gene expression profiles from 47 MSI
GCs and found that they clustered in two subgroups of similar size, namely MSI-H1 (n = 24)
and MSI-H2 (n = 23). The survival rate in the MSI-H1 subgroup was significantly lower
compared to the MSI-H2 subgroup. Furthermore, no significant survival difference was
observed when MSI-H1 cases were compared to MSS cases. Interestingly, the authors did not
find any difference in TMB between MSI-H1 and MSI-H2 GCs but highlighted the high
suppressive tumour microenvironment as a possible explanation for the poor outcome of the

MSI-H1 subgroup (118).

The clinical heterogeneity of MSI GC also emerges from the different responses to ICI
treatments. Among the 67 MSI GC patients enrolled in the Keynote-059, -061, and -062 trials,
the overall response rates to pembrolizumab monotherapy were close to 50%, suggesting that
nearly half of the tumours are intrinsically resistant (119). Furthermore, results from another
clinical trial — a phase Il study in which pembrolizumab monotherapy was tested in 19
advanced MSI GC patients — suggest that complete and long-lasting responses are achieved in

very few cases (120).

In addition to inter-patient variability, the response to immunotherapy could also be affected
by the high degree of intra-tumoral heterogeneity. For example, some biomarkers, like PD-L1
expression and MSI status, could be heterogeneous in time or space, possibly reducing the
accuracy of ICI efficacy prediction. Furthermore, the presence of specific alterations in specific
cell populations, such as secondary inactivation of additional MMR components (i.e.
MSH3/MSH6 frameshifts in MLH1-deficient cells), DNA polymerases POLE and POLD1
mutations, NOTCH4 mutations, co-stimulatory molecule overexpression and activation of
antigen processing pathways, could affect tumour immunogenicity and immune cell infiltration
(121,110).

29



Further exploration of MSI tumour biology is thus required to optimise both stratification and
therapeutic paradigms. The knowledge of key MSI evolutionary patterns together with the
identification of determinants of response/resistance to ICI treatment should be exploited to
improve patient stratification and to maximise the eradicating potential of immunotherapeutic

regimens.

In recent years, genome-scale CRISPR/Cas9 screens conducted in hundreds of human cancer
cell lines from multiple cancer types led to the emergence of the RecQ DNA helicase Werner
(WRN) as a synthetic lethal target in MSI cells (122,123). WRN inactivation has shown a
selective impact on the viability of MSI but not MSS colorectal and endometrial cancer cell
lines (124). In particular, in MSI cells, WRN depletion led to the occurrence of double-strand
DNA breaks, triggering apoptosis and inducing cell cycle arrest (125). Importantly, WRN
inhibition has been demonstrated to be effective also in MSI colorectal cancers that are
refractory to targeted therapies, chemotherapy and immunotherapy (126). These data
underscore WRN as a promising candidate for drug targeting in MSI cancers and the first WRN

inhibitor has already been synthesized and is under preclinical investigation (127).

Available Immunocompetent Gastric Cancer Mouse Models.

Mouse immunocompetent models play a pivotal role in cancer research due to their ability to
closely mimic the complex interactions between a functioning immune system and a
developing tumour. These models may offer valuable insights into various aspects of cancer,

including tumour evolution, development, and responses to immunotherapy.

Syngeneic and transgenic mouse models are two distinct approaches commonly used in cancer
research to obtain in vivo cancer models. Syngeneic models involve the injection of mouse-

derived cancer cells into genetically identical mice, allowing the study of tumour growth and
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immune responses within a competent host immune system. In contrast, transgenic models
entail genetically engineering mice altered in specific oncogenes or tumour suppressor genes,
leading to the spontaneous development of tumours that recapitulate human cancer progression

(128-130).

Immunocompetent GC mouse models have rarely been reported and very few of them
specifically recapitulate the MSI subtype. Current available syngeneic GC models include
MFC cells derived from C57BL/6 forestomach carcinoma (131) and 4 cell lines (YTN2, YTN3,
YTN5, YTN16) established from N-methyl-N-nitrosourea-induced glandular stomach

carcinoma in a TP53 heterozygous knockout C57BL/6 mouse (132).

Some examples of transgenic GC mouse models are: the insulin-gastrin (INS-GAS) mouse (i),
which expresses the gastrin gene under the control of the insulin promoter. Elevated gastrin
levels lead to hyperplasia and spontaneous tumorigenesis in the gastric mucosa (133); K19-
Wntl and K19-Wntl/C2mE mice (ii), developed to investigate the role of Wnt and
prostaglandin E2 pathways in gastric tumorigenesis (134); Trefoil factor 1 (TFF1)-KO mouse
(iii), presenting a deficiency in the TFF1 tumour suppressor gene, useful for investigating
genetic and environmental factors influencing GC (135); gp130Y""Y75"F mouse (iv), carrying
a homozygous mutation in the I1L-6 signal transducer, which leads to abrogation of SHP2-Ras-
ERK signalling and GC development (136); Pdx-1-Cre/Smad4™/Trp537F/Cdh1™* mouse (v),
in which conditional concomitant knockout of SMAD4 and TP53 together with CDH1

heterozygosity accelerates the development and progression of gastric adenocarcinoma (137).

More recently, some authors established transgenic mouse models aiming at recapitulating
specific TCGA GC subtypes. Starting from C57BL/6 embryonic stem cells, Seidlitz et al.
generated 3 mouse models harbouring alterations in pathways that specifically characterize

CIN and GS GC subgroups (CIN, GS-TGBF and GS-Wnt mice) (138).
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Other approaches implied Electroporation-based Genetically Engineered Mouse Models (EPO-
GEMMs). In this method, transposon-based vectors encoding cDNAs or CRISPR/Cas9
constructs targeting endogenous genes are delivered into the tissue through a precise surgical
procedure and a short electric pulse. This process lets vectors enter a specific group of cells. In
such a context, in case specific mutations or combinations of mutations provide a selective
advantage, localized tumours develop at the site of electroporation. Taking advantage of EPO-
GEMM and CRISPR/Cas9 techniques some authors inactivated the TP53 gene alone or in
combination with MSH2 knockout, thus generating a setting in which to directly compare MSI

and MSS GCs (139).

32



AIMS OF THE PROJECT

The major goal of the project is the ex vivo generation of syngeneic GC MSI models mimicking
the key known molecular features of MSI tumours. Obtained models should be injectable into
immunocompetent mouse models and potentially useful for the investigation of mechanisms

underlying MSI GC clinical heterogeneity.

Interesting future applications may encompass the study of immune escape dynamics and
regulators of the response to immunotherapy regimens, in order to identify new vulnerabilities
as well as prognostic markers and determinants of resistance to ICIs which could be exploited

as predictive biomarkers in the clinical practice.
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MATERIALS AND METHODS

BALB/c mouse gastric organoids derivation and culture.

Healthy stomachs were explanted from three 10-week-old BALB/c mice (Charles River
Laboratories, Inc.) without subjecting mice to preventative starvation. The stomachs were
collected in ice-cold PBS and further processed within 15 minutes from explant. Gland
isolation protocol was adapted by (140). In a culture dish, a scalpel was used to incise the
stomachs laterally along the great curvature and remove most of the feed present in the gastric
lumen. Chyme residuals were then removed with five gentle washes in ice-cold PBS. The
stomachs were moved with forceps in a new culture dish with 5 mL of cold chelation buffer
(10 mM EDTA, 5.6 mM Na;HPO4, 8.0 mM KH>PO4, 96.2 mM NaCl, 1.6 mM KCl, 43.4 mM
sucrose, 54.9 mM D-sorbitol, 0.5 mM DL-dithiothreitol in distilled water) and epithelium
fragments were scraped off the internal mucosa in the solution using a clean scalpel. Fragment
suspension was collected in a 15 mL conical tube and gently mixed for 1 hour on an orbital
rocker at 4 °C. Tube was put in ice vertically and tissue fragments were allowed to settle down
for 5 minutes. The supernatant was discarded and the tube was filled with 5 mL of cold
dissociation buffer (54.9 mM D-sorbitol, 43.4 mM sucrose in PBS). The tube was vortexed for
10 seconds and put again in ice vertically. As soon as big residual tissue fragments were settled
at the bottom (about 10 seconds), the supernatant was transferred to a new 15 mL tube and the
pellet was discarded. The total number of isolated glands was assessed by counting the gland
number in a 10 pL suspension drop. The glands were centrifuged at 65 g for 10 minutes at 4
°C and the supernatant was discarded. The pellet was suspended in a proper volume of
Matrigel™ (Corning) supplemented with EGF (50 ng/mL) and Y-27632 (10 uM) and the glands
were seeded in a 24-well plate (100 glands/15 pL Matrigel™). The plate was placed in a CO>

incubator (37° C, 5% COy) for 15 minutes to allow Matrige]™ complete polymerization.
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Matrigel™ drops were overlayed with in-house produced 50% L-WRN conditioned medium
(1:1 dilution in Advanced DMEM/F12 (Invitrogen)) (141) supplemented with
penicillin/streptomycin (Gibco), Glutamax (Gibco), 10 mM HEPES, 1x B27 (Invitrogen), 1
mM N-acetylcysteine (Sigma-Aldrich), 50 ng/mL EGF, 100 ng/mL FGF10 (Cell guidance
systems), 10 nM Gastrin I (Tocris), 500 nM A-8301 (MedChem Express), 10 uM Y-27632
(MedChem Express). The plate was cultured in the CO; incubator and the medium was
refreshed every 3 days. As a stable growing culture was assessed, organoids were maintained
in Matrigel™ without any growth factor addiction and regularly split 1:4-1:6 twice a week.

Trypsin-EDTA (Gibco) was used to dissociate organoids during passages.

Phase-contrast imaging.

Organoids were dissociated into small cell clumps using Trypsin-EDTA (Gibco), seeded in
Matrigel™ in the usual culture conditions and allowed to regrow for 2-3 days. Phase-contrast

images were taken on an inverted microscope (Leica DFC350 FX).

Whole-mount immunofluorescence.

For immunofluorescent staining, organoids were dissociated into small cell clumps and seeded
in Matrigel™ on 1.5 um-thick round coverslips fit in a 24-well plate. Organoids were allowed
to regrow for 2-3 days and then fixed with 4% paraformaldehyde in PBS for 15 minutes. After
2 washes in PBS, organoids underwent a permeabilization step in a 20mM HEPES, 0.3% Triton
X-100 solution in PBS for 5 minutes followed by saturation in 4% BSA solution in PBS for 30
minutes. Organoids were stained with the following primary antibodies: anti-LGRS5 (Abcam,
Ab273092), anti-Ki67 (Abcam, Ab15580), Anti-MUCS5AC (Santa Cruz, sc-21701), Anti-
Pepsinogen II/PGC (Abcam, Ab255826). Images were captured using a Leica SP8 laser

confocal microscope.
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Analysis of alterations in MMR genes in MSI-high cases from GEA and TCGA datasets.

Genomic DNA and RNA are routinely extracted from patient-derived xenografts from our
gastroesophageal adenocarcinoma (GEA: Gastro-Esophageal Annotated) platform (117) using
ReliaPrep™ gDNA Miniprep system (Promega) and Maxwell® RSC miRNA tissue kit
(Promega) respectively, according to the manufacturer's instructions. Microsatellite status was
assessed in-house using a fluorescent, multiplex PCR-based test (OncoMate™ MSI Dx
Analysis System, Promega), while whole-exome and RNA sequencing were performed in
outsourcing by Macrogen (Seoul, South Korea). Copy number, mutation and expression data
relative to the TGCA gastric cancer dataset (43) were downloaded from the cBioportal website

(https://www.cbioportal.org/), together with microsatellite status and molecular subtype

annotations. MSI-high cases from both cohorts were analysed for the presence of putative loss-
of-function alterations in MutL and MutS genes (MLHI, MLH3, PMS1, PMS2, MSH2, MSH3,
MSH6). Only truncating and splicing mutations, deep and shallow deletions and low gene
expression (defined as Z-score < -1) were included. Oncoprint was drawn using
ComplexHeatmap R package (142). Frameshifts and stop mutations were represented using the
same label (“trunc mutation”), as usually done in representations from the cBioPortal platform.
Co-occurrence/mutual exclusivity analysis was performed using Rediscover R package which
computes the Poisson binomial method to estimate co-occurrent/mutual exclusive events (143).
Pearson correlation was performed using the cor() function from stats R package (144). Data

from both analyses were drawn using ggplot2 R package (145).

Milhl and Msh2 knockout in BALB/c mouse gastric organoids using CRISPR/Cas9

system with stable Cas9 expression.

To generate stable Cas9-expressing cells, BALB/c gastric organoids were dissociated into

single cells using Trypsin-EDTA (Gibco) and 10° cells were transduced in suspension overnight
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with Cas9 lentivirus (pKLV2-EF1a-Cas9Bsd-W, Addgene #68343). Infected cells were then
resuspended in Matrigel™ and cultured in the usual conditions. Regrown organoids were

selected with 10 pg/ml blasticidin (Gibco).

MIhl and Msh2 sgRNAs compatible with Cas9 nuclease from Streptococcus pyogenes were
designed  using CHOPCHOP (https://chopchop.cbu.uib.no/). Mihl sgRNA
(GATTGACGTCCACGTTCTGA) and Msh2 sgRNA (GCGGTCGAAGAGGCGCACCG)
were cloned into lenti-sgRNA hygro (Addgene #104991) and lenti-sgRNA neo (Addgene
#104992) vectors, respectively. Cas9-expressing BALB/c organoids were dissociated into
single cells and 10° cells were transduced with sgRNA lentivirus. Organoids regrown after
infection underwent two cycles of selection with either 500 pg/mL hygromycin (Gibco) or 500

pg/mL G418 sulfate (Geneticin™, Gibco).

Protein extraction and western blot analysis.

Organoids for protein extraction were harvested and treated with Cell Recovery Solution
(Corning) to allow Matrigel™ depolymerization and washout. Whole-protein extracts from
both 3D and 2D cultures were prepared using Laemmli buffer and quantified using the BCA
Protein Assay Kit (Pierce). The following primary antibodies were used: anti-MLH1 (Abcam,
Ab92312), anti-MSH2 (Abcam, Ab70270), anti-MSH6 (Abcam, Ab92471), anti-Vimentin
(Abcam, Ab92547), anti-E-Cadherin (BD Biosciences, 610182), anti-WRN (CST, 4666), anti-
YH2AX S139 (Novus Biological, NB100-384PCP). Anti-BActin-HRP (Sigma, A3854) and
anti-aTubulin (Abcam, Ab7291) were used as loading controls. Anti-mouse 1gG HRP-linked

and anti-rabbit [gG HRP-linked secondary antibodies were from Amersham.

37



Genomic DNA extraction and quantification.

Genomic DNA from WT and MMRd BALB/c organoids and cells was extracted using QIAamp
DNA Mini Kit (Qiagen) and quantified using Qubit dsDNA BR Assay Kit (Invitrogen),

following the manufacturer's instructions.

Microsatellite instability analysis.

Microsatellite instability in BALB/c mouse organoids was determined using a panel of five
mouse noncoding mononucleotide markers as previously described (146).
DNA amplification was performed with the following labelled primers:

mBat64-fluorescein

(fw GCCCACACTCCTGAAAACAGTCAT, rv CCCTGGTGTGGCAACTTTAAGC),
AC096777-JOE

(fw TCCCTGTATAACCCTGGCTGACT, rv GCAACCAGTTGTCCTGGCGTGGA),
AA003063-Tamra

(fw ACGTCAAAAATCAATGTTAGG, rv CAGCAAGGGTCCCTGTCTTA),
U12235-JOE

(fw GCTCATCTTCGTTCCCTGTC, rv CATTCGGTGGAAAGCTCTGA),
L24372-fluorescein

(fw GGGAAGACTGCTTAGGGAAGA, rv ATTTGGCTTTCAAGCATCCATA).

The PCR reaction was performed in a total volume of 20 pL using 20 ng of genomic DNA and
AmpliTaq Gold DNA Polymerase kit (Invitrogen). The cycling profile was as follows: 1 cycle
at 94 °C for 4 min; 94 °C for 30's, 56 °C for 45 s and 72 °C for 30 s for a total of 35 cycles. A

final extension at 72 °C for 6 min completed the amplification. PCR fragments were separated
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on a 3730 DNA analyser (Applied Biosystems) and raw data were analysed with GeneMarker

software (Softgenetics).

Whole exome sequencing.

Whole exome sequencing was performed in outsourcing by Macrogen (Seoul, South Korea).
The samples were prepared using Agilent SureSelect Mouse All Exon Kit and the libraries were
sequenced with Illumina HiSeq 2000 sequencer. Data quality control and pre-processing were

performed by Macrogen according to the following workflow:

Run folder
(BCL files)
- Fastq Raw Reads QC
(bcl2fastq) (FastQQC)
Map to Reference Variant Calling g
(BWA) (GATK) Aot

List
Mark Duplicates Variant Filtering | 74
(Picard) (GATK)
Report

Indel Realignment Variant Annotation
(GATK) (SnpEff) 7

Base Recalibration
(GATK)

il

Mouse genome version mm10 from UCSC (original GRCm38 from NCBI, Dec. 2011) was

used as mapping reference.
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Tumour mutational burden calculation and analysis of mutation types.

DNA extracted from parental early-passage BALB/c gastric organoids underwent whole exome
sequencing and was used as germline reference for the calling of somatic mutations. Tumour
mutational burden was estimated based on whole exome sequencing data, either considering
only coding non-synonymous somatic mutations with a minimum allele frequency of 0.1 or
including all somatic mutations. The mutation count was then divided by the sequencing target

region (49.370117 Mbp).

Filtered mutations were classified according to the following mutation types: insertions,
deletions, and single-base substitutions. The count for each mutation type was divided by the
total mutation count in each sample to assess the relative contribution. R base package was

used for both mutation subsetting and counts. Plots were drawn using ggplot2 package (145).

X-irradiation conditions.

Prior to irradiation, WT and MMRd BALB/c gastric organoids were dissociated to single cells
using Trypsin-EDTA (Gibco). Cells were seeded in Matrigel™ in 24-well plates (10° cells in

15 pL Matrigel™/well) and overlayed with the usual culture medium.

Cells were irradiated by exposing them to X-rays at a dose rate of 1.5 Gy/minute using a
Gilardoni RADGIL X-ray irradiator. The dose used at 3 months since the KO event was 0.5
Gy, administered in a unique radiation session. Between 9.5 and 10.5 months since the KO,
organoids irradiated at 3 months underwent further irradiation sessions using a total dose of 2

Gy X-rays (dispensed once a week in 4 sessions, 0.5 Gy/session).
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Assessment of 2D cultures from BALB/c gastric organoids.

BALB/c gastric organoids were dissociated to single cells using Trypsin-EDTA (Gibco). Cells
were harvested in 15 mL tubes and centrifuged at 200 g for 5 minutes. The supernatant was
discarded and the pellet was resuspended in culture medium. Tested media for 2D culture
include in-house produced 50% L-WRN conditioned medium (141), DMEM medium (Gibco),
ISCOVE medium (Gibco) and RPMI medium (Gibco). All media were supplemented with
penicillin/streptomycin (Gibco), Glutamax (Gibco) and 10% Fetal Bovine Serum (Gibco).
Cells were seeded at 50-60% confluency in 6-well plates. Cell series 3 was seeded in collagen-

coated 6-well plates. The medium was refreshed twice a week.

Preparation of cell suspensions for injection and in vivo tumorigenesis assays.

The culture medium was refreshed the day before the injection. Before harvesting, Trypsin-
EDTA (Gibco) was used for the dissociation of BALB/c organoids into single cells or for the
detachment of organoid-derived cells growing in 2D-culture conditions (at approximately 80%
confluence). Cells were collected in 15 mL tubes and counted. 5-10° cells/mouse were prepared
in 200 pL of injection mixture (ice-cold culture medium + 20% Matrigel™). 8-week-old mice
female NOD SCID mice and female BALB/c mice (Charles River Laboratories) were used for
in vivo tumorigenicity studies. Cell suspensions were kept in ice and injected subcutaneously
in the right flank of mice using 1 ml syringes, within 30 minutes from preparation. Mice were
palpated at the injection site twice a week to observe nodule formation. As soon as tumours
reached measurable size, tumour size was evaluated by calliper measurements and the
approximate volume of the mass was calculated using the formula:

4nD(d)2
3 2 2
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where d indicates the minor tumour axis and D indicates the major tumour axis. Experiments

were not performed in blind. Tumour growth curves and boxplots were plotted using ggplot2

R package (145).

Histology and immunohistochemistry.

Tumour masses were explanted and a tissue portion was fixed with 10% neutral buffered
formalin and paraffin-embedded. 3 pm sections were cut using a microtome and histology was
investigated by haematoxylin and eosin staining. Immunohistochemical staining was
performed using an anti-CD45 mouse-specific antibody (CST, 70257), according to the
protocol recommended by the manufacturer. Images were captured using a Leica DM750

microscope.

Crystal violet cell staining.

Adherent cells were fixed with 11% glutaraldehyde solution for 20 minutes and then stained
with 0.5% crystal violet solution (0.5 g crystal violet powder (Sigma-Aldrich), 80 mL distilled

H>0, 20 mL methanol).

RNA extraction and quantification.

RNA from WT and MMRd BALB/c organoids and cells was extracted using Maxwell® RSC
miRNA tissue kit (Promega), following the manufacturer's instructions. and quantified using

NanoDrop® ND-1000 UV-Vis Spectrophotometer.

42



RNA sequencing.

RNA sequencing was performed in outsourcing by Macrogen (Seoul, South Korea). Libraries
were prepared using TruSeq Stranded Total RNA with Ribo-Zero Human/Mouse/Rat Gold kit

(Illumina) and sequenced with [llumina HiSeq 2000 sequencer.

Heatmap with epithelial-mesenchymal transition (EMT) markers.

The analysis was performed from RNA sequencing row count data including 16 canonical EMT
markers (CDHI1, DSP, TJIP1, EPCAM, GRHL2, VIM, CDH2, FOXC2, SNAIl, SNAI2,
TWIST1, FN1, MMP2, MMP9, ZEB1, ZEB2). Mouse ortholog genes were identified using
biomaRt R package (147). CPM values were calculated using edgeR R package (148). Heatmap
was drawn using heatmap.2() function from gplot R package (149) plotting Z-scores calculated

from logoCPM values.

Differential gene expression analysis.

Differential gene expression analysis was performed using edgeR and /imma R packages
(148,150). Starting from the RNA-sequencing raw count matrix, CPM values were calculated
using edgeR package. A CPM of 1 was used as a cutoff to filter out lowly expressed genes.
EdgeR package was also used to calculate factors for library size normalization across samples
and voom normalization was applied to prepare data for linear modelling (151). Results from

differential expression analysis were plotted in volcano plots using ggplot2 and ggrepel R

packages (145,152).
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GSEA.

Data from differential gene expression analysis were used to rank the genes. Gene ranking was
done by combining fold change values (LogFC) and t-statistics (logF'C * abs(t)). The ranked
gene list was used as input for GSEA, performed using fgsea R package (153). Hallmark and
KEGG pathway gene sets were retrieved using msigdbr R package (154). GSEA bar plots were

drawn using ggplot2 (145).

Comparative analysis of somatic mutations in cells retrieved from tumours.

Pre-processed WES data in the form of Excel SNV files were imported into the R environment
and used as input for the following analysis. Mutations were filtered to exclude germline
mutations detected in parental BALB/c gastric organoids sequenced at an early passage. Area-
proportional Euler diagrams depicting the extent of mutation sharing among the analysed cells
were generated using eulerr R package (155). Plots were drawn considering all somatic
mutations or considering only somatic mutations with high and intermediate functional impact

(frameshifts, truncating and missense variants).

Analysis of alterations in genes correlated to MSI subgroup according to TCGA.

The list of genes significantly mutated in the MSI subgroup according to TCGA analysis was
derived from (43). Correspondent mouse ortholog genes were identified using biomaRt R
package (140). Whole exome sequencing data, derived from MMR deficient cells retrieved
from tumours, were filtered to consider only somatic alterations with allele frequency equal to
or greater than 0.2 and high/moderate predicted impact (coding frameshift variants, inframe
indels, splice and missense mutations). Mutation data were represented in oncoprints drawn

using ComplexHeatmap R package (135). Frameshifts and stop mutations were represented
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using the same label (“trunc mutation”), as usually done in representations from the cBioPortal

platform (https://www.cbioportal.org/).

Real-time PCR for Cas9-expression.

Before real-time PCR, reverse transcription was performed starting from 500 ng of RNA per
sample and using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer's instructions. Quantitative PCR experiments for assessment of
Cas9 expression were performed in technical triplicates using SsoAdvanced Universal SYBR

Green Supermix (Bio-Rad) and the following primers:
Cas9 (fw GAAAGTTCGACAATCTGACCAAGG, rv TGCCACGTGCTTTGTGATCTG),
Mouse-Actin (fw TTGCTGACAGGATGCAGAAG, rv CTGCTTGCTGATCCACATCT).

PCR runs were performed with ABI Prism 7900HT (Applied Biosystems).

Mih1 and Msh2 knockout in BALB/c mouse gastric organoids using CRISPR/Cas9

system with transient Cas9 expression.

To generate cells expressing sgRNAs, BALB/c gastric organoids were dissociated into single
cells using Trypsin-EDTA (Gibco) and 10° cells were transduced in suspension overnight with
sgRNA lentiviruses (as described above). Infected cells were then resuspended in Matrigel™
and cultured in the usual conditions. Regrown organoids were selected for 72 hours with either
500 pg/mL hygromycin (Gibco) or 500 pg/mL G418 sulfate (Geneticin™, Gibco). Selected
organoids were then dissociated into single cells and 10° cells were transfected in suspension
overnight for the introduction of the Cas9 plasmid DNA (pKLV2-EF1a-Cas9Bsd-W, Addgene
#68343) using Lipofectamine™ 2000 Transfection Reagent (Invitrogen). Transfected cells
were then resuspended in Matrigel™, cultured in the usual conditions and selected with 10
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pug/ml blasticidin (Gibco) 48 hours after transfection. Regrown organoids were again

dissociated and single cells were clones in 96-well plates for generation of clones.

RNA interference-based Wrn sensitivity assay.

Approximately 1-1.5-10% cells/well were reverse-transfected in a 96-well plate in technical
quintuplicate with ON-TARGETplus siRNAs to a final concentration of 20 nM. RNAIMAX
(Invitrogen) was used as transfection reagent following the manufacturer's instructions. Each
experiment included a non-transfected control, transfection reagent only as mock control, a
non-targeting pool as negative control (Dharmacon, D-001810-10-20), mouse polo-like kinase
1 (PIlkl) pool as positive control (Dharmacon, L-040566-00-0020), and the targeting pool
against Wrn (Dharmacon, L-058494-01-0020). Cells were grown for 6 days and cell viability

was assessed using the CellTiter-Glo 2.0 Assay (Promega).

Genome editing-based Wrn sensitivity assay.

Cas9-expressing cells were generated transducing overnight 10° cells with Cas9 lentivirus
(pPKLV2-EF1a-Cas9Bsd-W, Addgene #68343). Infected cells underwent two cycles of
selection with 10 pg/ml blasticidin (Gibco). Approximately 2-2.5-10* cells/well were then
seeded in 6-well plates and transduced with sgRNAs lentiviruses. Each experiment included a
sgRNA targeting a mouse non-essential negative control (Cyp4f40), a sgRNA targeting mouse
polo-like kinase 1 (Plkl) pool as positive control and a sgRNA targeting mouse Wrn. sgRNA

sequences were designed using CHOPCHOP (https://chopchop.cbu.uib.no/) and Benchling

(https://www.benchling.com/) as follows:

Cyp4f40 (GCGACGTCGCTCCTGGATGA),

Plk1 (GCAGCCGGCGGCAGTATGTA),

46


https://chopchop.cbu.uib.no/
https://www.benchling.com/

Wrn (GCCAGACCAGAAGTGCACCQG).

Cells were selected with 500 pg/mL hygromycin (Gibco) 48 hours after infection and were

grown for 7 days. Cells were then stained using crystal violet.

Contributions to this project.

Candidate Working '“t?.”?a' External Outsourcing
group facilities  collaborators

Explant_ of stomachs for organoid i 100% i i i
generation
Organoid derivation 100% - - - -
Organoid and cell culture 90% 10% - - -
Organoid and cell
g:haracterlzanon (imaging, 100% i i i i
immunofluorescence, western
blot)
Knockout of MMR genes with i i i 100% i
stable Cas9 expression
Knoc:kout of MMR genes with 100% i i i i
transient Cas9 expression
Single-cell cloning and clone
characterization (western blot, 90% - 10% - -
real time)
X-irradiation 80% - 20% - -
Assessment of 2D cultures 100% - - - -
Sampling (DNA, RNA and
protein extraction and 90% 10% - - -
guantification)
Microsatellite instability analysis 60% 40% - - -
Prepa_ratlgn o_f ceI_I suspensions 90% 10% i i i
for injection in mice
Cell injection in mice, palpation
and measurement of tumour 10% 90% - - -
volume
!—hstology_ and _ 60% 40% i i i
immunohistochemistry
Sequencing and data pre- i i i i 100%
processing 0
Post-processing bioinformatic 100% i i i i
analyses
Wrn sensitivity assays 50% - - 50% -
Experimental design 70% 20% - 10% -
Data analysis and graphics 100% - - - -
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RESULTS

Establishment and characterization of non-transformed BALB/c mouse gastric

organoids.

Obtaining cultures of gastric epithelial non-transformed cells was the essential starting point
for generating an ex vivo model mimicking MSI gastric cancer tumorigenesis. To generate
gastric cultures, we explanted stomachs from immunocompetent BALB/c mice and dissociated
gastric epithelium to isolate gastric glands, similarly to what was previously done by (140,156).
The first attempts done following the methods found in the literature resulted in a low gland
yield. We thus pooled together epithelial fragments from three mice and made some
adjustments in the isolation protocol in order to obtain a proper number of single gastric glands
(3000-5000 units). Glands were seeded in Matrigel™ in three-dimensional (3D) conditions
with appropriate medium to allow self-renewal of the stem cell compartment and long-term
expansion. After 10 days, some glands ballooned up and formed sparse large 3D structures
(Figure 6A). Organoids from the initial plate were enzymatically dissociated into smaller cell
clumps, re-seeded and allowed to regrow. After passage, BALB/c gastric organoids reformed
effectively in a few days and showed the typical spherical and hollow morphology of non-
transformed 3D gastric cultures (140,156). Furthermore, to assess their long-living potential,
organoids were subjected to freeze-thaw cycles and cultured for several months: after every
manipulation they were able to reform 3D structures and did not show any evident

morphological alteration over time (Figure 6B).

We characterized BALB/c gastric organoids analysing their cellular composition. In both
human and murine gastric mucosa, stem cells reside at the gland base and/or in the isthmus
region and produce progenitors that are actively proliferating and giving rise to the

differentiated cell lineages (157). In the mouse stomach, several stem cell markers have been
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proposed (158-162). Among them, Wnt target genes — such as Lgr5, Troy and Axin2 — played
a key role in the identification of cells with self-renew capacities. Lgr5 is a well-known marker
of mitotically active homeostatic stem cells in the gastrointestinal tract. Its expression in mouse
gastric glands is high at the gland base and gradually decreases going up to the pit (162).
Lineage tracing studies revealed that Lgr5-expressing cells are responsible for the long-term
renewal of the gastric epithelium and a single Lgr5* cell can efficiently generate long-living
gastric organoids in vitro (156,158). Furthermore, Lgr5* chief cells have been proposed as
gastric cancer-initiating cells (163). We analysed Lgr5 expression in organoids via whole-
mount immunofluorescence staining and found widespread positivity. In accordance, we
observed that a significant cell fraction is actively proliferating in the organoids, as indicated
by the diffuse expression of Ki67 in cell nuclei. We also assessed the expression of two markers
of differentiated gastric cell lineages: Mucbac, a marker for pit mucous cells, and Pgc, a marker
for chief cells (Figure 6C). The observed positivity for the markers under analysis indicates
that our cultures effectively capture the main cell populations present in the normal gastric

mucosa.
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Figure 6.
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Figure 6. Generation and characterization of BALB/c#1 organoids. A. Schematic representation of the protocol

used to isolate gastric glands from the normal gastric epithelium of BALB/c mice. Created using BioRender.com.
B. Phase-contrast images of BALB/c#1 organoids at time 0 (T0), 2 and 8 months of continuous culture. C. Whole-
mount immunofluorescent staining of BALB/c#1 organoids with anti-Lgr5 (green), anti-Ki67 (green), anti-mucin

5ac (Mucbac, red) and anti-pepsinogen (Pgc, far red) antibodies.
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MMR impairment in BALB/c mouse gastric organoids.

Lynch syndrome is a genetic disorder associated with germline mutations in MMR genes
(MLH1, MSH2, MSH6, and PMS2) and alterations in the EPCAM gene, affecting the function
of the nearby MSH2 gene. MMR deficiency in Lynch syndrome patients can cause MSI,
predisposing to different cancer types, including colorectal, endometrial, ovary, gastric and
small intestinal cancers (50). However, the vast majority of MSI cancers are not inherited and
arise mainly through sporadic MLH1 promoter hypermethylation, completely silencing MLH1
gene expression. MLH1 epigenetic silencing and MSI were detected in colorectal adenomas,
endometrial hyperplasia, dysplasia and intestinal metaplasia of gastric mucosa (164—166).
Increased cancer risk in Lynch Syndrome patients together with MSI detection in a variety of
sporadic cancers, including pre-cancerous lesions, suggest that MSI could be an early
molecular event during carcinogenesis, significantly contributing to the acquisition of

malignant cell phenotype and cancer progression.

In line with these findings, to evaluate spontaneous cell transformation we planned to impair
MMR system function in BALB/c gastric organoids, without inducing any concomitant

alteration in known oncogenes or tumour suppressor genes.

We analysed the occurrence of main MMR gene alterations in MSI-high tumours from two
independent cohorts, our GEA platform of patient-derived xenografts (117) and the gastric
carcinoma TCGA dataset (43). Only potentially loss-of-function alterations in MutL (MLH1,
MLH3, PMS1, PMS2) and MutS genes (MSH2, MSH3, MSH6) such as homozygous deletion,
truncating and splicing mutations and low gene expression, were included in the analysis. As
expected, MLH1 was the most altered gene (78% of cases), with the vast majority of MSI-high
tumours displaying low MLH1 gene expression. Protein-truncating mutations in MSH3 and

MSH6 genes were common as well (Figure 7A). We performed statistical pairwise tests for
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detecting co-occurrences and mutual exclusivities in MMR loss-of-function alterations in the
same datasets. Only two gene pairs (MLH1-MSH2 and MLH1-MLH3) showed a significant
tendency to mutual exclusivity (Figure 7B). Consistently, when we calculated Pearson
correlation, the same gene pairs displayed a trend to negative correlation, with the MLH1-
MSH2 pair being the best hit even if the p-value did not reach the threshold of 0.05 (p-value =
0.075) (Figure 7C). However, a very significant mutual exclusivity emerged when we grouped
together the alterations affecting genes which are part of the same MMR complex (either MutL
or MutS) (Figure 7D). These results suggest that the dysfunction of a single complex is
sufficient to establish a state of MMR deficiency leading to MSI, while the simultaneous loss
of both complexes may not confer a significant advantage during the neoplastic transformation

process.
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Figure 7.
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Figure 7. Analysis of loss-of-function alterations in the main MMR genes in GEA and TCGA GC datasets. A.
Oncoprint visualisation of 89 MSI-high gastric cancer cases from the GEA PDX platform (117) and the TCGA
cohort (43). The chart displays the putative loss-of-function alterations (low gene expression, gene deletions,
splicing, truncating mutations and frameshifts) in the MMR genes forming MutL and MutS complexes. The
annotation refers to the dataset of origin. Deep deletion = homozygous deletion; shallow deletion = heterozygous

deletion. B. Triangle heatmap from co-occurrence/mutual exclusivity analysis for alterations in the main MMR

53



genes. Numbers in the plot indicate the p-values which were significant (p-value < 0.05) or close to significance
according to the Poisson binomial test. C. Triangle heatmap from Pearson correlation. The number in the plot
indicates the p-value for the only pair which was close to significance. D. Plot depicting results from co-
occurrence/mutual exclusivity analysis performed comparing alterations occurring in MutL and MutS complexes.

The number in the plot indicates the p-value according to the Poisson binomial test.

In order to obtain a good representation of the MMR deficiency landscape in MSI gastric cancer
— in collaboration with Dr Gabriele Picco (Wellcome Sanger Institute, Hinxton, UK) — we used
CRISPR/Cas9-based genome editing to knock down either MIh1 or Msh2 proteins in BALB/c
gastric organoids, thus completely impairing function of MutL or MutS complexes,
respectively (Figure 8A). Briefly, organoids were dissociated to single cells and infected
overnight in suspension with lentivirus for Cas9 expression. Once reseeded in Matrigel™ and
regrown, organoids were then infected with lentiviruses for SRNA expression following the
same protocol. After two cycles of antibiotic selection, bulk edited organoids resulted in a
complete knockout (KO) of the target gene. Given the high efficacy of the genome editing step,
we did not subject these organoids to single-cell cloning procedures. We primarily employed
these bulk lines to prove the tumorigenic potential resulting from the inactivation of Mlh1 and
Msh2 genes. Both wild type (WT) and MMR-deficient (MMRd) organoids were then kept
continuously in culture for over a year without any further antibiotic selection. We checked
periodically the KO profile via Western Blot and we never observed any reappearance of non-
edited cell populations (Figure 8B). Furthermore, we did not notice any significant

morphological change in MMRd cultures compared to their WT counterpart (Figure 8C).

54



Figure 8.

A B < 3 < =
QO §F &%
> ¢ > @»
o z 9 = 9
CRISPR/Cas9 Oy = =
geneediti?\; é&pg MIh1KO = ‘En = g
= BALB/c#1 % 2 ‘2 2
ey ogenids £ & & 5 & &
oy 105 kDa — | (- Y@y | Msh2
il B5KDa — (g e | o
BALB/cH1 %‘;‘3 P
organoids 42 kDa — | v w=— I A ey | Actin
@ S 6 months 12 months
in colture in colture
C
BALBI/c#1 organoids - 6 months in culture
MIh1 KO
L T
Q, @ e
; w@ e°
0: ®. o
@ %
° é%°@®®
Q.60 bow
go@eo 0
[}
& o
o :0 n%

Figure 8. Derivation of MMR-deficient BALB/c#1 organoids. A. Schematic representation of the CRISPR/Cas9-
based genome editing procedure followed to obtain MlIhl KO and Msh2 KO cultures. Organoids underwent
subsequent transductions with Cas9 and sgRNA lentiviruses. Created using BioRender.com. B. Western blot
analysis of MIh1 and Msh2 proteins in WT and CRISPR/Cas9-edited BALB/c#1 organoids. Actin was used as

loading control. C. Phase-contrast images of WT and CRISPR/Cas9-edited (MMR-deficient) BALB/c#1 organoids
at 6 months of continuous culture from the knockout event.
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MMR-deficient but not wild type BALB/c mouse gastric organoids show key MSI

features.

Both MMR-deficient and WT organoids were banked at several time points and genomic DNA
was extracted for the assessment of key known features of MSI tumours, such as the
microsatellites status and the tumour mutational burden (TMB). For microsatellite instability
analysis, 5 independent mouse mononucleotide repeat markers were amplified by fluorescent
multiplex PCR and evaluated by capillary electrophoresis. In this analysis, MSI-high status
definition requires the shift of at least 2 out of 5 loci in comparison to the matched normal
DNA. Thus, using DNA from parental early-passage BALB/c organoids as normal control, we
observed that — after 3.5-6 months of culture — MMRd, but not WT organoids, developed

microsatellite instability (Figure 9A shows electropherogram traces for the shifted loci).

We performed whole exome sequencing (WES) from DNA aliquots derived from both WT and
MMRd organoids at early and late time points since the KO event (3.5 and 10 months). Based
on WES data, we calculated TMB by considering the number of non-synonymous single-
nucleotide variants and indels per mega-base of the sequencing target genome (as generally
done for the assessment of the mutational load in solid tumours (167)). DNA extracted from
parental early-passage BALB/c gastric organoids was used as germline reference for the calling
of somatic mutations. Consistent with the status of microsatellites, only MMRd organoids
increased their TMB over time. Interestingly, at 10 months of culture, Msh2 KO organoids
showed a higher TMB compared to Mlh1 KO organoids (62.8 versus 37.2 mut/Mb) (Figure

9B).

In the context of MSI, errors often accumulate mostly as indels as a consequence of ineffective
repair of double-strand breaks (168). To verify the presence of such a mutation signature in our

models, we further analysed WES data to assess the mutational landscape associated with each
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genotype. As done for TMB calculation, we first considered only non-synonymous somatic
mutations and classified them according to the mutation types. However, we observed no
extensive changes in the relative contribution of each mutation type across samples. At both
early and late time points, all genotypes showed a large prevalence of single-base substitutions
(SBS) over insertions and deletions and the Msh2 KO model further increased the SBS portion

over time (67% to 80%) (Figure 9C).

Considering this unexpected result, we repeated both the TMB evaluation and the analysis of
relative mutation type contribution including all somatic alterations. In the case of TMB, we
confirmed the trend of the previous evaluation, with Msh2 KO organoids presenting the highest
mutational load (Figure 9D). When we reanalysed the relative mutation type contribution, the
indel portions were wider compared to what we observed in the previous analysis. In particular,
only Mlhl KO organoids maintained indels over 50% of all alterations at both time points,
while Msh2 KO organoids showed again a relative increase of single-base substitutions (47%
to 66%) over time and a consequent prevalence of SBS at 10 months since the KO event (Figure

9E).
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Figure 9. Evaluation of the microsatellite status and the mutational load in WT and MMRd BALB/c#1
organoids. A. STR analysis for the assessment of the microsatellite status in MMRd BALB/c#1 gastric organoids
at 3, 6 and 9 months of continuous culture since the knockout event. Electropherograms show the PCR products
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for the loci (3 out of 5) in which we observed shifted profiles. B. Histogram depicting tumour mutational burden
in WT and MMRd BALB/c#1 organoids, at 3 and 10.5 months of continuous culture since the knockout event,
calculated as non-synonymous somatic mutations per megabase of whole exome sequencing target genome. C.
Stacked histogram depicting the relative mutation type contribution for non-synonymous somatic mutations in WT
and MMRd BALB/c#1 organoids at 3 and 10.5 months of continuous culture since the knockout event. D.
Histogram depicting tumour mutational burden in WT and MMRd BALB/c#1 organoids, at 3 and 10.5 months of
continuous culture since the knockout event, calculated as all somatic mutations per megabase of whole exome
sequencing target genome. E. Stacked histogram depicting the relative mutation type contribution for all somatic
mutations in WT and MMRd BALB/c#1 organoids at 3 and 10.5 months of continuous culture since the knockout
event. NSSM = non-synonymous somatic mutations; SBS = single base substitutions; TO = time zero (early-
passage parental organoids).

BALB/c mouse gastric organoids are not tumorigenic upon subcutaneous injection in

NOD SCID mice.

In order to evaluate their tumorigenic potential, we performed in vivo tumorigenicity assays by
injecting both WT and MMRd BALB/c organoids into immunocompromised NOD SCID mice.
We performed the experiment at three different time points: 3.5, 6 and 12 months of continuous
culture since the KO event. Organoids were dissociated and 5-10° cells/mouse were injected
subcutaneously in the right flank. Three mice were injected for each experimental arm and
periodically palpated for over 8 months. In the first 4 months after injection, we did not observe
any palpable tumour mass either in WT or in MMRd groups. Afterwards, some tumour masses
emerged together with distress for the involved mice (Figure 10A and B). However,
haematoxylin-eosin staining performed on tumour slides revealed the presence of small-sized
cells with large round nuclei, indicating lymphomas spontaneously arose in ageing mice

(Figure 10C).
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Figure 10. Assessment of tumorigenicity of WT and MMRd BALB/c#1 gastric organoids upon subcutaneous
injection in NOD SCID mice. A. Schematic representation of the injection time points and the results from the
tumorigenicity assays. Created using BioRender.com. B. Table with history of tumour volume measurements and

endpoints for all mice. C. Haematoxylin and eosin staining of late tumour masses arisen in ageing mice.
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In vivo assays suggested that, although MMRd organoids acquired microsatellite instability
and a high mutational load, they did not harbour sufficient driver alterations to undergo
malignant transformation. We considered other strategies to speed up the transformation
process introducing further random mutations, without transducing cells to introduce any
specific driver alteration. It is known from the literature that pre-neoplastic cells are more
susceptible to radiation-induced transformation processes compared to healthy cells from the
same tissue. Moreover, a relatively low radiation dose (0.5 Gy of ionizing radiations) was
sufficient to enhance anchorage-independent growth capacity in partially transformed breast
primary epithelial cells at 4 and 8 weeks post-irradiation (169). We thus exposed both WT and
MMRd organoids to ionizing radiation. At 3 months since the KO event, organoids were
dissociated into single cells and reseeded in usual 3D culture conditions just before the
radiation procedure. The radiation dose of 0.5 Gy of X-rays was delivered in a single exposure
using a blood irradiator, in collaboration with the radiologists of our institute (Figure 11A).
Radiation did not seem to affect organoid regrowth: eight days post-irradiation all irradiated
cells effectively regenerated organoids as efficiently as their non-irradiated counterparts
(Figure 11B). We previously optimised irradiation doses on parental WT organoids and higher
tested doses (1 Gy, 2 Gy and 5 Gy) affected cell growth in the short term (6 days) (data not

shown).
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Figure 11. X-ray irradiation of WT and MMRd gastric organoids. A. Schematic representation of the irradiation
procedure. Created using BioRender.com. B. Phase-contrast images of WT and MMRd BALB/c#1 gastric

organoids, exposed or not to X-rays, at day 8 post-irradiation.
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We then repeated in vivo tumorigenicity assays, injecting into NOD SCID mice irradiated WT
and MMRd organoids at 2 time points: 2 weeks and 2 months post-irradiation (corresponding
to 3.5 and 6 months of global continuous culture since the KO event, respectively). However,
as in the previous experiments, organoids generated no tumour masses and only some late
sporadic lymphomas emerged (Figure 12A, B and C). We then further exposed organoids to
ionizing radiations. Between 9.5 and 10.5 months since the KO event, pre-irradiated organoids
were subjected to new radiation sessions: 0.5 Gy of X-rays were dispensed once a week for 4
weeks (with a total administered radiation dose of 2 Gy). At 12 months, we repeated once again
the in vivo tumorigenicity assay but, unfortunately, we did not succeed in generating any MSI
tumour mass (Figure 12A and B). We confirmed the non-epithelial nature of the tumour masses
that emerged during the tumorigenesis experiments by performing immunohistochemical
staining with an antibody that specifically recognizes the murine CD45, used as a marker of

leukocytes. Figure 12D shows the staining performed on a representative slice.
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Figure 12.

A BALB/c#1 organoids

Vo g%

WT ¢ J}
fas 35 6 95 105 12 months since KO
Foe ¥y

Mih1K0 6:3 ®,
Msh2K0 @ S -

NOD SCID NOD SCID NOD SCID

| | |

o - © ‘.
(}‘1 s C“'}ﬁ s b
No tumour No tumour No tumour
masses masses masses

] >
>

IONIZING RADIATION (X-rays)
@ 050y ooy 056y

single exposure once a week for 4 weeks

B Injection timepoint

3.5months Days after injection 28 40 47 61 127 Endpoint
WT mouse#1 26 5 Not palbabl Not palbabl Not palbabl ificed atday 263 (nomass)
WT mouse#2 14 6 Not palbabl Not palbabl Not palbabl ificed atday 228 (nomass)
WT mouse#3 21 1 Not palbabl Noty Notp s i atday 263 (nomass)
Mih1KO mouse #1 26 Not palbable 4 Not palbabl Not palbabl c ificed atday 263 (nomass)
Mih1KO mouse #2 28 21 4 Not pall Not palbabl E ificed atday 263 (nomass)
Mih1KO mouse#3 11 4 Not palbabl Not palbab Not palbat 3 ificed atday 263 (nomass)
Msh2KO mouse #1 20 15 Not palbabl Not palbabl Notpalbable [~ ificed atday 263 (nomass)
Msh2 KO mouse #2 38 25 Not palbabl Noty Not pal i atday 130 (nomass)
Msh2KO mouse #3 Not palbabl Not palbabl Not palbabl 4 Not palbable sacrificed atday 193 (nomass)

6 months Days after injection 21 37 44 52 141 Endpoint
WT mouse#1 Not palbabl Not palbabl Not palbabl Not palbabl Not palbabl ificed atday 169 (nomass)
WT mouse#2 Not palbabl Not palbabl Not palbabl Notp Notp i atday 269 (nomass)
WT mouse#3 4 Not palbabl Not palb Noty b Not pall ificed at day 269 (nomass)
Mih1 KO mouse #1 Not palbabl Not palbabl Not palbabl Not palbabl Not palbabl §_ ificed at day 212 (nomass)
MIh1KO mouse#2 Not palbabl Not palbabi Not palbabl Not palbabl Not palbabl E explanted atday 176 (bilateral subcutis

3 masses)

Mih1KO mouse #3 Not palbabl Not palbabl Not palbabl Not palbab NA 3, sacrificed atday 64 (no mass)
Msh2KO mouse #1 Not palbable 4 4 Not palbabl Not palbabl lanted at day 269 (small subcutis mass)
Msh2 KO mouse #2 4 4 4 Not palbable NA sacrificed atday 115 (nomass)
Msh2KO mouse#3 4 4 Not palbable Not palbable 75 sacrificed at day 160 (no material explanted)

12months Days afterinjection 21 37 44 52 141 Endpoint
WT mouse#1 Not palbabl Not palbabl Not palbabl Not palbabl NA sacrificed atday 128 (no mass)
WT mouse#2 4 4 4 Not palbabl Not palbabl ificed atday 259 (nomass)
WT mouse#3 Notp Not palbabl Not palbabl Noty NA s sacrificed atday 128 (nomass)
Mih1KO mouse #1 4 4 4 Not palbable 51 = sacrificed at day 253 (no mass)
Mih1KO mouse #2 4 4 4 Not palbable NA E sacrificed at day 106 (no mass)
Mih1KO mouse#3 Not palbabl Not palbabl Not palbabl Not palbabl Not palbable |3 ificed atday 205 (nomass)
Msh2KO mouse #1 4 4 4 Not palbabl Not palbable [~ i atday 269 (nomass)
Msh2 KO mouse #2 4 4 4 Noty Noty i atday 269 (nomass)
Msh2KO mouse#3 4 4 4 Not palbabl Not palbabl ificed atday 269 (no mass)

c D

6 months M/h1%° mouse #2 6 months Msh2“© mouse #1

40x |

Figure 12. Assessment of tumorigenicity of irradiated WT and MMRd BALB/c#1 gastric organoids upon
subcutaneous injection in NOD SCID mice. A. Schematic representation of the irradiation and injection time

points and the results from the tumorigenicity assays. Created using BioRender.com. B. Table with history of
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tumour volume measurements and endpoints for all mice. C. Haematoxylin and eosin staining of late tumour
masses arisen in ageing mice. D. Immunohistochemical mouse specific CD45 staining of a representative late
tumour mass arisen in ageing mice. IHC = immunohistochemistry.

Assessment of BALB/c mouse gastric organoid-derived 2D cultures.
Phenotypic plasticity disrupting cellular differentiation was recently proposed as a new cancer
hallmark. Terminal cell differentiation implies, in most cases, an antiproliferative phenotype

and constitutes a barrier against tumorigenesis (170).

The culture medium we use for normal organoids includes several factors maintaining a
homeostatic balance between self-renewal and differentiation of the stem cell compartment.
Given the results from in vivo experiments described in the previous paragraph, we thought
that — due to the medium formulation and the presence of a steady basal membrane matrix —
3D-culture conditions may not represent a selective microenvironment able to drive MMRd

gastric cells towards a complete neoplastic transformation.

In order to induce a potential cell reprogramming, we subjected cells to more selective culture
settings. Both WT and MMRd organoids — exposed or not to ionizing radiations at 3 months
since KO — were dissociated to single cells and seeded in conventional 2D conditions. All cell
populations were able to adhere and form a monolayer when fetal bovine serum (FBS) was
added to the culture medium, independently of the specific medium composition. Conversely,
long-term cell survival and proliferation were affected by the culture medium chosen for 2D
culture initiation, by the time point of derivation and by the following culture handling. We
generated 3 independent cell series changing the derivation timing, testing different culture
media and — in the case of series 3 — trying also to stimulate cell growth with extra detachment-

attachment cycles in collagen-coated plates.
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Cell series 1 represents the first attempt at 2D culture and was derived from BALB/c organoids
at 3.5 months since the KO event. Single cells obtained from organoid dissociation were
resuspended, seeded at 50-60% confluency and cultured in 50% L-WRN conditioned medium
(141), ISCOVE medium, DMEM medium or RPMI medium, supplemented with 10% FBS.
Both WT and MMRd cells underwent a long latency period (6-8 weeks) in which they did not
proliferate but survived in adhesion. After that, few viable cells remained in culture, but they
did not survive detachment procedures. Cells derived from Msh2 KO irradiated organoids and
cultured in 50% L-WRN medium were the only exception: 7 weeks since organoid dissociation
and seeding, they began to proliferate and were successfully expanded. After some passages,
we were able to culture Msh2 KO cells in RPMI medium without affecting their proliferation
(Figure 13). RPMI medium represents a way to further select cells, as 3 key factors for gastric
organoid culture are still present in 50% L-WRN conditioned medium (Wnt3a, R-spondin and

Noggin), while none of them is included in RPMI medium.
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Figure 13. Schematic representation of the derivation conditions and protocol used to generate cell series 1.
The green tick indicates the case in which we were able to obtain a stably growing 2D culture. FBS = fetal bovine
serum. Created using BioRender.com.
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Cell series 2 was derived from BALB/c organoids at 8 months since the KO event. In this case,
cells derived from organoid dissociation were cultured in either 50% L-WRN conditioned
medium or RPMI medium, supplemented with 10% FBS. Four weeks since the seeding, all
MIh1l KO cells, as well as Msh2 KO cells derived from irradiated organoids, were actively
proliferating in both 50% L-WRN and RPMI media. After a longer latency (8 weeks), also WT
cells derived from irradiated organoids and cultured in 50% L-WRN medium started to grow.
However, we did not manage to obtain stable 2D cultures from WT and Msh2 KO cells derived

from the dissociation of non-irradiated organoids (Figure 14).
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Figure 14. Schematic representation of the derivation conditions and protocol used to generate cell series 2.
The green ticks indicate the cases in which we were able to obtain stably growing 2D cultures. FBS = fetal bovine
serum. Created using BioRender.com.
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In order to obtain a complete cell set including both WT and MMRd cells derived from both
irradiated and not-irradiated organoids, we did a third attempt of derivation, dissociating
organoids at an intermediate time point (6 months since the KO event). Cells from series 3
were seeded in collagen-coated plates and cultured in 50% L-WRN conditioned medium
supplemented with 10% FBS. After one week from seeding, all cells were detached and
reseeded in collagen-coated plates. MIhl KO cells, from both irradiated and not irradiated
organoids, began to actively proliferate after 3-4 weeks and were successfully expanded. At 6-
7 weeks since derivation, we managed to achieve the same result with Msh2 KO cells. Over 10
weeks have been necessary to observe the proliferation of WT cells derived from irradiated
organoids. For all growing cell populations, we were able to switch the culture medium to
RPMI and keep expanding cells for banking in non-coated plates. Interestingly, in over 10
weeks, we did not observe any active proliferation of WT cells derived from non-irradiated
organoids and cultured in 50% L-WRN medium supplemented with 10% FBS. However, when
we reintroduced the complete organoid medium supplemented with 10% FBS, we obtained a

growing cell population (Figure 15A and B).

Overall, these observations suggest that the effectiveness of 2D culture is enhanced by a
gradual shift from the nutrient-rich medium used for organoid growth to a poorer one. A sudden
transition may lead to an amplified bottleneck effect, depriving the cell population of adequate

time to adapt and endure the altered culture conditions.
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Figure 15.
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Figure 15. Generation of cell series 3. A. Schematic representation of the derivation conditions and protocol used
to generate 2D cultures. The green ticks indicate the cases in which we were able to obtain stably growing 2D

cultures. Created using BioRender.com. B. Growth dynamics of 2D cultures from series 3. The plot starting point
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corresponds to the dissociation of organoids and the seeding in 2D conditions. The change in the colour of the

indicators indicates the switch to a different culture medium. FBS = fetal bovine serum.

MMR-deficient, but not WT, BALB/c organoid-derived 2D-cultures form tumour masses

upon subcutaneous injection in NOD SCID mice.

We performed in vivo tumorigenicity assays injecting all cell series derived from BALB/c

organoids into immunocompromised NOD SCID mice.

Msh2 KO cells from cell series 1 have been injected twice (Figure 16A). In the first experiment,
performed at 7 months of overall culture since the KO event, 3 out of 4 mice developed a
tumour mass. After a latency period of over 70 days, tumours became measurable and started
to grow fast and invade the mouse leg close to the injection point. Mice were sacrificed due to
paralysis in the right leg and, for this reason, tumour masses were explanted at relatively small
volumes (< 500 mm?). The same cells were injected again subcutaneously in NOD SCID mice
at 10 months of overall culture since the KO event. This time, all mice developed tumour
masses which became measurable in 20-40 days. However, as in the previous experiment, cells
invaded the nearby leg and mice were sacrificed prematurely (Figure 16B). During explant
procedures, we collected specimens for further analyses from all mice (formalin-fixed paraffin-
embedded tissue samples, RNAlater preserved tissues and OCT frozen tissues). Figure 16C-H
shows the characterisation of mouse #1 from the first experiment. Histological analysis
revealed an undifferentiated tissue (Figure 16D). In order to verify the tumour origin, we re-
derived cells from the tissue and cultured them in 2D conditions. Western blot analysis
confirmed that the cells retrieved from mouse #1 tumour were KO for the Msh2 gene as well
as the injected cells and the organoids from which they derive. As expected, the loss of Msh2
protein implied the concomitant downregulation of Msh6 (its partner in the MutSa complex)

(Figure 16E). Consistently with their invasive phenotype, we noticed changes in the
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morphology of the cells. Before being injected, cells in culture showed two mixed populations:
isles of polygonal epithelial cells grew surrounded by cells with a fibroblast-like morphology.
Interestingly, after the in vivo passage, the elongated morphology was positively selected
(Figure 16F). To explore the possibility of an epithelial-to-mesenchymal transition, we checked
via Western Blot the expression of E-cadherin and Vimentin, used as key epithelial and
mesenchymal markers, respectively. E-cadherin was clearly downregulated only after the in
vivo passage, while Vimentin was already expressed in vitro in 2D culture and was further
upregulated in cells retrieved from the tumour (Figure 16G). Moreover, starting from RNA
sequencing data, we confirmed the downregulation of E-cadherin together with other canonical
epithelial markers (Epcam, Dsp, Tjp1, Grhl2) and the concomitant upregulation of Vimentin
and other canonical mesenchymal markers (N-cadherin, Twistl, Zebl/2, Fibronectin 1,

Metalloproteinases and Snail) (Figure 16H).
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Figure 16. Assessment of tumorigenicity of series 1 Msh2 KO organoid-derived cells upon subcutaneous
injection in NOD SCID mice. A. Schematic representation of the cell culture phases and the injection time points.

Created using BioRender.com. B. In vivo growth curves upon cell injection at 7 and 10 months of global culture
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since the knockout event. Each line corresponds to a single mouse. The tumour mass obtained from the mouse
indicated by the yellow arrow (mouse #1) was used for subsequent post-in vivo analyses. Panels C-H are related
to mouse #1 characterization. C. Image of the tumour mass at the explant site. D. Haematoxylin and eosin staining
of the tumour mass. E. Western blot analysis of MIh1, Msh2 and Msh6 proteins in WT BALB/c#1 organoids, Msh2
KO organoids and organoid-derived cells from series 1, at pre-injection time point and retrieved from the tumour
mass. Actin and tubulin were used as loading controls. F. Crystal violet staining on Msh2 KO organoid-derived
cells from series 1, at pre-injection time point and retrieved from the tumour mass. G. Western blot analysis of E-
cadherin and vimentin proteins in WT BALB/c#1 organoids, Msh2 KO organoids and organoid-derived cells from
series 1, at pre-injection time point and retrieved from the tumour mass. Actin and tubulin were used as loading
controls. H. Heatmap depicting the expression of canonical epithelial and mesenchymal markers based on Z-
score normalized RNA sequencing data. CPM = counts per million; ORG = organoids; S1 = cell series 1.

MIh1 KO cells from series 2 derived from not-irradiated organoids were injected as well. The
experiment was performed at 10 months of overall culture since the KO event (8 months of 3D
culture followed by 2 months of 2D culture) (Figure 17A) and, as in the case of Msh2 KO cells
from series 1 injected at 10 months, all NOD SCID mice showed measurable tumour masses
in 20-40 days. As masses were growing, mice developed at first skin abrasions at the injection
site and then ulcerating tumours. Thus, mice were explanted without reaching high tumour
volumes (< 1000 mm?®) (Figure 17B). We checked histology via haematoxylin-eosin staining
in tumour masses from mice #1 and #4. They both displayed an epithelial morphology with
epithelial cell isles surrounded by evident portions of stromal tissue. However, mouse #1
showed two populations of epithelial cells: one population constituted by smaller cells with a
relatively small cytoplasm and another one formed by big cells with an enlarged cytoplasm and
a granular nucleus with prominent nucleoli. Interestingly, mouse #4 displayed only the latter

cell population (Figure 17C).
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Figure 17. Assessment of tumorigenicity of series 2 MIh1 KO cells, derived from non-irradiated organoids,
upon subcutaneous injection in NOD SCID mice. A. Schematic representation of the cell culture phases and the
injection time point. Created using BioRender.com. B. In vivo growth curves upon cell injection at 10 months of
global culture since the knockout event. Each line corresponds to a single mouse. The tumour masses obtained

from the mice indicated by orange arrows (mice #1 and #4) were used for subsequent post-in vivo analyses. C.
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Haematoxylin and eosin staining of the tumour masses explanted from mice #1 and #4. Two representative fields

are presented. S2 = cell series 2.

In vivo tumorigenesis assays described up to this point were performed by injecting in mice
MMRd 2D cultures without co-injection of any correspondent WT control. As previously
mentioned, we did not manage to stably grow in 2D conditions neither the WT cells from series
1 nor the WT cells from non-irradiated organoids in series 2. Thus, we performed another set
of in vivo tumorigenesis experiments injecting cells from series 2 derived from irradiated

organoids as well as all cells from series 3.

Cell series 2, derived from irradiated organoids, was injected in mice at 10 months from the
KO event (Figure 18A). Importantly, MMRd cells gave rise to tumour masses in all mice, while
no palpable masses developed from WT cells (Figure 18B). We observed different growth
dynamics in Mlhl KO and Msh2 KO arms, as the average time necessary to reach a measured
volume over 100 mm? was 53 days and 26 days, respectively (Figure 18C). We also assessed
tumour histology in some representative mice (Figure 18D) and we retrieved cells back from
one mouse per experimental arm. Figure 18E-F shows the characterization of cells derived
from the explant of a mouse from the MIhl KO group. Cells retrieved from the tumour
presented a morphology similar to that of the correspondent cells stained before the injection

and were still completely knocked out for MIh1 gene.
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Figure 18.
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Figure 18. Assessment of tumorigenicity of series 2 WT and MMRd cells, derived from irradiated organoids,
upon subcutaneous injection in NOD SCID mice. A. Schematic representation of the cell culture phases and the
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injection time point. Created using BioRender.com. B. In vivo growth curves upon cell injection at 10 months of
global culture since the knockout event. Each line corresponds to a single mouse. The tumour masses obtained
from the mice indicated by yellow and orange arrows (Mlh1 KO mouse #2, Msh2 KO mice #3 and #4) were used
for subsequent post-in vivo analyses. C. Box plot illustrating the time required for tumour masses to reach a 100
mm? volume. Black dots indicate the single mice, while the orange square indicates the average time in each
experimental arm. D. Haematoxylin and eosin staining of the tumour masses explanted from Mlh1 KO mouse #2,
Msh2 KO mice #3 and #4. E. Crystal violet staining on series 2 MIh1 KO cells, derived from irradiated organoids,
at pre-injection time point and retrieved from mouse #2 tumour mass. F. Western blot analysis of Mlh1, Msh2
and Msh6 proteins in WT BALB/c#1 organoids, Mlh1 KO organoids and series 2 cells derived from irradiated
organoids, at pre-injection time point and retrieved from the tumour mass. Actin and tubulin were used as loading

controls. ORG = organoids; S2 = cell series 2.

The last in vivo tumorigenesis experiments were performed on the cells from series 3, which
were derived from organoids at 6 months of culture since the KO event. For cell series 3, we
had the complete set of genotypes (WT, MIh1 KO and Msh2 KO) for 2D cultures derived from
both irradiated and not-irradiated organoids. In vivo experiments with cell series 3 were
performed at 12 months, a time that allowed the establishment of steady-growing 2D cultures
also from WT organoids (Figure 19A). In the case of cells derived from not-irradiated
organoids, MIh1 KO cells generated tumour masses with very fast dynamics, while Msh2 KO
cells only gave rise to a small mass in 1 out of 4 mice and with a long delay (mass was
measurable from day 137 post injection) (Figure 19B). However, when we performed the same
experiment on the correspondent cells which were derived with the same modalities and timing
but from irradiated organoids, both MIh1l and Msh2 KO arms generated measurable tumour
masses in 10-40 days (Figure 19C). We confirmed the epithelial origin of the tumours
generated from MMRJ cells analysing histology in some representative mice (Figure 19D and
E). Consistently with previous experiments, WT control arms did not originate any tumour
mass derived from injected cells, as the only mass generated in a WT arm around day 65

showed small tightly packed CD45" cells, thus probably being a lymphoma (Figure 19F).
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Figure 19.
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Figure 19. Assessment of tumorigenicity of series 3 WT and MMRd cells, upon subcutaneous injection in NOD
SCID mice at 12 months of overall culture. A. Schematic representation of the cell culture phases and the
injection time point. Created using BioRender.com. B. In vivo growth curves upon injection of cells derived from
non-irradiated organoids. Each line corresponds to a single mouse. The tumour masses obtained from the mice
indicated by orange arrows (Mlhl KO mice #2 and #4 and Msh2 KO mouse #3) were used for subsequent post-
in vivo analyses. C. In vivo growth curves upon injection of cells derived from irradiated organoids. Each line
corresponds to a single mouse. The tumour masses obtained from the mice indicated by orange arrows (Mlh1 KO
mice #1 and #3, Msh2 KO mice #1 and #2 and WT mouse #3) were used for subsequent post-in vivo analyses. D.
Haematoxylin and eosin staining of tumour masses arisen from the injection of MMRd cells derived from non-
irradiated organoids. E. Haematoxylin and eosin staining of tumour masses arisen from the injection of MMRd
cells derived from irradiated organoids. F. Haematoxylin and eosin staining and immunohistochemical mouse-

specific CD45 staining of the only tumour mass arisen in a mouse from the control WT arm. S3 = cell series 3.

As all series 3 MMRd cells, but Msh2 KO cells derived from not-irradiated organoids, showed
a 100% engraftment rate, we chose to reevaluate their tumorigenic potential at a later time
point. We then repeated a similar assay by injecting cell series 3 at 15 months since the KO
event (Figure 20A). We used more NOD SCID mice per experimental arm compared to
previous in vivo experiments (6 instead of 4 mice). Conversely to the 12-month time point,
MIh1 KO cells from non-irradiated organoids did not develop large tumours, as mice had to be
sacrificed very soon after injection because masses were ulcerated. As far as the Msh2 KO arm
is concerned, 1 out of 6 mice grew a tumour mass, but the experiment is still currently ongoing,
and another mouse carries a growing mass (Figure 20B). Importantly, cells from irradiated

organoids confirmed the promising results obtained in the previous experiment (Figure 20C).
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Figure 20.
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Figure 20. Assessment of tumorigenicity of series 3 WT and MMRd cells, upon subcutaneous injection in NOD
SCID mice at 15 months of overall culture. A. Schematic representation of the cell culture phases and the
injection time point. Created using BioRender.com. B. In vivo growth curves upon injection of cells derived from
non-irradiated organoids. Each line corresponds to a single mouse. C. In vivo growth curves upon injection of
cells derived from irradiated organoids. Each line corresponds to a single mouse. S3 = cell series 3.

To sum up in vivo tumorigenesis experiments performed injecting organoid-derived cells in
NOD SCID mice, we can assert that WT cells (MMR-proficient) never formed a tumour mass,
while MMR-deficient cells showed extensive tumorigenicity (with 25-100% engraftment rates)
(Figure 21A). To quantify tumour growth dynamics and compare them among the different
tumorigenesis experiments, we evaluated the time in vivo necessary for the development of a

mass of at least 100 mm?®. The tumour growth time, measured as days after injection, was
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plotted as a function of the injection time point (months of overall culture since the KO event).
MIh1l KO cells injected at 12 and 15 months showed a significant reduction of the tumour
growth time compared to cells injected at 10 months (p-value < 0.01) (Figure 21B), suggesting
that the tumorigenic potential may increase with cell culture time. Similarly, in the case of the
Msh2 KO genotype, the time necessary to form a tumour mass of at least 100 mm?® was
significantly reduced when cells were injected at 10 and 15 months compared to 7 months.
However, no statistical significance was reached testing the other comparisons, likely due to
the presence of outlier points in 12- and 15-month injections: series 3 Msh2 KO cells derived
from non-irradiated organoids showed a long growing latency, forming 200 mm?® tumours in

80-150 days (Figure 21C).
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Figure 21.
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Figure 21. Overall results from tumorigenicity assays performed upon subcutaneous injection of WT and
MMRd 2D cultures in NOD SCID mice. A. Table indicating cell features, injection time points and engraftment

rates. B. Box plot illustrating the time required for Mlh1 KO tumour masses to reach a 100 mm? volume in relation
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to the injection time point. Black dots indicate the single mice, while the orange square indicates the average time
at each time point. The plot reports only statistics for the significant comparisons. * = p-value < 0.05; ** = p-
value < 0.01 C. Box plot illustrating the time required to Msh2 KO tumour masses to reach a 100 mm? volume in
relation to the injection time point. Black dots indicate the single mice, while the orange square indicates the
average time at each time point. The plot reports only statistics for the significant comparisons. ** = p-value <
0.01. S3 = cell series 3.

Molecular characterization of MMRd tumorigenic cells.

From in vivo tumorigenesis experiments we found that the 2D-culture phase is fundamental for
the acquisition of a neoplastic phenotype in our MMRd models. We thus focused on assessing
the molecular differences between non-tumorigenic MMRd organoids and tumorigenic MMRd
2D-cultured cells in order to identify putative pathways that guide the malignant transformation

process.

Firstly, we wondered whether MMRd 2D cultures harboured more marked MSI features
compared to the corresponding 3D cultures. We thus compared cells and organoids with the
same genotype at the same time point (considered as the time of overall culture since the
inactivation of the MMR gene) and found that it was not the case. When we analysed the 5
mononucleotide repeat markers for the assessment of microsatellite status, we observed that
2D cultures had indeed the same or a lower number of shifted loci compared to organoids.
Consistently, 2D cultures also displayed a lower tumour mutational burden. Figure 22A-B
shows the representative comparison between the Msh2 KO 2D culture from series 1 and the

correspondent Msh2 KO organoids at 10 months since the KO event.
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Figure 22.
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Figure 22. Comparison of MSI features in Msh2 KO 2D culture from series 1 and the correspondent Msh2 KO
organoids. A. STR analysis for the assessment of the microsatellite status at 10 months of overall culture since
the knockout event. Electropherograms show the PCR products for the 5 analysed loci. B. Histogram depicting
tumour mutational burden at 10 months of overall culture since the knockout event, calculated as non-synonymous
mutations per megabase of whole exome sequencing target genome. ORG = organoids; S1 = cell series 1; TO =

time zero (early-passage parental organoids).

In order to identify putative driver pathways, we performed RNA sequencing on both 3D and
2D MMRd cultures at key time points (early 3-month time point and time points correspondent
to cell injections and explants). We performed principal component analysis to evaluate the
variance in the dataset and we observed that organoids and cells formed clearly separated
clusters. All MIh1 KO and Msh2 KO organoids placed close to each other, while MMRd cells
formed two distinct groups (figure 23A). The following step was a differential gene expression
analysis performed comparing MMRd tumorigenic cells together with cells retrieved from
tumours (n = 12) against all non-tumorigenic MMRd organoids (n = 10). Msh2 KO cells from
series 3, derived from non-irradiated organoids which, once injected in NOD SCID mice, gave
rise to tumours with a very long latency and a relatively low engraftment rate (25-30%), were
excluded from this analysis. Using a false discovery rate of 0.05, we were able to identify 3402
differentially expressed genes among which 1538 were upregulated in tumorigenic cells versus
non-tumorigenic organoids, while 1864 were downregulated (Figure 23B). We ranked the
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genes combining fold change values (LogFC) and t-statistics and performed a Gene Set
Enrichment Analysis (GSEA) using mouse hallmark-ortholog and KEGG pathway gene sets.
Positively enriched gene sets included mitogenic signalling pathways, while among negatively
enriched gene sets we noticed metabolic pathways. Glycolysis gene sets emerged as negatively
enriched considering both hallmark and KEGG terms (Figure 23C and D). The gene encoding
for the aldolase C enzyme (Aldoc), in particular, was among the top differentially expressed
genes, resulting significantly downregulated in tumorigenic cells compared to organoids

(adjusted p-value < 0.0001, Figure 23B and E).

Results from transcriptome analysis indicate that the passage from 3D to 2D culture implied
an important reshaping towards a more proliferative cellular phenotype, accompanied by a

metabolic rearrangement.
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Figure 23.
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Figure 23. Differential gene expression analysis in MMRd cells (2D cultures) versus MMRd organoids (3D
cultures). A. Principal component analysis, considering the two dimensions with the highest percentage of

explained variance. B. Volcano plot representing the results from the differential gene expression analysis. C.
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Bar plot showing the top 15 gene sets from GSEA on mouse hallmark-ortholog gene sets. D. Bar plot showing the
top 15 gene sets from GSEA on mouse KEGG gene sets. E. Aldoc gene expression levels in MMRd organoids and
cells. CPM = counts per million; DE = differentially expressed; FC = fold change; FDR = false discovery rate;

ORG = organoids.

To further characterize the MMRd cultures retrieved from tumour masses and assess their
evolution in relation to the various 2D culture derivations, we analysed whole exome
sequencing data to evaluate the extent of their mutational divergence. As done for tumour
mutational burden calculation, we excluded mutations already detected in parental early-
passage BALB/c organoids to keep somatic mutations only. We analysed 5 MIh1 KO cultures:
S2_IR_#2 and S2_IR_#3 were derived from brother mice from the same in vivo experiment,
while the other three derived from distinct 2D cultures and were retrieved from independent
experiments (Figure 24A). When we consider all somatic mutations, S2_IR_#2 and S2_IR_#3
showed the highest degree of overlap (sharing over 60% of all somatic mutations) (Figure 24B).
Interestingly, the divergence of cells derived from different 2D cultures became more evident
when we considered exclusively mutations with predicted high or moderate impact (excluding
synonym, intergenic, intronic, 5’-UTR and 3’-UTR alterations) (Figure 24C). We repeated the
same analysis on 3 Msh2 KO cultures, confirming again the substantial divergent evolution of

models obtained from independent 2D culture derivations (Figure 25).
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Figure 24. Genetic evolution of different MIh1 KO 2D cultures. A. Schematic representation summarising the
experimental design. Created using BioRender.com. B. Euler diagram depicting the overlap of somatic mutations
in cells retrieved from tumours. C. Euler diagram depicting the overlap of somatic mutations with predicted
high/moderate impact in cells retrieved from tumours. S1 = cell series 1; S2 = cell series 2; S3 = cell series 3;
nolR = cells derived from non-irradiated organoids; IR = cells derived from irradiated organoids. Euler diagrams

present a 0.01 error due to the intersection of more than 3 samples.
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Figure 25.
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Figure 25. Genetic evolution of different Msh2 KO 2D cultures. A. Schematic representation summarising the
experimental design. Created using BioRender.com. B. Euler diagram depicting the overlap of somatic mutations
in cells retrieved from tumours. C. Euler diagram depicting the overlap of somatic mutations with predicted
high/moderate impact in cells retrieved from tumours. S1 = cell series 1; S2 = cell series 2; S3 = cell series 3; IR

= cells derived from irradiated organoids. Euler diagrams present a 0.00 error.

By examining 63 cases of hypermutated gastric cancer, TCGA identified 37 genes significantly
mutated within the MSI subgroup (43). To assess whether our models could recapitulate the
MSI GC mutational landscape, we searched for coding mutations in mouse orthologs
corresponding to the gene panel identified by TCGA. Analysed samples included again MMRd

cells retrieved from NOD SCID mice and data were filtered to include only mutations with
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allele frequency equal to or greater than 0.2. We found mutations in 21 out of 35 mouse
orthologs, including Kras, Aridla, Erbb3, Tpr53 and the MHC class | gene H2-K1 (Figure
26A). Furthermore, when we looked at alterations specifically present in each MMRd culture,
we observed that while some of them were shared across multiple samples, the vast majority
were cell line specific (Figure 26B and C).

These data further confirm that by means of separate 2D culture derivations, even if originated
from the same initial MMRd organoid line, we are able to generate distinct models exhibiting
a unique set of somatic mutations. These models also demonstrate the ability to recapitulate a

considerable portion of the alterations previously associated with the MSI subtype.
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Figure 26.
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Figure 26. Analysis of MMRd cultures for mutations in 37 TCGA MSI genes. A. Table indicating the

presence/absence of mutations in the genes significantly altered in MSI GC. B. Oncoprint visualisation of
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alterations in TCGA MSI gene panel in MIhl KO cells retrieved from tumours. C. Oncoprint visualisation of

alterations in TCGA MSI gene panel in Msh2 KO cells retrieved from tumours.

Generation of syngeneic allograft mouse models of MSI gastric cancer.

The final goal of my PhD project is the generation of mouse syngeneic models of MSI gastric
cancer suitable to be injected back into immunocompetent BALB/c mice. We knew from the
literature that the Cas9 protein we used to generate bulk MMRd models could be potentially
immunogenic. Streptococcus pyogenes, from which the most used Cas9 nuclease is derived, is
indeed an important human commensal and anti-Cas9 antibodies and T-cells have been
detected in human plasma (171). Furthermore, some studies revealed the existence of an innate

and adaptive cellular immune response to Cas9 protein also in mouse models (172).

We analysed Cas9 expression in our MMRd bulk models via real-time PCR. WT organoids
and cells were used as negative controls. Interestingly, Cas9 expression levels decreased over
time and by changing culture modalities: MMRd cells from series 3, analysed at 15 months of
overall culture since the genetic inactivation of the target gene via CRISPR/Cas9 technique,
showed a 70-80% reduction in Cas9 expression compared to correspondent organoids at 3

months of culture (Figure 27).
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Figure 27. Evaluation of Cas9 expression in 3D and 2D cultures via real-time PCR. The radiation symbol refers

to the 2D cultures derived from irradiated organoids. X represents cases in which Cas9 was undetected.

Considering their relatively low Cas9-expression levels, we tried to inject MMRd cells from
series 3 at 15-month time point also into BALB/c mice to assess their ability to grow in the
presence of a complete immune system (Figure 28A). Compared to the results we achieved
with injection in NOD SCID mice, cells formed tumours less effectively in BALB/c mice. If
we consider cells derived from non-irradiated organoids, only one mouse from Mih1 KO cells
formed a growing mass after a latency of 90 days from injection (Figure 28B). Regarding cells
derived from irradiated organoids, several mice presented palpable masses after 20-30 days,
but, in many cases, we observed ulcerating masses and only 3 mice developed relatively large

tumour masses (volume over 500 mm?) (Figure 28C).
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Figure 28. Subcutaneous injection of series 3 WT and MMRd cells in immunocompetent BALB/c mice. A.
Schematic representation of the cell culture phases and the injection time point. S3 = cell series 3. Created using
BioRender.com. B. In vivo growth curves upon injection of cells derived from non-irradiated organoids. Each
line corresponds to a single mouse. C. In vivo growth curves upon injection of cells derived from irradiated

organoids. Each line corresponds to a single mouse.

In order to prevent any possible issue related to Cas9 immunogenicity, we optimized the
genome editing protocol to generate other models avoiding stable Cas9 integration. MMRd
bulk models described up to this point were obtained using lentiviruses to transduce both Cas9
and sgRNAs. To knock out the target MMR gene without integrating the Cas9 sequence into
the genomic DNA of the host cell, we pre-infected organoids with sgRNA lentiviruses and,
after a cycle of antibiotic selection, we introduced the Cas9 plasmid using liposomes. Forty-
eight hours after the transfection organoids underwent a single cycle of selection with 10 pg/ml
blasticidin to enrich transiently Cas9-expressing cells before the single-cell cloning. We
generated multiple MlIh1 KO and Msh2 KO clones cloning single cells in 96-well plates (Figure
29A). The average efficiency of Cas9-transient gene editing procedure was close to 30% (1 out
of 3 screened clones was knockout for the target gene). We assessed Cas9 expression in MMRd
newly generated clones using stable-Cas9 MMRd bulk organoids and WT BALB/c organoids
as positive and negative controls, respectively. Figure 29B shows a representative real-time
PCR analysing two Mlh1 KO clones and two Msh2 KO clones which resulted in very low or

null Cas9 expression. Cas9 was undetected in MIh1 KO clone #1 and Msh2 KO clone #1.

As done for bulk MMRd models, we grew cells in 3D in the first period after the KO event and
then we moved to 2D culture conditions. MIh1l KO clone #1 was cultured in 2D conditions
starting from 4 months (a time sufficient to develop MSI) and was injected in both NOD SCID
and BALB/c mice at 6 months of overall culture (Figure 29C). Importantly, this clone was able
to generate tumour masses in both immunodeficient and immunocompetent mice with very fast

dynamics. All mice were explanted within 30 days from injection and cells were retrieved from
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all tumour masses (Figure 29D). We checked tumour histology and observed no substantial
differences between masses grown in NOD SCID and BALB/c mice. In both cases, tumour
sections presented two different cell populations, one formed by smaller cells and another one

including big cells with enlarged eosinophilic cytoplasm and evident nucleoli (Figure 29E).
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Figure 29.
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Figure 29. Generation of MMRd Cas9-free clones and evaluation of tumour growth in NOD SCID and BALB/c
mice. A. Schematic representation of the used genome editing protocols. Created using BioRender.com. B.
Evaluation of Cas9 expression via real-time PCR in representative MMRd clones obtained using genome editing

protocol with transient Cas9 expression. Stable-Cas9 MMRd bulk organoids and WT BALB/c organoids were
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used as positive and negative controls, respectively. X represents cases in which Cas9 was undetected. C.
Schematic representation of the cell culture phases and the injection time point for MIh1 KO clone #1. Created
using BioRender.com. D. In vivo growth curves upon injection of cells derived from Mlh1 KO clone #1 in NOD
SCID and BALB/c mice (3 mice/group). Each line corresponds to a single mouse. The orange arrows indicate the
mice (NOD SCID mouse #1 and BALB/c mouse #2) corresponding to the representative haematoxylin and eosin
images in panel E.

We confirmed via Western Blot the KO of MlIh1 gene in cells cultured in vitro from clone #1
at several time points and also in the correspondent cells retrieved from tumour masses (Figure
30A). MIh1l KO clone #1 cells at injection and explant time points and cells rederived from
tumours underwent both WES and RNAseq. Examining the molecular traits of tumours grown
in the presence/absence of the immune system could potentially help elucidating immune
escape mechanisms. Taking advantage of RNAseq data, we thus performed a differential gene
expression analysis to compare cells grown up in immunocompetent and immunocompromised
mice. Probably due to the limited numerosity of the analysed dataset (3 cell lines from BALB/c
mice versus 3 cell lines from NOD SCID mice), only 12 genes reached statistical significance
with a false discovery rate of 0.05. Gm40514, Gm42031, Gm46156, Gm40525, VglI3, Cryab,
Caldl and Anxal were downregulated in cells from BALB/c mice, while Hmgalb, Hmgal,
Areg and ler3 were upregulated. More hits emerged when we raised the false discovery rate
cutoff to 0.1, including Vegfa among upregulated genes and Gasé among downregulated genes

(Figure 30B).
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Figure 30.
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Figure 30. Characterisation of cells retrieved from tumour masses derived from Cas9-free Mlh1 KO clone #1
(part 1). A. Western blot analysis of MIh1 protein in MlIhl KO clone #1 at several stages of culture and in the
related cells retrieved from the tumours grown up in NOD SCID and BALB/c mice. Actin was used as loading
control. B. Volcano plot representing the results from the differential gene expression analysis executed
comparing MIh1 KO clone #1 cells retrieved from BALB/c versus NOD SCID mice. DE = differentially expressed;
FDR = false discovery rate; FC = fold change; ORG = organoids.
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As done for bulk models, we searched WES data for alterations in the TCGA MSI gene panel.
Cells derived from MIh1 KO clone #1 in vivo growth presented mutations in 10 out of 35 mouse
orthologs (Figure 31A). Interestingly, cells derived from 5 out of 6 mice were mutated in Kras
(Figure 31B). When we looked specifically at Kras alterations in MIh1 KO clone #1 cells, we
found that the hotspot G12D Kras mutation was already present in vitro (at both pre-injection
and post-injection time points) and that all cells retrieved from tumours maintained it (cells
from NOD SCID mouse #1 presented indeed Kras G12D, but below the 0.2 allele frequency
threshold considered for the previous analysis) (Figure 31C). Taking advantage of ConVarT

tool (https://convart.org/), we confirmed the correspondence of mouse Kras G12D with the

mutation on the human KRAS gene (Figure 31D).
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Figure 31. Characterisation of cells retrieved from tumour masses derived from Cas9-free Mlh1l KO clone #1
(part 2). A. Table indicating the presence/absence of mutations in the genes significantly altered in MSI GC. B.
Oncoprint visualisation of alterations in TCGA MSI gene panel in MIh1 KO clone #1 cells retrieved from tumours.

C. Table showing details about the G12D Kras mutation found in all sequenced cell cultures from MIh1 KO clone
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#1. D. Output from ConVarT alignment of human KRAS and mouse Kras genes with a focus on the DNA site

relative to G12D mutation.

WRN dependency in syngeneic MSI gastric cancer models.

Less than 5 years ago, CRISPR/Cas9-mediated knockout whole genome screens led to the
emergence of Werner (WRN) RECQL helicase as a synthetic lethality in the specific context
of microsatellite unstable cancers (123). Since then, several reports have shown that WRN is a
promising drug target in MSI tumours, including cases that are refractory to targeted therapies,
chemotherapy and immunotherapy (126). We wondered whether we were able to also
recapitulate this feature of MSI tumours in our model. In collaboration with Dr Gabriele Picco,
we tested Wrn dependency in BALB/c MMRd clones. CT26, an MSS mouse colon cancer cell
line derived from BALB/c strain, was used as negative control. We tested Wrn dependency
using RNA interference on clones grown in 2D culture conditions at 6 months of overall culture
since the KO event. Interestingly, the Msh2 KO clone showed a higher sensitivity to Wrn
knockdown compared to the MIhl KO clone, even if in the latter the siRNA transfection
procedure was less effective (with almost 50% average viability upon transfection anti-Plk1
siRNA). Figure 32A shows the average of three independent experiments; data were
normalized to non-targeting control siRNA. We confirmed via Western Blot Wrn
downregulation in transfected samples. As Wrn inhibition in sensitive cells is usually
associated with the accumulation of double-strand breaks, we also checked the phosphorylation
of H2A.X, a marker of DNA damage response. Both MMRd clones showed a basal degree of
H2A.X phosphorylation, but it increased upon Wrn silencing only in the Msh2 KO clone
(Figure 32B). We validated RNA interference results evaluating Wrn dependency via
CRISPR/Cas9 genome editing. CT26 cells and MMRd clones were transduced to obtain Cas9-

expressing cells and then transduced again to introduce sgRNAs targeting Wrn and, as controls,
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a non-essential gene (Cyp4f40) and an essential gene (PIk1). Figure 32C shows crystal violet
staining on cells fixed 7 days after transduction with sgRNA lentiviruses. Consistently with
previous results, the growth of the Msh2 KO clone, but not the MIh1l KO clone, was affected

by Wrn genetic knockdown.

Further experiments are required to evaluate Wrn dependency in a greater variety of clones.
However, these preliminary data suggest that mimicking and potentially studying this

molecular feature in our mouse models could be feasible.
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Figure 32. Evaluation of Wrn dependency in 2D cultures derived from MMRd Cas9-free clones. A. Box plots
showing sensitivity to Wrn silencing via RNA interference in cells from MIh1 KO and Msh2 KO clones. Data were
normalized to non-targeting control siRNA. CT26 colon carcinoma cell line was used as negative MSS control.
Dashed lines indicate 50% and 100% viabilities to help the visualisation. B. Western blot analysis of Wrn, Msh2,
MIh1 and p-H2ax proteins in cells from Mlhl KO and Msh2 KO clones at 72 hours since the transfection with
non-targeting control and anti-Wrn siRNAs. Actin was used as loading control. C. Crystal violet staining on Cas9-
pretransduced cells from MIhl KO and Msh2 KO clones at 7 days since the transduction with the virus for the
expression of anti-Wrn sgRNAs. sgRNAs targeting a mouse non-essential gene (Cyp4f40) and mouse PIk1 were

used as negative and positive controls, respectively. CT26 cell line was used as negative MSS control.

103



DISCUSSION

In recent years, gastric cancer with microsatellite instability emerged as a well-defined entity
endowed with a high mutational load and a good prognosis. MSI GC has been also associated
with a negative response to postoperative chemotherapy and a positive response to ICIs in
every treatment line. However, the significant degree of clinical heterogeneity observed in GC
cases poses a critical challenge for accurate patient stratification and treatment decisions.
Immunocompetent MSI GC mouse models could be a valuable tool to get more insights into
the molecular complexity of the disease, allowing the study of tumour
development/progression and responses to treatments in the presence of a fully functional

immune system.

In the frame of my PhD project, starting from non-transformed BALB/c gastric epithelial cells,
we successfully generated syngeneic M/hl KO and Msh2 KO mouse cultures. The obtained
MMR-deficient models, but not the WT counterparts, developed microsatellite instability and
increased their mutation rate over time. Results from in vivo experiments performed by
injecting bulk lines provide proof-of-concept of the tumorigenic potential of MMR impairment.
When stably grown in stringent conditions, MMRd but not WT cells were indeed able to
generate tumour masses upon subcutaneous injection in immunodeficient NOD SCID mice.
Importantly, we also optimised the gene editing protocol to obtain Cas9-non-expressing clones,

suitable for injection in BALB/c immunocompetent mice.

The model we have developed could stand out as a one-of-a-kind addition in the landscape of
murine GC models, as we induced neoplastic transformation affecting MMR system function
without simultaneously genetically altering any known oncogene or tumour suppressor gene,
thus allowing the natural emergence of driver mutations. The only alternative

immunocompetent MSI GC mouse model published to date was indeed generated via targeted
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ablation of Msh2 gene in a Tpr53 KO background (139). Moreover, similar strategies have
been adopted to generate mouse models mimicking sporadic MMR impairment in other tissue
types. A recently published article describes autochthonous C57BL/6 lung cancer and colon
cancer models, in which MMR deficiency and the subsequent tumorigenesis were induced
through a conditional knockout of an MMR gene, together with the inactivation of a tumour
suppressor gene (Trp53 for lung cancer and Apc for colon cancer) (173). Other authors have
generated syngeneic MSI tumour models inactivating a key MMR gene in vitro in the context
of microsatellite stable cancer cell lines, such as CT26 mouse colon carcinoma and B16F10

mouse melanoma, to generate novel MMR-deficient derivatives (174,175).

In order to obtain a good representation of MSI GC cases, we generated two different MMRd
genotypes, ablating either M/h1 or Msh2 genes in BALB/c gastric organoids, thus affecting the
function of MutL and MutS complexes, respectively. MMRd organoids, but not the WT control,
resulted in the acquisition of microsatellite instability in 3-6 months, in line with findings from
prior studies in which authors induced MMR deficiency in mouse MSS cancer cell lines
(174,175). Furthermore, Mlhl KO organoids acquired MSI earlier than Msh2 KO organoids,
while Msh2 inactivation favoured a greater accumulation of mutations at 10 months of culture
since the knockout event. This data is in line with a study performed on 1057 MSI-H solid
tumours in which TMB was examined and related to the IHC staining of the main MMR
proteins. In the analysed cohort, the loss of MSH2/MSH6 heterodimer was less common than
the loss of MLH1/PMS2, but it was associated with a higher mean TMB (46.83 vs 25.03

mutations/Mb) (176).

Even if MMRAd organoid cultures displayed MSI and a high TMB, they were not able to
generate tumours upon injection in immunocompromised NOD SCID mice. However,
importantly, when we grew them as 2D cultures without any scaffold matrix and in a
commercial medium deprived of all the specific growth factors present in the organoid medium,
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MMRd models, but not WT controls, formed tumour masses in the tumorigenesis experiments
upon injection in mice. Given the pathogenetic role of MMR system alterations in hereditary
cancer syndromes and the presence of MSI in pre-cancerous lesions (50,164—166), it is evident
that the MMR system plays a crucial anti-tumour role and that MMR impairment per se is
predisposing cells to a higher risk of neoplastic transformation. Nevertheless, additional genetic
and epigenetic scars and/or wide cell reprogramming may be necessary for the acquisition of a
fully malignant phenotype. Cancer is indeed considered the result of a multistep process guided
by a dynamic interplay between the initiating driver genetic and epigenetic alterations and the
environment. Consistently with this theory, tumour development usually includes a long
latency period (even decades in some cases) between the initiating oncogenic insult and the
appearance of a clinically detectable tumour (177). Some alterations, even if highly penetrant,
need pressure to become effective and may confer a selective advantage only in the appropriate
cellular/environmental context. The susceptibility to malignant transformation is influenced by
cell plasticity and differentiation stage (170). A high level of cellular differentiation typically
serves as a protective barrier against tumorigenesis and the microenvironment is believed to
play a role in cellular reprogramming during the initial stages of tumorigenesis, facilitating the
emergence of cellular states that are more prone to malignant transformation (178). Taking
these considerations into account, we tried to change the culture conditions as the setting in
which we were growing non-transformed organoids may not imply any major selective
bottleneck able to force the cells towards a complete neoplastic transformation in a time frame
compatible with experimental requirements. We are aware that this is a crucial point in the
development of our MSI GC models and we have not clarified yet the mechanisms guiding the
acquisition of a malignant phenotype following the change in culture conditions. When we
passed from 3D to 2D culture more than a single variable changed and both the bioscaffold

removal and the change in medium composition could potentially have had an impact. Further
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experiments are required to identify the key environmental factors promoting tumorigenesis in

our models.

We managed to obtain tumour masses in NOD SCID mice from both the MMRd genotypes,
although they exhibited differences in engraftment rates and growth dynamics. All MIhl KO
2D cultures were able to form tumours with very high engraftment rates (80-100%), while
Msh2 KO cells derived from non-irradiated organoids (cell series 3) showed a relatively limited
tumorigenic potential (25-30% engraftment rate). Despite that, when comparing cells which
originated in the same experimental conditions and displayed similar engraftment rates (such
as the cells derived from irradiated organoids from series 2 or those from series 3), Msh2 KO
models exhibited more rapid growth dynamics compared to their MIh1 KO counterparts. Given
the limited number of conducted experiments, we cannot assert definitive conclusions about
the different tumorigenic potentials associated with the loss of MIh1 or Msh2. However, in our
specific experimental context, while the ablation of MIh1 caused tumours in nearly all mice,
Msh2 KO tumours tended to exhibit more aggressive behaviour. In addition to a faster growth
rate, it is worth noting that only in the case of the Msh2 KO genotype we also observed
alterations in cell morphology, leading to the acquisition of a mesenchymal phenotype (Msh2
KO cells from series 1). Nonetheless, it is still possible that these observations are the result of
the stochastic nature of cancer evolution, which occurred independently in each cellular model.
It is plausible that these differences are due not only to the initial event that caused MMR
deficiency but perhaps more prominently to the subsequent specific driver lesions that emerged

within the context of the genetic instability.

Another factor that has had a significant impact on the results from in vivo tumorigenesis
experiments is certainly ionizing radiation. Although irradiation is not a crucial step for the
acquisition of a cancer phenotype in our models (as we also obtained tumour masses by
injecting cells that had never been irradiated), X-rays facilitated the neoplastic transformation,
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as expected. Irradiated MMRd cells formed tumours in a larger proportion of NOD SCID mice
compared to non-irradiated cells. Importantly, they were also the only bulk models that
managed to form relatively large tumour masses (>500 mmS) upon injection in
immunocompetent BALB/c mice. At the employed dosage (0.5 Gy), X-rays did not exhibit any
immediate evident impact on cell viability, but they may have induced DNA damage,

potentially prompting the acquisition of additional genetic scars.

The stark contrast in tumorigenesis outcomes between 3D and 2D MMRd gastric cultures is
not attributable to differences in the MSI degree or the mutational load. Differential gene
expression analysis uncovered the substantial transcriptional reprogramming induced by the
change in culture conditions, resulting in over 3000 significantly differentially expressed genes.
According to GSEA, tumorigenic MMRd cells and cells retrieved from tumour masses showed
an increase in the activity of mitogenic signalling pathways (E2F and MYC targets, cell cycle,
G2M checkpoint and mitotic spindle genes), but also an unexpected metabolic reprogramming,
apparently implying the downregulations of genes involved in glycolysis and gluconeogenesis.
Notably, the aldolase C enzyme (Aldoc) was strongly downregulated in 2D cultures compared
to organoids. Several studies explored the role of aldolase family members in tumorigenesis
and cancer progression, but the role of ALDOC is quite controversial. According to many
reports, ALDOC overexpression promotes tumorigenesis in several tissues, including brain,
kidney and lung, and it is closely associated with poor outcome in breast cancer (179).
However, some investigators found ALDOC mRNA expression significantly reduced in high-
grade glioblastoma, compared to low-grade glioma and normal brain tissue. Furthermore, in
glioblastoma, ALDOC downregulation was also associated with a poor outcome (180). A
recently published article described ALDOC overexpression in GC cells and tissues compared
to normal tissues and associated ALDOC high levels with a poor prognosis. However, a

meticulous examination of the study revealed that this overexpression emerges at protein, but
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not at mMRNA level. Since ALDOC expression was also positively correlated with immune
infiltration, the authors proposed ALDOC as a potential biomarker to predict the response to
anti-PD-1 ICIs (179). Even though ALDOC is presumed to play a role in tumour progression,
some other data from the literature suggest that, in our specific experimental setting, its
regulation may be caused by the change in culture modalities rather than being directly linked
to tumour progression. Some studies indeed associated overexpression of ALDOC and other

glycolytic enzymes with 3D-culture conditions (181,182).

We also conducted mutational profiling to better characterise MMRd cells retrieved from
tumour masses. We demonstrated that different 2D derivations gave origin to models sharing
a relatively small subset of mutations and thus diverging in their genetic evolution. We also
observed that MMRd cells were able to recapitulate at least in part the human MSI GC
mutational landscape. Genes mutated in our MMRd models include indeed genes commonly
associated with the MSI subgroup, such as Kras, Aridla, Erbb3 and Tpr53. In Cas9-free Mihl
KO clone #1, we were able to find a hotspot Kras mutation (G12D). In line with the mutational
profile, this Cas9-free clone exhibited an aggressive phenotype in the in vivo tumorigenesis
experiments, demonstrating remarkably rapid growth dynamics (tumour masses reached

volumes over 1500 mm? in 15 days from injection).

These findings demonstrate that our mouse MMRd cultures have the potential to effectively
model MSI GCs, presenting key molecular features, like microsatellite instability and a high
tumour mutational burden, and capturing some of the alterations commonly observed in human
tumours. Importantly, the heterogeneity observed in the models generated so far, though
limited in number, suggests that with multiple clonal populations we will be able to accurately
reconstruct the GC MSI molecular universe. However, we are aware of the limitations of the
model, as the inactivation of Mlh1 and Msh2 genes potentially recapitulates a good portion of
MSI cases, but not all of them. The chosen genotypes are unable to mimic the rarer cases in
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which the MMR deficiency is due to other members of the system. An IHC analysis of 585
MMRd tumours revealed that over 15% of cases can be classified as unusual MMRd tumours
as they harboured isolated loss of PMS2 and/or MSH6 proteins or retained the staining of the
four main MMR proteins (183). Some critical issues are also related to the intrinsic differences
between human and mouse genomes. For example, in a recent study, a notable prevalence of
subclonal variants in Msh6 and Msh3 genes was underscored in the context of MSI CRCs.
These mutations primarily cluster in two specific hotspot regions. These regions consist of
repetitive homopolymer sequences which, in the context of the genetic instability induced by
the loss of MIhl, become particularly susceptible to frameshift alterations. Importantly,
subclonal secondary MMR alterations fuel intratumour heterogeneity affecting tumour
immunogenicity (121). We are aware that our model is not able to recapitulate secondary
hotspot alterations in Msh6 and Msh3 due to the lack of homopolymeric tracts in the mouse

genes.

Our models possess also significant advantages, particularly in their ability to grow in
immunocompetent BALB/c mice. Conducting a direct comparison between tumour masses
arisen in immunocompetent and immunodeficient mice may serve as a potent strategy for
investigating immune evasion mechanisms. Through the comparative analysis conducted on
cells retrieved from tumours originating from Mlh1 KO clone #1, some differentially expressed
genes emerged. One of them VglI3, significantly downregulated in cells retrieved from BALB/c

mice, has been previously correlated with immune cell infiltration in GC (184).

Another point in favour of the efficacy of our models lies in their ability to recapitulate another
pivotal feature of MSI tumours. WRN dependency has emerged as a promising specific
vulnerability, with the potential to significantly improve the therapeutic landscape of this
molecular subtype. WRN has indeed been described as a promising drug target also in MSI
cases recurring after targeted therapies, chemotherapy and immunotherapy (126). Notably,
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among the MMRA clones tested for Wrn dependency, we were able to identify an Msh2 KO

clone whose viability was affected by Wrn knockdown.

111



FUTURE PERSPECTIVES

We successfully generated MMRd tumorigenic cells and characterized them from a molecular
perspective, including transcriptional profiling and analysis of somatic alterations. However,
our mutational analysis only focused on single-base substitutions and small indels, given their
primary association with MSI. We believe that an intriguing opportunity for future research
could lie in exploring additional types of genomic alterations (such as copy number variations,
structural variants, and epigenetic events) that may potentially occur during MSI GC
tumorigenesis. To achieve this goal, we could expand the characterization of our models by
means of whole genome sequencing and/or epigenomic assays (such as ChIP-Seq, ATAC-Seq,
Hi-C, DNA methylation analysis, chromatin accessibility assays, histone modification

analysis).

From a clinical point of view, MSI subgroup is usually associated with a good prognosis.
However, some reports showed the existence of a subpopulation of MSI GC patients displaying
a worse outcome (117,118). The analysis of transcriptional profiles to potentially identify these
two MSI subgroups in our models could serve as a valuable benchmark, along with the

mutational analysis, for assessing the representativeness of our cohort.

Our models could contribute to assessing the mechanisms underlying the clinical heterogeneity
of MSI GC, as the molecular characterisation of the most invasive/aggressive clones could lead
to the identification of putative prognostic markers useful for patient stratification. Although
relatively few MSI cases develop metastatic disease (2-5%) (26), it would be important to

identify them early based on their molecular features.

Future efforts will be also directed towards a further improvement of the model to partially

overcome its limitations. One possibility is the expansion of the considered genotypes, also
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including the inactivation of Pms2 and Msh6, to mimic rarer MSI GCs. Furthermore, in order
to replicate some facets of the intratumoral molecular heterogeneity, we are currently planning
the introduction of secondary alterations in the MutS complex (Msh2, Msh6, Msh3 genes) in
the context of a complete Mlh1 loss. We are also generating proper control clones, transduced

with the empty sgRNA vector.

To fully exploit the potential of the model, it will be crucial to evaluate the growth patterns of
several clones in the presence and absence of the immune system. Furthermore, testing
immunotherapy in immunocompetent BALB/c mice will be of paramount importance. Our
model provides an optimal experimental setting for examining the interplay of ICIs with
alternative therapeutic strategies (e.g. WRN inhibitors). It could also serve as a platform to
pinpoint potential mechanisms of primary and secondary resistance to immunotherapy

regimens currently approved in the clinical practice.
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EGFR PROJECT

In the frame of my PhD, I have also been actively involved in another project, nearing
publication, aimed at identifying predictive biomarkers of response to the blockade of

epidermal growth factor receptor (EGFR) in gastroesophageal carcinoma.

A Composite Biomarker Identifies a Subset of Gastroesophageal Cancer Patients

Responsive to EGFR Targeting.

Daniela Conticelli, Marco Volante, Filippo Pietrantonio, Claudia Orru, Martina Olivero,
Russell Petty, Simona Corso, Silvia Giordano* and Cristina Migliore*.

*co-last authors

The development of EGFR-targeting drugs for gastroesophageal cancer (GEC) treatment has
been hampered by negative results from phase III clinical trials testing EGFR inhibitors
combined with chemotherapy in molecularly unselected patients. We have previously
demonstrated that GEC patients with EGFR amplification benefit from EGFR blockade,
promising a reassessment of EGFR as a therapeutic target within the context of a precise patient
selection.

In the current study, results from xenotrials and in vitro viability assays we performed on
patient-derived models from our proprietary GEC platform highlighted the existence of a
subset of cases sensitive to anti-EGFR drugs and lacking EGFR genetic and quantitative
alterations. Through the molecular characterization of tumours and primary cells, we identified
putative predictors of response to EGFR inhibition: sensitive models displayed overexpression
of EREG and AREG (two EGFR ligands), HER3 (a tyrosine kinase receptor belonging to
EGFR family), and BIM (a proapoptotic protein); they also showed low levels of PTPRJ (an

EGFR-targeting phosphatase).
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We thus defined a predictive paradigm potentially useful in the clinical practice to discriminate

a subset of GEC patients which could benefit from EGFR targeting.
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