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MAIN ABBREVIATIONS

GC: gastric cancer

GEA: GastreEsophageal Annotated platform
ICI: immune checkpoinnhibitor

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 stabilitimicrosatellite stable
PD-1: programmed cell death

PD-L1: programmed cell deafigand 1
PMS2Pms2: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 maligf@niacidence

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 ZealBiodthern America and Northern
Europe as well as all African regions are {osk areag1). In all countries, GC incidence rates
increase with age and most patients are diagnosed between 55 and 80 years. Mefolre two
more susceptible than women and GC is the first leading cause of-calated death in the

male population in several Sou@entral Asian countries, including Iran, Afghanistan,

Turkmenistan, and Kyrgyzstdm,2).

Gastric cancer is a complex disease with multiple risk factors. Certain inherited genetic
alterations can increase GC risk. Mutation€DH1 andCTNNAlhave been associated with
hereditary diffuse gastric cand@;4), while patients with syndromes like-Braumeni, Lynch

and Peutzleghers display an increased risk of developing various malignancies, including
gastric cancef5,6). Moreover,BRCAlandBRCA2germline mutations, weknown 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. Persistéalicobacter pyloriinfection is

considered the main risk factor for noardia GC and the occurrence of the infection aligns



with GC incidence when viewed geographical8;9). Beyond H. pylori, established risk
factors for norcardia gastric cancer include tobacco smoking and dietary fastmbkas

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 wittH. pylori infection; excess body weight and chronic acid reflux are listed
among the prominent cardia GC risk factors, thus mirroring the physiopathogenesis of

oesophageal cancél).

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 noosties(10).

Localized GC (stage 0/1) is endowed withelatively good prognosis, with ayear survival
rate of over 70% while locally advanced (stage Il/lll) and metastatic (stage IV) cases are

characterized by a poor outcome33% 5year 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
patientso out come c 0 (13). eRecerdly, theo FLQTuregimerns-y al on
fluorouracil, leucovorin, oxaliplatin, and docetaxel) has become the new standard perioperative
treatment as the FLOTghase II/lll 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-8uorouracil/capecitabine) regimédh4,15)

Adjuvant chemotherapy is recommended for stage Il/lll patients undergoing primary surgery.

Phase Il trials demonstrated the efficacy of several cytotoxic regimens, including S



monotherapy (a biochemical modulation offl&orouracil), CAPOX (capecitabine and
oxaliplatin), SOX (S1 and oxaliplatin), and DS (docetaxel and)%16i 18). The selection of

the adjuvant treat ment depends on thle stag
monotherapy is usually chosen for stage Il disease or in case of suboptimal performance status,

while combination therapies are favoured in case otdiagiseas€10).

Chemotherapys still the standard of care for unresectable and metastatid &Cbackbone
of first-line treatment is usually the combination of a fluoropyrimidineflgdrouracil,
capecitabine or-8) with a platinum, while paclitaxel, docetaxel, and irinotecan are generally

administered in theecond ling10).

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 ahtER2, antiangiogenetic, and other biomaridirected
therapies, have exhibited promising efficacy in GC treatment, with signifisanéfits

observed in patients with specific biomarker profiles.

Trastuzumab (Herceptin®) is a humanized -&R2 monoclonal antibody. Based on the
promising results from the ToGA trigl9), 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 withHER2-positive metastatic GG10). Trastuzumab is also
available intheform of antibodydrug conjugates: trastuzumab emtansir®(\1, Kadcyla®)

and trastuzumab deruxtecanXd, Enhertu®), both formed by the atfER2 monoclonal

antibody trastuzumab linked to a cytotoxic paylofgD,21) T-D X d 6 s payl oad



topoisomerase | inhibitor connected via a cleavable tetrapdpdisied linker. In this way, the
drug is specifically delivered and selectively cleaved in HEeR@essing cancer cells, thus
exhibiting an antitumour bystander effect on nearby cells, including HBBZative cells,
while limiting off-target toxic effect§21). Encouraging results from the Asian phase I
DESTINY-Gastric01 trial supported FDA and EMAdications of TDXd for the treatment of
patients with locally advanced or metastatic HER2itive GC who underwent prior treatment
with a trastuzumabased regimen. Interestingly, in the DESTH®4stricO1 trial, TDXd was
also administered in explorayocohorts of patients with pretreated HER®% GC, resulting

in a benefit in overall survivgR2). Another phase Il trial (DESTINYGastric02) confirmed -T
DXd secondine efficacy in western GC HERRositive patient$23). Further clinical trials
testing FDXd monotherapy and combinations with standard chemotherapy are in progress
(phase 1l DESTINY¥Gastric0O4 NCT04704934 and phase Ib/ll DESTH®4stricO3

NCT04379596).

Blocking angiogenesis is another key strategy in GC therapy. Ramucirumab (Cyramza®) is an
antrVEGFR2 humanized monoclonal antibody, preventing the receptor from binding its ligand
VEGF. Ramucirumab is approved for the treatment of advanced GC refractory-tmdirst
chemotherapy and it can be administered eitharsasgle agent or associated with paclitaxel
(10). The REGARD trial demonstrated the efficacy of ramucirumab monotherapy in patients
with advanced GC progressing after filise chemotherap{24), while in the RAINBOW trial,

the addition of ramucirumab to paclitaxel led to a notable extension in overall survival

compared to paclitaxel alor25).

Anti-HER2 and antVEGF therapies have been established as standard treatments for
advanced GC in the firsand secondine setting, respectivel\Nevertheless, the advantage of
targeted therapy application in the perioperative or adjuvant context remains unclear and is
currently under investigatiof10).
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Immune checkpoint inhibitors (ICIs), administered alone or in combination with other
treatments, havdemonstrated potent antitumour activity in various solid cancers, including
gastrointestinal tumours. Several phase Il clinical trials led to the approvaltdfiftibitors

for first- and thirdline treatment of unresectable or metastatic GC in variousitdes.
Pembrolizumab (Keytruda®) is a monoclonal antibody that blocks the interaction between PD
1 and its ligands PID1 and PDL2. Based on positive results frae KEYNOTE-059 single

arm phase Il study26), the FDA granted accelerated approval to pembrolizumab as
monotherapy for GC patients whose tumours expresePP&nhd who have progressed on two

or more prior lines of chemotherafi0). Furthermore, following the promising results from
thephase Il KEYNOTES811 trial(27), in 2021, the FDA approved pembrolizumab combined
with trastuzumab and chemotherapy as thelimsttreatment for advanced HER®sitive GC

(10). This year, the same treatment combinationleen approved as firkhe treatment by
EMA, but the indication is limited to those patients whose tumour expresses both HER2 and

PDL1 (combined p@8itive score O 1)

Another ICI targetinghe PD-1/PD-L1 axis has been recently approved by kb#FDA and

the EMA. In the phase Illl CheckMat@49 trial, nivolumab (Opdivo®), an arfiD-1
monoclonal antibody, was tested in combination with ipilimumab (a CTibA#bitor) or in
combination with chemotherapyersus chemotherapy alone in metastatic HEBgative GC
patients. The chemfree regimen involving nivolumab and ipilimumab did not demonstrate
improvements in overall survival compared to chemotherapy alone. However, the addition of
nivolumab to bemotherapy improved both overall and progres§iea survival(29). These
findings led to the inclusion of nivolumab and chemotherapy combination as one of the
recommended firdine treatments for advanced GRurther research is currently exploring

the potential use of immunotherapeutic regimens in the perioperative $&@)ng
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All the targeted agents and ICls approved for GC treatment are depicigpliia 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, ineapatnd interpatient heterogeneity

posea 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 treatme@teated using

BioRender.com.-Dxd = trastuzumab deruxtecan.

From Histological to Molecular Classification.

The definitonof igastri ¢c cancer o includes any mali gt
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 (GISTEBO).

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 subtypénérbouring weldifferentiated
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 infiltramg the gastric wall; and mixed subtype (iii), displaying features

of both intestinal and diffuse types (>25% of either compor{8t))

The WHO classification recognizes four major histologic patterns: tubular subtype (i
resembling normal gastric epithelium, predominantly composed ofde&ted glandular
structures; papillary subtype (ii), exhibiting elongated fiddex projections formed by well
differentiated tumour cells; mucinous subtype (iii), presenting almirekracellular 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 thepbeury(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 outcomé33,34) but this association has not been confirmed in other tested
cohorts(35i 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 subtype@8i 40). However, there i10 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 subty@gd3 Nevertheless, neither of these two

systemavasdemonstrated to be adequate to properly guide patient managéjent

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 highroughput evaluation of 295 primary gastric adenocarcinomas, the
TGCA identified four molecularly distinct subtypes: EpstBarr virus-positive (EBV™)
tumours (i), exhibiting recurrerRIK3CA mutations, extensive DNA hypermethylation, and
gene amplification 08AK2, PD-L1 andPD-L2; tumours with microsatellite instability (MSI)

(i), showing high mutation rates and mutations in known targetable geriti&35A EGFR
ERBB2 ERBB3 genomically stable (GS) tumours (iii), displaying alterations in cell adhesion
and cell migration pathways, such @®H1 and RHOA mutations andCLDN18ARHGAP
fusions; and tumours with chromosomal instability (CIN) (iv), characterized by significant

aneuploidy and focal amplification of receptor tyrosine king$8}p

The ACRG, profiling a similar number of patients of Asian origin, distinguished four subtypes
as well: MSI tumours (i), harbouring hypermutations in the PI3K pathwaliKRA& ALK and
ARID1A genes; microsatellite stable tumours with epithdbainesenchymal 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 incluMiNg, ERBB2

andEGFR(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 targefg2,45)(Figure 2)
Figure 2.
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Figure 2.GC molecularsubtypes according to TCGA and ACRModified 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 idemiifibtSI
subgroup, accounting for 223% of all GC cases and characterised by-detfined 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@ base pairs. These sequences aresdisd throughout the
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genome and can be found in both coding andauating 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 misrhatepair (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 dbase mismatches and small
insertions/deletions that occur during DNA replication or following physacal 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 homdygThe MutS

complex is responsible for the initial detection of mismatches in the DNA. Specifically,
MSH2/ MSH6 ( Mut SU) r epairo rgismiatzhess ands smallginsertionb ars e
deletions (up to 3 nucleotides), fiewhigere MSH
insertions or deletions (up to 13 nucleotides). In eukaryotic cells, DNA error recognition is
foll owed by an excision step during which Mu
homolog 1) and PMS2 (Postmeiotic Segregation Increased2)gpion s . Mut S and Mu
a tetrameric complex orchestrating the subsequent steps in the repair process. Eukaryotic
Mut LU has a | atent endonuclease activity anc
strand. After the DNA incision step, Exonucledq&X01) is recruited and activated by either

MSH2 or MLH1; once activated, EXO1 excises the nesyigthesised DNA strand, and the

DNA excisiongapisrs ynt hesi sed by DNA pol ymathesisie U ( P
complete, the remaining nick is ligalby DNA ligase 1(48). The main steps of the eukaryotic

MMR pathway are illustrated in FiguBe
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Figure 3.
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Figure 3. lllustration of the eukaryotic MMR systemModified from(49). EXO1 = exonuclease 1; PCNA =
proliferating cell nuclear antigen? o | U = DNA p BHCy=meplicaticn éactad € | t a ;

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

of the complexes and the subsequent ineffective DNA répajr

Clinical Relevance of Microsatellite Instability in Familial and Sporadic Cancer.

Microsatellite instability plays asignificant role in hereditary cancer syndrom@&$ese
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 likeMLH1, MSH2 MSHG andPMS?2 but it can also result from alterations in the
EPCAMgene, impacting the function of the nead$H2 gene. In individuals with Lynch
syndrome, MMR impairment predisposes them to a significantly elevated risk of developing
certain types of cancers, primarily colorectal cancer. Howéyech 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
genesMLH1, MSH2 MSH60or 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 dispys a germline mutation, patients affecbkyy 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 cancemaarly age, often in childhood or

adolescencé1,52)

Individuals affected by either Lynch or CMMRD syndrome undergo regular surveillance and
screening for associated neoplasfs3,54) Gastric cancer risk in individuals with Lynch
syndrome can range up to 9%. However, this risk varies according to the specific genotype,
with carriers oMLH1 andMSH2mutations having a higher risk compared to carrieM$iH6
andPMS2mutationg55). In the USA, the National Comprehensive Cancer Network (NCCN)
has recently advised regular gastric surveillance for patients harbicidg, MSH2 MSHG
andEPCAMgene mutations, starting between 30 and 40 years of age and repeating4very 2
years (56). On the contrary, European institutiormuch 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 {6al$8) CMMRD patients develop
gastrointestinal manifestations very early, predominantly infdh@ of multiple colorectal
adenomas evolving iearly-onsetcolorectal cancer. Surveillance for digestive tract cancers is

based on colonoscopy and generally begins at 6 years (6%ge

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

in endometrial, ovarian, and gastrointestinal carcinoma8Q¥0frequencies) (Figuré).

Figure 4.
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Figure 4. Frequency of microsatellite instability in gastrointestinal and gynecologic cancéedified from
(60). CIN = chromosome instability; CIMP = CpG island methylator phenotype; MSI = microsatellite instability;
EBV= EpsteiiiBarr 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 bfLH1, leading to epigenetic gene silencing, but in some
casesMSI is due to biallelic losef-function mutations in MMR geng$1). 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 (IH®),evaluate the expression of the main
MMR proteins, or molecular approaches for the analysis of microsatellite seq(&PchESI
molecular testing is typically conducted using polymerase chain reaction {RG&])
amplification and measuring via capillaglectrophoresis the size of the amplified DNA
fragments. There are two widely used commercial panels formIR: the Bethesda panel

and the Pentaplex pandlhe Bethesda panel comprises five-gedined genomic regions,
consisting of two singlaucleotide markers (BAT25, BAZ6) and three dinucleotide markers
(D2S123, D5S346, and D17S250). The Pentaplex panel involves five mononucleotide loci,

namely BAT-25, BAT-26, NR21, NR24, and NR27 (62,63)(Figureb).

Figure 5.
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Figure 5.Capillary electrophoresis resultBom the Bethesda panel (A) and the Pentaplex panel (B) assays.
Modified from(64). X-axis indicates amplicon size (basespxs 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 shithasize of the amplification products in taenourspecimen when

compared with normal DNA. The arrow indicates an example of shifted locugimtbersample for each assay.

On the basis of the numberwistable markers, microsatellite status is determined as follows:
high microsatellite instability (MSH) (i) is defined when there are 2 or more unstable loci;
low microsatellite instability (MSL) (i) is defined in the presence of a single unstabladpc
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 airrently grouped together in clinical research stu(@é¥

MSI testing methods based nextgeneratiorsequencing (NGS) have been developed as well.
Some NGS gene panels for MSI detection include MSI@6sand ColoSed67), optimized

for colorectal canceMSIPlus examines 16 microsatellite sites in addition hotspotations
within oncogenes such &RAS NRAS andBRAF (66), while ColoSeq identifies mutations,
deletions, or complex structural changeMMR geneq67). Other approaches integrate NGS
data with computational algorithms such as mSIN&S, MSISenso(69), MOSAIC (70)and
MANTIS (71), which allow the assessment of numerous microsatellite loci predominantly
located in proteircoding regions These tools calculat@n instability scoren the basis of

microsatellite length distributions in normal and tumour sas{({7l&).

Another possible way to infer MSI status could be through the analysis of specific mutational
signaturesassociateavith DNA mismatch repair deficiencydutational signatures represent
specific patterns odlterations encompassing single base substitutions, indejsy number
variantsandstructural variantsThese patterns, arising from mutagenic processes comprising

some form of DNA damage, provigeofound insights into the aetiology of various diseases,
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includingcancerThe COSMIC catalogue includes severterns specifically associated with
MSI include singlebase substitution (SBS) signaturesuch as SBS6, SBS14, SBS20, SBS21,

SBS26, and SBS44andsmall insertion and deletion (ID) signatuiekke ID7 (72,73)

MSI testing plays a major role in the classificatiosbradiccolorectal cancer (CRCONCCN
guidelines recommend MSI molecular testing or IHC for MMR proteins to be done in all newly
diagnosed CRC cases, especially at staffg6)l MSI status is indeed a wedistablished CRC
prognostic and predictive biomarker, fundamefaegjuiding clinical management. Stage 1l/111
MSI-H CRGCsare associated witkignificantlybetter diseas&ee survival and overall survival
compared with MSL/MSS cases at the same disease stage. Stage-HM8&lients show also

a lack of benefit from Hluorouracitbased adjuvant chemotherapy. Howevke benefit is

still uncertain in stage Ill CRC, where FOLFOX adjuvant chemotherapy remains the standard

of care regardless of MSI stat{i&}).

The clinical relevance of the MSI status in sporadic cancer is mostly due to its role as a strong
predictor of response to immunotherg@p). 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, Fcell activation is also affected by-stimulatory and cenhibitory signds.

One ofthemain coestimulatory pathways is represented by the interaction of #elTTD28
recepbr with B7 family ligands, such as CD80 and CD86, which are expressantigen
presentingdendritic and Bcells. However, the cytotoxic T lymphocyte antigen 4 (CTLA4),
not detectable othe cell surface of naive-Tells but highly induced after-gell activation,
competes witithe CD28 receptor in binding to B7 ligands leading taéll anergy. Cancer

cells can take advantage tife CTLA4-B7 axis producing B7 ligands and thus escaping
antitumour TFcell immunity. A further immune evasion opportunity for cancer cells is
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represented by the programmed cell ddat(PD1) receptor, which is another keyo-
inhibitory receptor orthe T-cell surface. By means of overexpression of programoedd
deathligand 1 (PDL1), cancer cells can indeed activitte PD-1/PD-L1 pathway in Fcells,

thus inducing and maintaining immune tolerafi¢&). Monoclonal antibodies targeting the
immune checkpoints CTLA and PB1 have been developed and tested for the treatment of
metastatic tumours. Since the last decades, immune checkpoint inhibitors (ICls) demonstrated
to improve survival in multiple solid tmours, including metastatic melanoma and-sorall

cell lung cancer, leading to their clinical appro@@li 81).

Regarding gastrointestinal malignancies, the first trials testingP&rfi monoclonal
antibodies were carried out in unselected CRC metastatic cases and showed limited clinical
response$32). However, when evaluated in the specific context of metastaticHl MR -
deficient CRC, antPD-1 ICIs demonstrated unprecedented effiq@3y84) Promising results

from phase Il clinical studies led to accelerated approval offalti monoclonal antibodies

and pembrolizumab is now the filgte treatment for patients with M$H/MMR -deficient

CRC. Boththe FDA andthe EMA also approved the combination of nivolumab and the anti
CTLA4 antibody ipilimumab for the treatment of refractory MEMMR-deficient CRCs

(85). ICIs have reshaped the treatment of advanced-M®IRC 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 withstayéy

tumaours (86).

Despite this success, some MSI CRCs are refractory to immunotherapeutic regimens, probably
due to both intrinsic and acquired resistance mechan{®r)sA 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 moleculastructurego improve their solubility and stabili85).

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 genBsasitin

mutated in the MSI subgroup. These genes are involved in diverse cellular processes such as
themaintenance of DNA integrity and cell cycle contrbP63, CUL1, FBXW7, NF1, PAX6
transcriptional regulation and chromatin remodellig@ TB20, HDA@, TBL1XR1, EP300

signal transduction including phosphoinositigtkinase (P13K) pathwayRlK3CA, PTEN and

Wnt pathway RNF43, CIG. Moreover, MSI GC tumours showed a high expression of pro
mitogenic players, such as AURKA A/B, E2F, FOXM1, 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 phe(88ypeCGA showed
PIK3CAgene, encoding for catalytic subunit pl1l
in 42% of analysed MSI GC tumours. Furthermore, HLOBRTRBCA hotspot mutation was
specifically enriched in the MSI subgro(48). 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 st@8s Another report demonstrated a

robust association betweBtK3CAgene mutations and MSI status. Interestingly, in the same

study, MSI patients harbourinBIK3CAmutations exhibited a less favourablgéar survival

rate (40%) in comparison to MSI patients with the viyide gene (70.4%). Additionally, when
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the prognosis was examined according to the specific hotspd®IKBCA 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 86¢éab survival rates,

respectively(90).

According to TCGA analysisKRASis among the genes significantly mutated in the MSI
subtype. More specificallykKRAS mutations are present in 24% of MSI GCE). The
association betweelRASand MSI status was further confirmed by a more recent analysis
performed on 595 GC patients identifyik@@ ASmutations in 14.9% of MSI and 1.2% of MSS
GCs(91). Consistently, a large internationaulticentrestudy examinindKRASand BRAF
alterations in 712 patients with locally advanced resectable GC reportéRA&mMutations
were enriched in MMRieficient tumours. Interestingly, in the same stadBRAFmutation

was detected only in a single GC c&2). Although MSI GCs and MSI CRCs share a similar
prevalence oKRASmutations, it is worth nating that MSI GCs do not exhibit the BRAF

V600E mutation commonly described in CRA3).

Receptor tyrosine kinases (RTKs), 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 likeeERBB2 ERBB3andEGFR(43).

Another gene frequently mutated in MSI GCARID1A involved in chromatin remodelling
and identified as a tumour suppressor gene in both GC and (@RE3 95). ARID1A
mutations generally eoccur withPIK3CAmutations and MSI status in G84,96) A meta
analysis proposed th&RID1A alterations could play a role in MSI GC developm@h).
Consistently, low expression oARID1A particularly in earlystage undifferentiated

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

| complex, leading to a reduced neoantigen presentation to the immune @&E00)

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 ragtalysis comprising8 studies revealed that

MSI GC patients who underwent surgery alone showed better overall survival when compared
to the MSS groug101) The favourable prognostic impact of MBigh status after radical
surgery has been also reporteghast hocanalyses of randomised controlled trigll®2 104).
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 largscale study involving 1,990 GC patients demonstratedovegr diseaséree

survival in stage I/l MSS, but not in MSI patients, who receigefluorouracitbased
adjuvant chemotherapy after gastrectofh§5) Similar results were reported in a pbsic
analysis of the CLASSIC trial, where capecitabine and oxaliplatin adjuvant chemotherapy did
not significantly impact survival in MSI GC cagqd€94). Furthermore, an analysis of 1,276 GC
cases (stage Il/1ll) 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 administere@106) The negative predictive value of the MSI status for chemotherapy
efficacy was also highlighted in the pdwic 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 metmalysis pooling together data from four large

clinical trials (MAGIC, CLASSIC, ARTIST and ITACA) found that the MSI GC subtype
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was associated with superioyBar diseaséree survival and fyear overall survival compared

to the MSS subtype. Notably, patients with MSS or MSdtatus showed benefit from
chemotherapy plus surgery, whereas the same benefit was not observeeHA@S(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 mimber
MSI GC patients enrolled in each individual study and to the retrospective nature of the

reported analysg4.09).

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-fBBhan@Is pembrolizumab

and nivolumab and ar€TLA4 ICl ipilimumab granted approval for treatmexfi 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 ofipsgtinctioning as
neoantigens can triggercell recruitment and activatiqd11) However, even if clinical trials
testing these ICls in GC demonstrated efficacy in MSI patients in each treatment line, the low
incidence of MSI in metastatic stagesg®) limited the number of MSI cases enrolled in the
studies and thus the statisticgjrsficance of individual poshoc analyses. In the KEYNOTE

059 trial, MSI patients (n = 7) showed a higher overall survival (57.1%) upon pembrolizumab
treatment compared to MSS patients (426). Consistently, in the CHECKMATD32 trial,
exploring the activity and safety of nivolumab monotherapy and nivolumab plus ipilimumab
regimens in a PEL1 unselected metastatb®sophagogastricancer 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 stgtlis2). Furthermore, a metanalysis, including

data deriving from the KEYNOTHB61, the KEYNOTEO062, the CHECKMATEG49 and the
JAVELIN Gastric 100 phase lll studies, showed a significantly improved overall survival upon
ant-PD1 treatment in MSI GCs (n = 123, 4.&%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 M$&I/MMRd tumour types, including recurrent uneetable

or metastatic GC, thus leading to the second approval for pembrolizumab in Europe based on
the MSIH/dMMR status as a predictive biomark€t14) 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 tyg&&5) In an exploratory analysis of the
KEYNOTE-061 trial, pembrolizumab led to an overall survival benefit compared with
paclitaxel in the TMBhigh GC cohort and this clinical efficacy was confirmed also when MSI
patients were excludgd 16). 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 effeclirat patient

care. Indeed,GC high heterogeneitys emerging as a major concern for proper MSI GC
stratification and treatmenimportantly our team and other investigators reported the
existence, among MSGC patients, of two distinct populations endowed with peculiar
transcriptionatraitsand different survival probabilitieStarting from the analysis of MSI GC
patientderived xenografts, our group extrapolated a canceirtghisic MSI signaturable to

identify a subset of MSS patiesgndowed witha better prognosis. Moreovexshen the same

signature was applied to MSI cases fridtm ACRG dataset (GSE66229), we managed to

28



discriminate a subgroup of patients with a lower M score showing a poorer outcome
(117) In line with this observatioryang et al analysedjene expression profiles frof7 MSI
GCs and found that they clustered in two subgroups of similar size, nameld M@I = 24)
and MSHH2 (n = 23) The survival rate in the MSI-H1 subgroup was significantliower
compared tothe MSHFH2 subgroup. Furthermore, no significant survival difference was
observed when MSH1 cases were compared to MSS cakgsrestingly, he authors did not
find any difference in TMB between M$I1 and MSIH2 GCs but highlighted the high
suppressiveéumour microenvironment as a possible explanation for the poor outcortme of

MSI-H1 subgroug118).

The clinical heterogeneity of MSI GC alsmergesfrom the different responses to ICI
treatmentsAmong the 67 MSGC patients enrolled in the Keyne@b9,-061, and062 trials,

the overall response rates to pembrolizumab monotherapycleseeto50%, suggesting that
nearly half of theumoursare intrinsically resistar{tt19). Furthermore, results from another
clinical trial T a phase lIstudy in which pembrolizumab monotherapy was tested in 19
advancd MSI GC patient§ suggest that complete and lelagting responses are achieved in

very few case§120)

In addition to interpatient variability the response to immunotherapy coaldobe affected

by the highdegree ofntra-tumoral heterogeneityzor example, some biomarkers, like D
expression and MSI status, could be heterogeneous in time or space, possibly reducing the
accuracy of IClI efficacy prediction. Furthermore, the presence of specific alterations in specific
cell populations, such asecondary inactivation of additional MMR components (i.e.
MSH3/MSH6frameshifts in MLHZdeficient cells), DNA polymerased30OLE and POLD1
mutations,NOTCH4 mutations, cestimulatory molecule overexpression and activation of
antigen processing pathways, could affect tumour immunogenicity and immune cell infiltration
(121,110)
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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 ICl treatmeuldsbe exploitedo
improve patient stratification and toaximise the eradicating potential of immunotherapeutic

regimens.

In recent yearggenomescale 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 M&lls (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 doustiieand

DNA breaks, triggering apoptosis and inducing cell cycle alE2%) Importantly, WRN
inhibition has been demonstrated to be effectil@ in MSI colorectal cancers that are
refractory to targeted therapies, chemotherapy and immunothdd®8) 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 investifftin

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 aspeate,

including tumour evolution, development, and responses to immunotherapy.

Syngeneic and transgenic mouse models are two distinct approaches commonly used in cancer
research to obtaim vivo cancer models. Syngeneic models invdlveinjection 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 ramoangrogression

(128 130)

Immunocompetent GC mouse models have rarely beported andvery few of them
specifically recapitulate the MSI subtype. Current available syngeneic GC models include
MFC cells derived fron€57BL/6 forestomach carcinonii31)and 4celllines (YTN2, YTNS3,

YTN5, YTN16) established from et hyl N nitr glandular gsemachn duc e

carcinoma in & P53heterozygous knockout C57BL/6 moy482)

Some examples of transgenic GC mouse models are: the igastiin (INSGAS) mous«(i),

which expresseshe gastrin gene under the control of the insulin promoter. Elevated gastrin
levels lead to hyperplasia and spontaneous tumorigenesis in the gastric (A38)si€19-

wntl and K19wntl/C2mE mice (ii), developed to investigate the role of Wnt and
prostaglandin E2 pathways in gastric tumorigen@s3d) Trefoil factor 1 (TFF1)KO mouse

(ii), presenting a deficiency in the TFF1 tumour suppressor gene, useful for investigating
genetic and environmental factors influencing @85); gp1307°"7Y5"Fmouse(iv), carrying

a homozygous mutation in the-B.signal transducer, which leads to abrogation of SR&2

ERK signalling and GC developmei36) Pdx1-CredSmadd’ ™/ Trp53F/CdhT’* mouse(v),

in which conditional concomitant knockout &MAD4 and TP53 together with CDH1

heterozygosity accelerates the development and progression of gastric adenocddd@pma

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

CIN and GS GC subgroups (CIN, G&BF andGS'Wnt mice)(138).
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Otherapproaches implied Electroporatibased Genetically Engineered Mouse Models (EPO
GEMMS). In this method, transpostmased vectors encoding cDNAs or CRIZEC&9
constructs targeting endogenous genes are delivered into the tissue through a precise surgical
procedure and a short electric pulse. This proetssgectors 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 electrapuoratking advantage of ERO

GEMM and CRISPR/Cas9 techniqgues some authors inactivatetPthggene alone or in
combination withMSH2knockout, thus generating a setting in whicklirectly compare MSI

and MSS GC¢139).
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AIMS OF THE PROJECT

The major goal of the project is thg vivogeneration 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 investigdtinachanisms

underlyingMSI GCclinical heterogeneity.

Interesting future applications may encompass the study of immune escape dynamics and
regulators of the response to immunotherapy regimens, in order to ideawifyulnerabilities
as well aprognostic markers argketerminants of resistance to ICls which could be exploited

as predictive biomarkers in the clinical practice.
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MATERIALS AND METHODS

BALB/ ¢ mouse gastric organoids derivation an

Healthy stomachs wer eweeoklpd aBAEB/ drmimcd h¢ €l s
Laboratories, l nc.) without subjecting mice
coll ect-edl d nPBSeand further processed withi
i solation prot dddddl nwascadapteddbyh, a scalp
stomachs | aterally along the great curvature

| umen. Chyme resi dualfsi vwee rgee ntthl een owagsnnee®s& di niv hi

stomachs were moved with forceps in a new cC|
(10 mM EDTAHPD 68 mM M@ KWH. 2 mM NacCl , 1.6 mM
sucrose, -5édr ®i tndM ,BdDt Bi ontMh rDeLi t o | in di still
fragmentsdweft sheapepternal mucosa in the so
suspension was collected in a 15 mL conical
rocker at 4 AC. Tube was put in ice dvoewn i cal
for 5 minutes. The supernatant was discarde

di ssociation -bafbeto(5449. MNIMME wadrcuset erReBB

10 seconds and put again i n uecefrveegmemnctad wer
at the bottom (about 10 seconds), the supern
pell et was discarded. The tot al number of 1 s

number eLnsasp@g®nsi ondsdrwepr.e Tcheentgliafruged at 65
AC and the supernatant was discarded. The |
Mat rE(g&drning) supplement e® 7Wi3tZMYBE®Rd( 50 engl ¢
were seedved|li mlgd ta2dd(s] M&BtENi.gellhe pl ate was pl

i ncubator (B7A0€C, 15%mCOut €scotmp | &It leo w oMag tmreir g
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Mat rEE djred ps were ohewumbkayepd odWRM dé &r0dd tLi oned m
(1:1 dilution i n Advance(i4l) BMEMI EmMmM2nt Eldnvia
penicillin/streptomycild0 (mB bHEOPE S, Glluxt aBarx ((IC

mM -Blcetyl cystAdidma ch$i,gmdad®d ng/ mL EG&l, | 19W0i chagn

systems) , 10 nM Gast#8r3i0rn I( Me dcChreimsME,¥ ¥56@362s n M
(MedChem Express). The pilatebavasmeachinumu rnweads i
refreshed every 3 days. As a stable growing

in MaB wiitglkkout any gr owtrhe g ualcarolsly: &dpdliwdttc ielo:red awr

TrypesDTMA ( Gi bco) was used to dissociate orgar

Phasentrast i maging.

Organoids were dissociated -EDTA (s@Giaddo)c,eldece

Mat rEigrelt he usual amul tadrl eo weean-8 iotl & gesgsro aPth rafsscert 2

i mages were taken on an inverted microscope
Whodmeunt i mmunofl uorescence.
For i mmunofluorescent staining, organoids we

in Mafton gk5hi ck round cemedrl s lpilms ef.i tOrigrana i A4
to regr3ovd afysr ahd then fixed with 4% paraforr
2 washes in PBS, organoids under wentTra tpoenr me
X-100 solution in PBS for 5 BrSAustoelsutfiodn oiwe dP

mi nut es. Organoi ds werrei mdray na&ndtLiVi@RbOI (gAdhe admtl

Ab27309&jt6i7 ( Abhd&®)p,80MUCH AC (Caunzt2al 7s0cl ), Ant i
Pepsinogen 11/ PGC (Abcam, Ab255826) . | mages
confocal microscope.
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Analysis of alterat i-hoingsh icna sMeVsR fgreonne sGH Av avhsdl

Genomic DNA and RNA ar e artaetnit veeldy xextorga atf & &
gastroesophageal :adabbsaphagaa)map i{ EAENads ierdg

Rel i BRrDeNbA Mi ni prep system (Promega) and Ma
(Promeegsap)ecti vely, according to the manufact
asses-Boedsenusing a f | uebraessecde ntt @ s EMMB®n gixMat el
Anal ysis SystenmhoRRreomeg a)n,d VRINA epeqd omaerdg iw
out sourcing by Macrogen (Seoul, South Korea)
relative to the TGMBAegas tdroiwmn |toolzeed de a rpwbet lodam ts e t

(https:// www) ¢ bitoopgoertthaelr. owigt h mi crosatellite

annot atihomgh. cMdSles from both cohorts were ana
of unction alterati onwLHI1n, MULH3 ,a nMM&8R,t SMBEN,e s
MS H6. Only truncating and splicing mutati ons
expression Seeoff ieh)ed werse Zincluded. Oncoprin
Compl ex HRe gptanc@¢®§e ameshi fts and stop mutati ons
same | abdrmeult a(tiitornuon) , as wusual ItyhceB 0 o Ppolrataft ®rpm e s
Ceoccurrence/ mutual excl usiReidtiysRaopaelockig®e wd s
computes the Poi sson bdaomouwriradn tmerhihtouw(d@48)oe it u ¢
Pearson correl at itohceowduyn cptel reftnaktf mpeadoik4dsd entga

from both anal ygap |Redpaec(ldBigaewn usi ng

MI hl and Msh2 knockout in BALB/c¢c m&€as® gas

system with stable Cas9 expression.

To generatexprebbengasel!l | s, BALB/ c¢c gastric
single TeypEsDToAs i(rGg b%cee)l lasndvelrOe transduced in
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with Cas9 | e-BF tCaaisrouBss dApkligeh e #68343) . | nf ec
resuspende& aind Matitiugeld in the usual condi t

selecteagy/wilt bl BBGticidin (Gibco).

Ml halnMds hs2g RNAs compati bl e wst he lCtac®@0 cnwecH ee@myseg
designed usi ng CHOPCHOP (hMt pgsgRNAoOpcCchH
( GATTGACGTCCACGT TS IEg)RNaANnd GCGGTCGAAGAGGCGCA
were cl oned RINFAt dylge ot i( Add g e nrseg RINJIAO 4n% %1 ) ( Aadnddg
#104992)r vexrd a9 pryessing BALB/ c organoi ds
single clelelld sanmere0 transduced with sgRNA | e
infection under weomt wtiwd ogy driheesh yd@dfd Osnmeylca ant i( Gi &

eg/ mL G418 suEfaGeb¢Geneticin

Protein extraction and western blot anal ysi s

Organoids for protein extractiRecowerg IBadweée
(Corning) toE caddoolw meartirziaggewbo-paotewasbrtut act
both 3D and 2D cultures were prepared using
Protein Assay Kit (Pierce). The-MLAMHILI ¢ Mibec@ mpr
Ab92312MSH2an(tAbcam, MBHB207¢0AM, aAbt9i/4 k)Nt i ant
(Abcam, AbE&ErZ&adherian{BD Bi ossWRNNCEST, 6460a8)2))
JH2AX S139 ( Novus -3BSi4oP GPyhAcaHRPEN® IR0 A3854)
antTiubul in (Abcam, Ab7291) wemoeu sues eldy Gansk &b a d

and -raanbthii t -llignGk eHlRPsecondary antibodies were f
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Genomic DNA extraction and quantification.

Genomic DNA from WT and MMRd BALB/c organoi d:

DNA Mini Ki t (Qi agen) and quantified wusing
foll owing the manufacturer's instructions.
Mi crosatellite instability analysis.

Mi crosatellite instability in BALB/c mouse

mouse noncoding mononucl eoti(lde@ mar kers as ptr
DNA amplification was performed with the fol

mBatf6lduor escein

(fw GCCCACACTCCTGAAAACAGTCAT, rv CCCTGGTGTGG
AC096J0H

(fw TCCCTGTATAACCCTGGCTGACT, rv. GCAACCAGTTGT
AAOQOO3D&Mr a

(fw ACGTCAAAAATCAATGTTAGG, rv CAGCAAGGGTCCCT
Ul 2 2J3GE

(fWCTCATCTTCGTTCCCTGTC, rv CATTCGGTGGAAAGCTC®
L243F7N2uorescein

(fw GGGAAGACTGCTTAGGGAAGA, rv- ATTTGGCTTTCAAG

The PCR reaction was peclLf awrsmendy i20 an gt ootfa Ig ewmna
Ampl i Taq Gol d DNA Polymerase kit (lnvitrogen
at 94 AC for 4 min; 94 AC for ta ad, o056 34C cfyc

final extension at 72 AC for 6 min completed
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on a 3730 DNA analyser (Applied Biosystems)

software (Softgenetics).

Whol e exome seqgquencing.

Whol e exome sequencing was performed in out ¢
The samples were prepared using Agilent Sure
sequenced with Il lumina Hi Seq 2€p006essegongnwer

performed bhygctMaodrodgenfoll owing wor kfl ow:

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 mmlO f rNoOBIUCIDE c(.0 r2i0gliln a

used as mapping reference.
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Tumour mutati onal burden cal cul ation and ana

DNA extracted fpracmamgaer SRAILLBI/ ceagralsy ri ¢ organoi
sequencing and was used as germline referenc
mut ati onal b u r deesne wnhaasin ee setxi onmaet esdeiqtuleenrc i mxgn diad «
onkydnopgynonymous somatic mutations wirth a 1
i ncl abtl ngnoutaatiicbhe mut ati on count was then di

region (49.370117 Mbp).

Filtered mutations were <classified accordin
del etmainginslyd *e substitutions. The count for e
tot al mutation count in each sample to asse

used for both mutation subseggpipatck{(gecount s

X<irradcandoni ons.

Prior to irradiation, WT and MMRd BALB/ c gas
using -EDVAs(i @i bco) . Cel | sE we w4 34 e @deaelelisn iMat

15L eMatErweglell) and overl ayed with the usual c

Cell s were irradiaXreay shyatesxaefoshin® @yw/emgnuat e

Gilardoni rRADGIrk aXii at or. The dose used at 3

Gy, admi ni stered in a unique radiation sessi
organoids irradiated at 3 mosethbhsiogdear wental f
Gy rXagds spemseda week in 4 sessions, 0.5 Gyl/s
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Assessment of 2D cultures from BALB/c gastr.i

BALB/ c¢c gastric organoids wer e-EDIT&As ¢ 6Gi aced .t @
were harvested in 15tml20tOulbge sfTolare d5s gnevea ant aef sal. g
di scar td e@elalnedt was resuspended in culture m
i ncl thabas sien pr o dWRNe dc 05n0d% tLi ¢lalgRIMENM dmeidn um ( Gi b«
| SCOVE medium (Gi bco) and RPMI medi um ( Gi bc
penicillin/streptomycin (Gibco), Gl ut amax (-
Cell s were6®edendfl laMeeldOyp liant &s waGelsleesedi ¢ a1«

coatwdl I6 Phateedisumefreshed twice a week.

Preparation of cell siumsptinwmoningerdi®si $ Ngagecdy D

The cméduuvm was refreshed the day before th
EDTA (Gibco) was used for the dissociation o
detachmentderfi vedan®l ldsulgruorwei ncg nidni t2 5 n&0 % at
confluence). Cells were col®%eti sd momsES5 wal et
in d0®f injectcohdmcuktuwee (me@d) unsBeskl 8 0 i Mat r
female NOD SCID mice and female BALB/c mice
i n vuwmorigenicity studies. Cel | suspensions
in the right flank of mice using 1 ml syring
pal pated at the injection site sowmimneasa twenrdku
reached measuumablsézsi was etvmbuated bpnecall

approxi mate volume of the mass was <calcul at e

™ O _1Q
— o=90Z
o ¢ G



wheQiendi cates the mOinrodi daitmourt hmex i majamrd t umo |
were not performed in blind. Tumourgaggrlowt2h c
R paclage

Hi st ol ogy and i mmunohistochemistry.

Tumour masses were explanted and a tissue p
formal i n -ambdegpamadddtni ons were cut using a m
investigated by haematoxyl in and eoasn St e
perfor med oCsD4mp u-8 p e aantttiicbody (CST, 70257) ,

protocol recommended by the manufacturer. I

mi croscope.

Crystal violet cell staining.

Adherent cell s were fixed with 11%

glutar al

(

with 0.5% crystal violet sol-Altdroinc {)0, 58@ mlk vy

HO, 20 mL methanol ).

RNA extraction and quantification.

RNA from WT and MMRd BALB/ c¢c organoids and c

mi RNA tissue kit (Promega), foll owi

NanoDr o-pBEOBDRUY Spectrophotometer.
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RNA sequencing.

RNA sequeper hgrwmad in outsourcing by Macroge
were prepared using TruSe&er$t rHumbend Mbowtsael/ RRAN

(I'llTumina) and sequenced with I Il umina Hi Seq

Heat map pwitthieelsieanlc hymabki ti on (EMT) mar ker s.

The analysis was performed from RNA sequenci
mar ker s (CDH1, DSP, TIP1, EPCAM, GRHL 2, VI |
TWI ST1, FN1, MMP 2, MMP 9 | ZEB1, ZEB2) . Mo us e
bi onRa Rta (KA. g M val ues wer edghR Reaudkad) gbeda tursa ;m g

was dr alweaumépg?2f(r)egpmmlRo tp a (MAwleot tsicrog esd cal cul

fromCPMgval ues.

Differential gene expression analysi s.

Di fferenti al gene expr essaddga kadn anRyaspiasc kvaae s p
(148,150)St ar t itnheNfdssreoguenci ng raw count matri x, C
usiendgge&®ckage. A CPM of 1 was used as a cuto
Edgep&®ckage was also used to calculate factor
andoonnor mali zation was applied (i15b)Resepase fdat

di fferenti al expression anal ggpbaongizyr eRoel ot t

packd4pds?)
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GSEA.

Data from differential gene expression analy
domgcombining fol d c¢hansgtea tviasl guFecss ¥((leodgsH(G)n kaerdd
gene | ist was wused as ifrngphetap d 3PS EAMapler & od
KEGG pathway gene sm$isgRivisprasc(lGdepsSrEAepdeemiteui s i n g

dr awn gug 9 il(le) 2

Comp ar atail wesicesnamditcat i ons in cells retrieved f

Prer ocessed WES d&awc3NV nf itlhees fvoentimERoifenmpvoi rrtoendme n
and wused as input isf.orMutthaet i folsl oweirneg fainlatleyrse
mutations detected in parental BALB/Ax east ri
propoliEwild@maagr ams depicting the extent of mut.
wergener atedl| Risp agkbd)ge Pl ot s were drawn consi

mut ati ons or ¢ onnsuitdaetwii entigs loind ty a&srodnaitntcer medi a

(frameshifts, truncating and missense varian
Analysis of alterations in genes correlated
The |l ist of genest BMSdnisfuibga mtulpy amwctoatde chgi n o

deri ved3).frCoomr espondent weuee idenhibo b Ry es e s
packageVh(@©140)e.xome s eqdueernicviendg fdraothra MMR def i ci
from t weoar Hiolothesriedder aht g rwattnha taslcl ed pualr e qu e
or greater than 0.2 and high/ moderate predi
i ndelsspl i ce and nNustsatniscen niuataa | wenrse .repr esen:

usiGogmpl exHeat map Rr pamaekliget { 18/d9d . stop mut at
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using the samd alt,a bedo ) didtmméupny e ssemedahteBiomBo f r @ lm

pl athot ms: // www)cbioportal.org/

Redli RER forex@Pae®si on.

Befoetal RPER, reverse transcription was perfor
sample and-Capanigt yHi gbNA Reverse Transcripti
according to the manufacturer's i nstructions
CasXpreession were performed in technical tri

Green Sup-Rad) xapd@8i bhe foll owing pri mers:
Cas9 (fw GAAAGTTCGACAATCTGACCAAGG, rv TGCCAC
Mou-setin (fw TTGCTGACAGGATGCAGAAG, rv CTGCTT

PCR runs were performed with ABI Prism 7900H

MI hl and Msh2 knockout in BALB/c m€fas® gas

system with transient Cas9 expression.

To generate cells exprosgiam@i sgRMAs ¢ BAKBOCI

cells USsEDGAT(E @iplstcoe)l lasn dwelrOe transduced i n st
SgRNA |l entiviruses (as described abovk) . | nf
and cultured in the usual conditions. Regrow

500 /amL hygromyci ag/(n@i b&401)8 osru IB{0a0iGé b€ G¢ n e tSied i
organoids were then di s°setiateweérientoasshegkee
overnilgéenti itomroducti on of t hEeF1Cas 9-WpHAaddg en &N
#68343) wusing 2l0i0@o fTecatnesmierce i on Reagent (1 nv
were then resugpecdéduredManribhel uwiumah tOnd
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eg/ mli bl asti4a8 dhaoaur(sGi atoegr transfection. Re

di ssoci ated and si anellel cpellaltse swefroer cgleonneersa tiino |

RNA intebé&aesedenwWen sensitivity assay.

Approxi matsesley |Is/ we | It rwemsef ercetveetr Isiep| at € 6i n t
guintupl i eTAAtRGEWIptl usONiIi RNAs to a final conce
(I'nvitrogen) was used atshmbnahateoteohsreager
experi ment dtmanhsdedtadnocontrol, transfecti o
nomargeting pool as ne-8dBlOAOg o nmolaikled Pliamansa ¢
1 P(klpool as positive€40BE0D0) ,( Dehrad paled nt a 1L
agaMWwnéDhar madcso8nannD 20) . Cel Il s were grown for

was assessed #HG3dion@ . t0Ohd&AsGalyl TIiPremega) .

Genome $bdsednirn sensitivity assay.

CaseXpressing cells wervergnégdat & tddddvi tt ha nrCsadsOc i
(pKLEVR1Caa s 9-Bsd Addgene #68343) . I nfected cel |
selectioeg/ mithl adticidin 2Gi5haemd)l s /Apelrio x e
seedeweliln Bl ates and transduced with s=gRNAs
SgRNA target itensgs eantmoaus en@ymdfi, 4@ ocgmRNAoOLk af get i

pod o ke kPRInNjakpeooll (as poasdgRNA tcarng wianl nggrRdbAI s e

sequences wer €HOPSHOPe psubsi oabopc haompd cBan ahlbi

(https:// www.)béamst hbwsg. com/

Cyp4f4a40 (GCGACGTCGCTCCTGGATGA) ,

Pl kl (GCAGCCGGCGGCAGTATGTA) ,
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https://chopchop.cbu.uib.no/
https://www.benchling.com/

Wrn (GCCAGACCAGAAGTGCACCG) .
Cell s were sed/enlt eldy gmiotnmy c50n0 ( Gi bco) 4
grown for 7 days. Cells were then stai
Contributions to this project
Candidate Working '”“?Fr.‘a' External Outsourcing
group facilities  collaborators

Explant.of stomachs for organoi i 100% i i i
generation

Organoid derivation 100% - - - -
Organoid and cell culture 90% 10% - - -
Organoid and cell

pharactenzatmn (imaging, 100% i i i i
immunofluorescence, western

blot)

Knockout of MMR genes with i i i 100% i
stable Cas9 expression

Knoqkout of MMR genes with 100% i i i i
transient Cas9 expression

Singlecell 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% - - -
quantification)

Microsatelliteinstability analysis 60% 40% - - -
fPre_pz_irat_lon _of cgll suspensions 90% 10% i i i

or injection in mice

Cell injection in mice, palpation

and measurement of tunmo 10% 90% - - -
volume

_Hlstology_and _ 60% 40% i i i
immunohistochemistry

Sequenplng and data pre i i i i 100%
processing

Postprocessing bioinformatic 100% i i i i
analyses

Wrn sensitivity assays 50% - - 50% -
Experimental design 70% 20% - 10% -
Data analysis and graphics 100% - - - -

a7

8 hour

ned
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RESULTS

Establishment and characterization of nontransformed BALB/c mouse gastric

organoids.

Obtaining cultures of gastric epithelial nrtmansformed cells was the essential starting point
for generating arex vivomodel 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 wiegpreviously done by140,156)

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 nzaxtk some
adjustments in the isolation protocol in order to obtain a proper number of single gastric glands
(30005000 units). Glands were seeded in Matfigeh threedimensional (3D) conditions

with appropriate medium to allow senewal of the stem cell compartment and oergn
expansion. After 10 days, some glands ballooned up and formed sparse large 3D structures
(Figure6A). Organoids frontheinitial plate were enzymatically dissociated into smaller cell
clumps, reseeded and allowed to regrow. After passage, BALB/c gastric organoids reformed
effectively ina few days and showed the typical spherical and hollow morphology ef non
transformed 3D gastricultures(140,156) Furthermore, to assess their lelhgng potential,
organoids were subjected to fregdhaw cycles and cultured for several months: after every
manipulation they were able to reform 3D structures and did not show any evident

morphological alteration oveinme (Figure6B).

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 ginssyto the

differentiated cell lineaged57) In the mouse stomach, several stem cell markers have been

48



proposedl158 162)Among t hem, Wnt target genes 1T such

a key role in the identification of cells with sedéfinew capacities. Lgr5 is a wédhown marker

of mitotically active homeostatic stem cells in gasstrointestinairact. Its expression in mouse
gastric glands is high at the gland base and gradually decreases going up tqX62)pit
Lineage tracing studies revealed that l-gipressing cells are responsible for the g
renewal of the gastric epithelium and a single Egréll can efficiently generate lodiying

gastric organoidé vitro (156,158) Furthermore, Lgr5 chief cells have been proposed as
gastric cancemitiating 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 expreson of Ki67 in cell nuclei. We also assestezlexpression of two markers

of differentiated gastric cell lineages: Muc5ac, a marker for pit mucous cells, and Pgc, a marker
for chief cells (FiguresC). The observed positivity for the markers under asialyndicates

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. Schematic representation of the protocol
used to isolate gastric glands from the normal gastric epithelium of BALB/c @Greated using BioRender.com.
B. Phasecontrast images of BALB/c#1 organoids at time 0 (T0), 2 and 8 months of continuous Cuihale
mount immunofluorescent staining of BALB/c#1 organoids withLaynb (green), antiKi67 (green), antimucin

5ac (Mucbac, red) and anfiepsinogen (Pgc, far red) antibodies.

50



MMR impairment in BALB/c mouse gastric organoids.

Lynch syndrome is a genetic disorder associated with germline mutations in MMR genes
(MLH1, MSH2, MSH6andPMS2 and alterations in thEPCAMgene, affecting the function

of the nearbyMSH2 gene. MMR deficiency in Lynch syndrome patients can cause MSI,
predisposing to different cancer types, including colorectal, endometrial, ovary, gastric and
small intestinal cance($0). However, the vast majority of MSI cancers are not inherited and
arise mainly through sporadidLH1 promoter hypermethylation, completely silencMgH1

gene expressiomMLH1 epigenetic silencing and MSI were detected in colorectal adenomas,
endometrial hyperplasia, dysplasia and intestinal metaplasia of gastric n{l6d5566).
Increased cancer risk in Lynch Syndrome patients together with MSI detection in a variety of
sporadic cancers, including pcancerous lesions, suggest that MSI could be an early
molecular event during carcinogenesis, significantly contributing to theisitoon 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 analysedhe occurrence of main MMRyenealterations in MShigh tumours from two
independent cohorts, o@EA platform of patienterived xenograft§117) and the gastric
carcinoma TCGA datasé43). Only potentially lossof-function alterations in MutLNILH1,

MLH3, PMS1, PMSRand MutS genesSH2, MSH3, MSHGsuch as homozygous deletion,
truncating and splicing mutations and low gene expression, were included in the analysis. As
expectedMLH1 was the most alteregene(78% of cases), with the vast majority of M3gh
tumours displaying lowMLH1 gene expression. Protefruncating mutations iMSH3 and

MSH6 genes were common as well (Figui®). We performed statistical pairwise tests for
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detecting cenccurrences and mutual exclusivities in MMR loggunction alterations in the
same datasets. Only two gene paWd.11-MSH2 and MLH1-MLH3) showed a significant
tendency to mutual exclusivity (FiguréB). Consistently, when we calculated Pearson
correlation, the same gene pairs displayed a trend to negative correlatiothelhH1-
MSH2pair being the best hit eventiiie p-value did not reach the threshold of 0.05/ue =

0.075) (FigurerC). However, a very significant mutual exclusiviyerged when we grouped
together the alterations affecting genes which are part of the same MMR complex (either MutL
or MutS) (Figure7D). These results suggest thhe dysfunction of a single complex
sufficientto establish a state of MMR deficienl®ading to MS] while the simultaneous loss

of both complexemaynot confer aignificantadvantage during the neoplastic transformation

process.
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Figure 7.
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Figure 7. Analysis of lossof-function alterations in the main MMR genes in GEA and TCGA GC datasets. A.
Oncoprint visualisation of 89 MSligh gastric cancer cases from the GEA PDX platf¢tt7) and the TCGA
cohort (43). The chart displays the putative les&function alterations (low gene expression, gene deletions,
splicing, truncating mutationsand frameshiffsin the MMR genes forming MutL and MutS complexes. The
annotation refers to the dataset of origiveep deletion shomozygous deletion; shallow deletion = heterozygous

deletion. B. Triangle heatmap from eoccurrence/mutual exclusivity analysis for alterations in the main MMR
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genes. Numbers in the plot indicate thegtues which were significant{mlue < 0.05) or close to significance
according to the Poisson binomial te€t. Triangle heatmap from Pearson correlation. The number in the plot
indicatesthe pvalue for the only pair which was close to significanbe.Plot depicting results from eo
occurrence/mutual exclusivity analysis performed comparing alterations occurring in MutL and MutS complexes.

The number in the plandicatesthe pvalue according to the Poisson binomial test.

In order to obtaim goodrepresentation of the MMR deficiency landscape in MSI gastric cancer
i in collaboration with Dr Gabriele Picco
CRISPR/Cas®ased genome editing to knock down eitkiéinl or Msh2proteins in BALB/c
gastric organoids, thus completely impairing function of MutL or MutS complexes
respectively (FigureBA). Briefly, organoids were dissociated to single cells and infected
overnight in suspension with lentivirus for Cas9 expres€mtereseeded in Matrigél and
regrown, organoids werheninfected with lentiviruses for SgRNA expressimtiowing the
same protocolAfter two cycles of antibiotic selection, bulk edited organoids resulted in a
complete knockout (KO) of the target ge@éven the high efficacy of the genome editing step,
we did not subject these organoids to sisugl cloning proceduresVe primarily employed
these bulk lineso provethe tumorigenic potential resulting from the inactivatiomil and
Msh2 genes Both wild type (WT) and MMRdeficient (MMRd) organoids werthen kept
continuously in culture for over a year without any further antibiotic seledtienchecked
periodically the KO profile via Western Blot and we never observedeappearancef non

edited cell populations (Figur&B). Furthermore, we did not notice any significant

morphological change in MMRd cultures compared to their WT counterpart (FGre
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Figure 8.
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Figure 8. Derivation of MMR-deficient BALB/c#1 organoids. ASchematic representation of the CRISPR/€as9
based genome editing procedure followed to obtain MIh1 KO and Msh2 KO cultures. Organoids underwent
subsequent transductions with Cas9 and sgRNA lentivir@@ested using BioRender.coB. Western blot
analysis of Mlhl and Msh2 proteins in WT and CRISPR/@d#®d BALB/c#1 organoids. Actin was used as

loading control C. Phasecontrast images of WT and CRISPR/Gasited (MMRdeficient) BALB/c#1 organoids
at 6 months of continuous culture from the knockoutteven
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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 microsatellébilitst
analysis, 5 independent mouse mononucleotide repeat markers were amplified by fluorescent
multiplex PCR and evaluated by capillary electrophoresis. In this analysishigtSktatus
definition requires the shift of at least 2 out of 5 loci in congoa to the matched normal

DNA. Thus, using DNA from parental eatpassage BALB/c organoids as normal control, we
observed that after 3.56 months of culturé MMRd, but not WT organoids, developed

microsatellite instability (Figur6A 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 ofsyoeonymoussingle
nucleotide variants and indgi&er megéabase of the sequencing target genome (as generally
done for the assessment of the mutational load in solid tuniéiry. DNA extracted from
parental earhpassage 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, atm0nths of cultureMsh2 KO organoids
showed a higher TMB compared Mihl KO organoids (62.8 versus 37.2 mut/Mb) (Figure

9B).

In the context of MSI, errors often accumulate mostly as indels as a consequeeffective
repair of doublestrand breakgl68). Toverify the presence of such a mutation signature in our

models, ve further analysed WES data to assess the mutational landscape assdttiaach
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genotype. As done for TMB calculation, Wiest considered only nhesynonymous somatic
mutations and classified them accordingtlie mutation typesHowever, v observed no
extensivechanges irthe relative contribution of each mutation type across samgieboth
early and late time points, all genotysd®wed a large prevalence of sinbkese substitutions
(SBS)over insertions and deletioaadthe Msh2KO modelfurtherincreasd the SBS portion

over time(67% to 80%)Figure9C).

Consideringthis unexpected result, we repeated both the TMB evaluation and the analysis of
relative mutation type contributiancluding all somaticalterations In the case of TMB, we
confirmed the trend of the previoegaluation with Msh2KO organoids presenting the highe
mutational load (FiguréD). Whenwe reanalysed the relative mutation type contributtbme,
indelportiorswerewider compared to what we observed in the previous analysp&rticular,

only Mlh1l KO organoidsmaintainedindels over 50%of all alterationsat both time points,

while Msh2KO organoids showedgaina relative increase of singhlmse substitution@7%

to 66%)over time and a consequent prevalence of SBS at 10 months since the KO event (Figure

9E).

57



Figure 9.
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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 profiieddistogram depicting tumour mutational burden

in WT and MMRd BALB/c#1 organoids, abd 10.5 months of continuous culture since the knockout event,
calculated as noisynonymousomaticmutations per megabasd whole exome sequencing target genothe.
Stacked histogram depicting the relative mutation type contribfdgiamonsynonymous somatic mutatiandvTt

and MMRd BALB/c#1 organoids at &hd 10.5 months of continuous culture since the knockout eizent.
Histogram depicting tumour mutational burden in WT and MMRd BALB/c#1 organoidanaltl®.5 months of
continuous culture since the knockout event, calculataal @maticmutations per megabase of whole exome
sequencing target genonte. Stacked histogram depicting the relative mutation type contribtdicall somatic
mutationsn WT and MMRd BALB/c#1 organoids aaBd10.5 months of continuous culture since the knockout
event.NSSM = norsynonymous somatic mutatiorBS = single base substitutions) = 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 perforimefd/otumorigenicity assaylsy

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 .°cel®mguaemere thisctedve r e
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 masgherin WT or in MMRd groups. Afterwards, some tumour masses
emerged together ith distress for the involved mice (FigurEOA and B). However,
haematoxylireosin staining performed on tumour slides revealed the presence ctz®dll

cells with large round nuclei, indicating lymphomas spontanecarsigein ageingmice

(Figurel10C).
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Figure 10.
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Figure 10. Assessment of tumorigenicity of WT and MMRd BALB/c#1 gastric organaigen subcutaneous
injection in NOD SCID mice. ASchematic representation of the injection time points and the results from the
tumorigenicity assay€reated using BioRender.coB.. Table with history of tumour volume measurements and

endpoints for all miceC. Haematoxylin and eosin staining of late tumour masses arisegeimgmice.
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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 trammiorma
process introducing further random mutations, without transducing cells to introduce any
specific driver alteration. It is known from the literature thet-meoplastic cells are more
susceptible to radiatieimduced transformation processesnpared to healthy cells from the
same tissue. Moreover, a relatively low radiation dose (0.5 Gy of ionizing radiations) was
sufficient to enhance anchoramelependent growth capacity in partially transformed breast
primary epithelial cells at 4 and 8 wkesepostirradiation(169). We thus exposed both WT and
MMRd organoids to ionizing radiation. At 3 months since the KO event, organoids were
dissociatedinto single cells and reseeded in usual 3D culture conditions just before the
radiation procedure. The radiation dose of 0.5 Gy-oay§s was delivered in a single exposure
using a blood irradiator, in collaboration with the radiologists of our institute ig-igLA).
Radiation did not seem to affect organoid regrowth: eight daysinpadiation all irradiated

cells effectively regegrated organoids as efficiently as their #iwadiated counterparts
(Figure11B). We previously optimised irradiation doses @mgntaWT organoidsandhigher
testeddoses (1 Gy, 2 Gy and 5 Gy) affectsall growthin the short term (6 days) (data not

shown).
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Figure 11
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Figure 11. X-ray irradiation of WT and MMRd gastric organoids. ASchematic representation of the irradiation
procedure.Created using BioRender.corB. Phasecontrast images of WT and MMRd BALB/c#1 gastric

organoids, exposed or not terays, at day 8 postradiation.
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We then repeated vivotumorigenicity assays, injecting into NOD SCID mice irradiated WT
and MMRd organoids at 2 time points: 2 weeks and 2 monthsrpadiation (corresponding

to 3.5 and 6 months of global continuous culture since the KO event, respectively). However,
as inthe previous experiments, organoids generated no tumour masses and only some late
sporadic lymphomas emerged (FigugA1B and C). We then further exposed organoids to
ionizing radiations. Between 9.5 and 10.5 months since theviéft,epreirradiated organoids

were subjected to new radiation sessions: 0.5 Gy-&yX 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 buinfortunately, we did not succeed in generating any MSI
tumour mass (Figure2A and B). We confirmed the negpithelial nature of theimour 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. FigureZD shows the staining performed on a representative slice.
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Figure 12.
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Figure 12. Assessment of tumorigenicity of irradiated WT and MMRd BALB/c#1 gastric organoids upon
subcutaneous injection in NOD SCID mice. Achematic representation of the irradiation and injection time

points and the results from the tumorigenicity ass&@ysated using BioRender.cofd. Table with history of
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tumour volume measurements and endpoints for all Micelaematoxylin and eosin staining of late tumour
masses arisen iageingmice.D. Immunohistochemical mouse specific CD45 staining of a representative late
tumour mass arisen iageingmice. IHC = immunohistochemistry.

Assessment of BALB/c mouse gastric organoiderived 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 tumorigen@sie).

The culture medium we use for normal organoids includes several factors maintaining a
homeostatic balance between gelfiewal and differentiation of the stem cell compartment.
Given theresults fromin vivo experimentslescribed in the previous paragrapfe thought

thati due to themedium formulation and the presence of a stdmhalmembrane matrix
3D-culture conditions may not represent a selective microenvironaiéato drive MMRd

gastric cells towards a complete neoplastic transformation.

In order to induce potential cell reprogramming, we subjected cells to more selective culture
settings. Both WT and MMRd organoitlsexposed or not to ionizing radiations at 3 months
since KOi were dissociated to single cells and seeded in conventional 2D conditiondl All ce
populations were able to adhere and form a monolayer ¥diahbovine serum (FBS) was
added to the culture medium, independeaftlthe specific medium composition. Conversely,
long-term cell survival and proliferation were affected by the culture nmedihosen 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 seriesi3rying also b stimulate cell growth with extra detachment

attachment cycles in collageoated plates.
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Cell series 1 represents the first atteat@D 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@ confluency and cultured 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 perie8 (@eeks) 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 Msh2KO irradiated organoids and
cultured in50%L-WRN medium were the only exception: 7 weeks since organoid dissociation
and seeding, they began to proliferate and were successfully expandedoAfeepassages,

we were able to culturglsh2KO cells in RPMI medium without affecting their proliferation
(Figure B). RPMI medium represents a way to further select cells, as 3 key factors for gastric
organoid culture are still present in 50%\RN conditioned medium (Wnt3a-§pondin and

Noggin), while none of them is included in RPMI medium.

Figure 13.
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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 5S0%RIN conditioned
medium or RPMI medium, supplemented with 10% FBS. Four weeks since thegsedd

Mlh1l KO cells, as well adMsh2 KO cells derived from irradiated organoids, were actively
proliferating in botlt60%L-WRN and RPMI media. After a longer latency (8 weeks), also WT
cells derived from irradiated organoids and culture8G#o L-WRN medium started to grow.
However, we did not manage to obtain stable 2D cultures from WMahaKO cells derived

from thedissociation of nosirradiated organoids (Figuretll
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Figure 14. Schematic representation of the derivation conditions and protocol used to generatserédb 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.

67



In order to obtain a complete cell set including both WT and MMRd cells derived from both
irradiated and neirradiated organoids, we did a third attempt of derivation, dissociating
organoids at an intermediate time point (6 months since the KO everl).filGal series 3

were seeded in collagamated plates and cultured in 50%WRN conditioned medium
supplemented with 10% FBS. After one week from seeding, all cells were detached and
reseeded in collagerpated platesMlhl KO cells, from both irradiatednd not irradiated
organoids, began to actively proliferate aftet &eeks and were successfully expanded.-At 6

7 weeks since derivation, we managed to achieve the same restltsh2KO 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 swhteltulture medium to

RPMI and keep expanding cells for banking in fooated plates. Interestingly, in over 10
weeks, we did not observe any actpreliferation of WT cells derived from nerradiated
organoids and cultured in 50%WRN medium supplemented with 10% FBS. However, when
we reintroducedhe complete organoid medium supplemented with 10% FBS, we obtained a

growing cell population (Figure5A and B).

Overall, these observatiorsaiggest that the effectiveness of 2D culturensanced by a
gradual shift from the nutriemtch 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 ¢immdi.
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Figure 15.
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Figure 15. Generation of cell series \. 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.coB.. 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 medieBt = 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 performedn vivo tumorigenicity assays injecting atkll series derived from BALB/c

organoids into immunocompromised NOD SCID mice.

Msh2KO cells from cell series 1 have been injected twice (Figé#g.1n 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 clogbedanjection point. Mice were sacrificed due to
paralysisn the right leg and, for this reason, tumour masses were explanted at relatively small
vol umes §).0hesdme celisweigjected 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 #4@0ays. However, as in the previous experiment, cells
invaded the nearby leg andama were sacrificed prematurely (FiguréB). During explant
procedures, we collected specimens for further analyses from all mice (fofixediparaffin
embedded tissue samples, RNAlater preserved tissues and OCT frozen tissues)6€Eigre 1
shows thecharacterisation of mouse #1 from the first experiment. Histological analysis
revealed an undifferentiated tissue (Figue®)L 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 Kéédvish2gene 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 paitntleMut SU comp | e x

(Figure BE). Consistently with their invasive phenotype, we noticed changes in the

70



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 fibrelkasimorphology.
Interestingly, afterthe in vivo passage, the elongated morphology was positively selected
(Figure BF). To explore the possibility of an epitheltatmesenchymal transition, we checked
via Western Blot the expression ofcadherin and Vimentin, used as key epithelial and
mesenchymal markers, respectivelyc&tiherin vas clearly downregulated only after time

vivo passage, while Vimentin was already expressedtro in 2D culture and was further
upregulated in cells retrieved frothe tumour (Figure 6G). Moreover, starting from RNA
sequencing data, we confirmed the downregulationcddherin together with other canonical
epithelial markers (Epcam, Dsp, Tjpl, Grhl2) and the concomitant upregulation of Vimentin
and other canonical mesenchymal markeMscédherin, Twistl, Zebl/2, Fibronectin 1,

Metalloproteinases arfanail) (Figure 6H).
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Figure 16. Assessment of tumorigenicity of series 1 Msh2 KO organétived cells upon subcutaneous
injection in NOD SCID mice. ASchematic representation of the cell culture phases and the injection time points.

Created using BioRender.coB. 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 subsequetih pogt analyses. Panels-B are related

to mouse #1 characterizatioB. Image of the tumour mass at the explant Eitédaematoxylin and eosin staining

of the tumour mas&. Western blot analysis of MIh1, Msh2 and Msh6 proteins in WT BALB/c#1 organoids, Msh2

KO organoids and organoiderived cells from series 1, at pigection time point and retrieved from the tumour

mass. Actin and tubulin were used as loading contfal€rystal violet staining on Msh2 KO organeitrived

cells from series 1, at pri@jection time point and retrieved from the tumour m&a4/estern blot analysis ofE

cadherin and vimentin proteins in WT BALB/c#1 organoids, Msh2 KO organoids and orgienieied cells from

series 1, at prénjection 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 d&BM = counts per million; ORG = organoid§1 = cell series 1.

MlIh1 KO cells from series 2 derived from Aotadiated 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) (Figur®) and, as in the case bfsh2KO 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 weaated without reaching high tumour
vol umes (3Fidu@ &B). We mhecked histology via haematoxyinsin 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 populatianof 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 nucleugith prominent nucleoli. Interestingly, mouse #4 displayed only the latter

cell population (Figure 7C).
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Figure 17.
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Figure 17. Assessment of tumorigenicity of series 2 MlIhl KO cells, derived from-in@diated organoids,

upon subcutaneous injection in NOD SCID mice. 8chematic representation of the cell culture phases and the
injection time pointCreated using BioRender.coB. 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 subsequéant/pastinalysesC.
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Haematoxylin and eosin staining of the tumour masses explanted from mice #1 and #4. Two representative fields

are presentedS2 = cell series 2.

In vivo tumorigenesis assays described up to this point were perfdoyniegecting in mice
MMRd 2D cultures without canjection 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 noemradiated organoids in seri@s 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 month&drom

KO event (Figure 8A). Importantly, MMRd cells gavaseto tumour masses in all mice, while

no palpable masses developed from WT cells (Fig8&).1We observed differergrowth
dynamics inMIh1 KO andMsh2KO arms, as the average time necessary to reach a measured
volume over 100 mAwas 53 days and 26 days, respectively (Fig8@)1We also assessed
tumour histology in some representative mice (Fig@i@)land we retrieved cells back from

one mouse per experimental afrigure 18EF shows the characterization of cells derived
from the explant of a mouse frothe Mlhl KO group. Cells retrieved from the tumour
presented a morphology similar to that of the correspondent cells stained before the injection

andwere still completely knocked out fédlh1 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. 8chematic representation of the cell culture phases and the
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injection time pointCreated using BioRender.coB. 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 miae #4®) avere used

for subsequent po#t vivo analysesC. Box plot illustrating the time requirefr tumour masses to reach a 100

mn? volume. Black dots indicate the single mice, while the orange square indicates the average time in each
experimental armD. Haematoxylin and eosin staining of the tumour masses explanted from Mlhl KO mouse #2,
Msh2 KO mice #3 and #&. Crystal violet staining on series 2 MIh1 KO cells, derived from irradiated organoids,

at pre-injection time point and retrieved from mouse #2 tumour nfas#/estern blot analysis of Mlh1, Msh2

and Msh6 proteins in WT BALB/c#1 organoids, MIhl KO organoids and series 2 cells derived from irradiated
organoids, at preénjection time point and retrieved from the tumour mass. Actin and tubulin were used as loading

controls.ORG = organoidsS2 = cell series 2.

The lastin vivotumorigenesis experiments were performed on the cells from series 3, which
were derived from organoids at 6 months of culture since the KO everdelFseries 3, we

had the complete set of genotypes (WITh1 KO andMsh2KO) for 2D cultures derived from

both irradiated and netradiated organoidsln vivo experiments with cell series 3 were
performed at 12 months, a time that allowed the establishmstg¢axfygrowing 2D cultures

also from WT organoids (Figure9A). In the case of cells derived from rotadiated
organoidsMIh1 KO cells generated tumour masses with very fast dynamics, Mh@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 irfjen) (Figure BB). However, when we performed the same
experiment on the correspondent cells which were derived with the same modalities and timing
but from irradiated organoids, bollhl andMsh2 KO arms generated measurable tumour
masses in 30 days (Figure 9C). We confirmed the epithelial origin of the tumours
generated from MMRd cells analysing histology in some representative mice (Rfuand

E). Consistently with previous experiments, WT control arms did not origargtdumour

mass derivedrom injected cells, as the only mass generated in a WT arm around day 65

showed small tightly packed CD#4éells, thus probably being a lymphoma (Figug&)L
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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. ASchematic representation of the cell culture phases and the
injection time pointCreated using BioRender.co. In vivo growth curves upon injection of cells derived from
norrirradiated organoids. Each line corresponds to a single mouse. The tumour masses obtained from the mice
indicated by orange arrows (MIhl KO mice #2 and #4 and Msh2 KO mouse #3) were usduségusmt post

in vivo analysesC. 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®&mice #1 and #2 and WT mouse #3) were used for subsequeint yigstanalysesD.
Haematoxylin and eosin staining of tumour masses arisen from the injection of MMRd cells derived from non
irradiated organoidsE. Haematoxylin and eosin staining of tumour masses arisen from the injection of MMRd
cells derived from irradiated organoids. Haematoxylin and eosin staining amdmunohistochemicahouse

specificCD45 staining of the only tumour mass arisen in a mouse from the control WSamzell series.

As all series 3 MMRd cells, biish2KO cells derived from neirradiated organoids, showed

a 100% engraftment rate, we chosedevaluateheir tumorigenic potential at a later time
point. We then repeated a similar asbgyinjecting cell series 3 at 15 months since the KO
event (Figure20A). We used more NOD SCID mice per experimental arm compared to
previousin vivo experiments (6 instead of 4 mice). Conversely to thent8th time point,

Mlh1 KO cells from nonrrradiated organoids did not develop large tumours, as mice had to be
sacrificed very soon after injection because masses were ulcerated. Ahévisis2KO 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 (FigoB3. Importantly, cells from irradiated

organoids confirmed the promising results obtained in the prearperiment (Figur20C).
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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. Achematic representation of the cell culture phases and the
injection time pointCreated using BioRender.coB. In vivo growth curves upon injection of cells derived from
norrirradiated organoids. Each line corresponds to a single moGsé vivo growth curves upon injection of
cells derived from irradiated organoids. Each line corresponds to a single nf88isecll series 3.

To sum upin vivo tumorigenesis experiments performed injecting orgadeidved cells in
NOD SCID mice, we can assert that WT cells (Midificient) never formed a tumour mass,
while MMR-deficient cells showed extensive tumorigenicity (withIZ®% engraftment rates)
(Figure 21A). To quantify tumour growth dynamics and compare them among the different
tumorigenesis experiments, we evaluated the immavo necessary for the development of a

mass of at least 100 nimThe tumour growth time, measured as days after injgchas
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plotted as a function of the injection time point (months of overall culture since the KO event).
Mlh1l KO cells injected at 12 and 15 months showed a significant reduction of the tumour
growth time compared to cells injected at 10 monthg(pe < 0.01) (Figur21B), 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 19@vasm
significantly reduced when cells were injected @tahd 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-1&hd 15month injections: series sh2KO cells derived

from nonirradiated organoids showed a long growing latency, forming 108 tonmours in

80-150 days (Figur@1C).
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Figure 21.

A o
Cell series  Genotype X-irradiation I(mzztt:::::g;'g; Engraftment rate (mice, %)

1 Msh2 KO yes 7 3 out of 4 mice (75%)
1 Msh2 KO yes 10 4 out of 4 mice (100%)
2 Mih1KO no 10 4 out of 4 mice (100%)
2 WT yes 10 0 out of 4 mice (0%)

2 Mih1 KO yes 10 4 out of 4 mice (100%)
2 Msh2 KO yes 10 4 out of 4 mice (100%)
3 WT no 12 0 out of 3 mice (0%)

3 Mih1 KO no 12 4 out of 4 mice (100%)
3 Msh2 KO no 12 1 out of 4 mice (25%)
3 WT yes 12 0 out of 3 mice (0%)

3 Mih1KO yes 12 4 out of 4 mice (100%)
3 Msh2 KO yes 12 4 out of 4 mice (100%)
3 WT no 15 0 out of 6 mice (0%)

3 Mih1 KO no 15 4 out of 5 mice (80%)
3 Msh2 KO no 15 2 out of 6 mice (30%)
3 WT yes 15 0 out of 6 mice (0%)

3 Mih1 KO yes 15 6 out of 6 mice (100%)
3 Msh2 KO yes 15 6 out of 6 mice (100%)
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Figure 21. Overall results from tumorigenicity assays performed upon subcutaneous injection of WT and
MMRd 2D cultures in NOD SCID miceA. Table indicating cell features, injection time points and engraftment

rates.B. Box plot illustrating the time requirgdr MIh1 KO tumour masses to reach a 100%woiume 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-yap ue O 0. 05; * *
v al ue C@oxplotllidstrating the time required to Msh2 KO tumour masses to reach a 190aume in

relation to the injection time point. Black dots indicate the single mice, while the orange square indicates the
average timeat each time point. The plot reports only gtits for the significant comparisons. * =pal ue O

0.01. S3 = cell series 3.

Molecular characterization of MMRd tumorigenic cells.

Fromin vivotumorigenesis experiments we found that thec2lure phase is fundamental for

the acquisition of a neoplastic phenotype in our MMRd models. We thus focused on assessing
the molecular differences between stamorigenic 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 theorrespondin@D cultures. We thus compared cells and organoids with the
same genotype at the same time point (considerdgdeasme 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 lomember of shifted loci comped to organoids.
Consistently, 2D cultures also displayed a lower tumour mutational burtgre 22AB

shows the representative comparison betwdenMsh2KO 2D culture from series 1 and the

corresponden¥ish2KO organoids at 10 months since the KO event.
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Figure 22.
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Figure 2. Comparison ofMSI features inMsh2 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 analysBdHgtiogram depicting

tumour mutational burden at 10 months of overall culture since the knockout event, calculatedasomymous
mutations per megabase of whole exome sequencing target gédR@e= organoids; S1 = cell series 1; TO =

time zero (earlpassage parental organoids).

In order to identify putative driver pathways, we performed RNA sequencing on both 3D and
2D MMRd cultures at key time points (earhn®nth time point and time points correspondent

to cell injections and explants). We performed principal component amatysvaluate the
variance in the dataset and we observed that organoids and cells formed clearly separated
clusters. AllIMIh1 KO andMsh2KO organoids placed close to each other, while MMRd cells
formed two distinct groups (figure32). The following stepvas a differential gene expression
analysis performed comparing MMRd tumorigenic cells together with cells retrieved from
tumours (n = 12) against all ndamorigenic MMRd organoids (n = 10M1sh2KO cells from

series 3, derived from narradiated organoids which, once injected in NOD SCID mice, gave
rise to tumours with a very long latency and a relatively low engraftment ra@0¢2% were
excluded from this analysis. Using a false discovery o&0.05, we were able to identify 3402
differentially expressed genes among which 1538 were upregulated in tumorigenic cells versus
norrtumorigenic organoids, while 1864 were downregulated (FigBR).2Ne ranked the
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genes combining fold change values (LogFC) asthtistics and performed a Gene Set
Enrichment Analysis (GSEA) using mouse hallmartholog and KEGG pathway gene sets.
Positively enriched gene sets included mitogenic signalling pathways, while amotigetgga
enriched gene sets we noticed metabolic pathways. Glycolysis gene sets emerged as negatively
enriched considering both hallmark and KEGG terms (FigB@&dhd D). The gene encoding

for the aldolase C enzymdl@oc), in particular, was among the tdfferentially expressed

genes, resulting significantly downregulated in tumorigenic cells compared to organoids

(adjusted prvalue < 0.0001, Figure3B and E).

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

metabolic rearrangement.
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Figure 23.

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 varianceB. Volcano plot representing the results from the differential gene expression an@lysis.
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