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ABSTRACT 

 Gastric and esophageal cancers represent the 3rd and 6th deadliest cancers worldwide with 

a five-year survival of 25% and 15% respectively. Regardless of their high mortality rates, 

research has remained underfunded which has stalled the advancement of novel therapies. The 

current standard-of-care for patients diagnosed with esophago-gastric cancer (EGC) is the 

surgical removal of the tumor accompanied by perioperative Docetaxel-based triplet 

chemotherapy (DCF: Docetaxel, Cisplatin, 5-FU). Although this is the most effective regimen 

for treating EGC to date, only 60% of patients initially respond to treatment, of which 50% 

develop resistance. Targeted therapies guided by molecular testing have largely been 

unsuccessful, with the exception of Trastuzumab in HER2 amplified tumors and angiogenesis 

inhibitors for second-line treatment. AT-rich interaction domain 1A (ARID1A) is altered in 

about 30% of EGCs. However, ARID1A mutations frequently co-occur with mutations in the 

PI3K/AKT/mTOR pathway. We aimed to investigate ARID1A as a potential biomarker for PI3K 

and MAPK pathway targeting agents.  

33 patient-derived xenografts (PDXs) were sent for next-generation sequencing to 

analyze copy number variations (CNVs) and single nucleotide polymorphisms (SNPs). Western 

blot analysis from PDX protein lysates were used to compare protein expression levels with 

sequencing data. Organoids derived from PDXs were used to perform in-vitro high-throughput 

drug screens using PI3K and MAPK pathway targeting inhibitors.  

Our cohort of patients displayed a high frequency of ARID1A alterations (45%), which 

was found to frequently co-occur with activating mutations in EGFR (67%), BRAF (60%), 

KRAS (40%), PIK3CA (40%), PIK3CG (60%), RICTOR (40%) and RPTOR (33%). Western 

blot analysis confirmed lack of ARID1A expression in ARID1A-mutant PDXs, while also 
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highlighting that 80% of those PDXs displayed activation of ERK. High-throughput drug 

screening on two PDX-derived organoid lines showed greatest sensitivity to the MEK inhibitor 

Trametinib and ERK inhibitor Ulixertinib. However, further screening with 13 other organoid 

lines showed no concordance between ARID1A loss and drug sensitivity. Similarly, additional 

MEK and ERK inhibitors tested showed reduced sensitivity, suggesting Trametinib and 

Ulixertinib were acting in a non-specific manner. A potential alternative may be the dual 

PIK3CA/mTOR inhibitor Gedatolisib, which showed greatest sensitivity in organoid lines with 

ARID1A loss and mutations in PI3K and RICTOR. These studies have shown the promise of 

using ARID1A as a biomarker for PI3K pathway targeting, although further investigation is 

required.  
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RÉSUMÉ 
 

Les cancers gastriques et œsophagiens sont les 3e et 6e cancers les plus meurtriers dans le 

monde et leur taux de survie à cinq ans est estimé à 25% et 15%, respectivement. En dépit de 

leurs taux de mortalité élevés, la recherche spécifique à ce type de cancer demeure sous-financée, 

ce qui freine le développement de nouvelles thérapies. Pour les patients diagnostiqués d'un 

cancer œsophago-gastrique (EGC), la norme de soins actuelle est l'ablation chirurgicale de la 

tumeur accompagnée d'une triple chimiothérapie périopératoire à base de Docétaxel (DCF : 

Docetaxel, Cisplatin, 5-FU). Malgré le fait que ce soit le traitement de l’EGC le plus efficace à 

ce jour, seulement 60% des patients y répondent initialement et plus de 50% d’entre eux 

développeront de la résistance médicamenteuse. Plusieurs tests de thérapies moléculaires ciblées 

ont largement échoué, à l'exception de celui impliquant l’utilisation du Trastuzumab, couplé à 

des inhibiteurs d’angiogénèse en deuxième ligne, pour les tumeurs dans lesquelles HER2 est 

amplifié. ARID1A (domaine d'interaction riche en AT 1A) est muté dans environ 30% des EGC. 

En outre, les mutations dans ARID1A sont souvent co-exprimées avec des mutations dans la 

voie de signalisation PI3K/AKT/mTOR. Nous avons donc voulu étudier le rôle d’ARID1A en 

tant que biomarqueur lors de l’utilisation d’agents de chimiothérapie spécifiques aux voies de 

signalisation PI3K et MAPK. 

33 tumeurs primaires de patients EGC ont été implantées par voie sous-cutanée dans des 

souris (PDX) et se sont développées jusqu’à 300 mm3. Elles ont été prélevées et le séquençage de 

nouvelle génération a été fait afin d'analyser les variations du nombre de copies (CNV) et les 

polymorphismes mononucléotidiques (SNP) dans ces tumeurs. Une analyse par 

immunobavardage à partir de lysats de protéines des PDX a été faite afin de comparer les 

niveaux d'expression des protéines avec les données de séquençage. Les lignées cellulaires 
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d’organoïdes dérivés des PDX ont été utilisés pour effectuer des criblages de médicaments à haut 

débit en utilisant une multitude d'inhibiteurs ciblant les voies PI3K et MAPK. 

Dans notre cohorte de patients, nous avons trouvé une fréquence élevée de mutations 

dans ARID1A (45%), altérations fréquemment co-exprimées avec des mutations activatrices 

d'EGFR (67%), de BRAF (60%), de KRAS (40%), de PIK3CA (40%), de PIK3CG (60%), de 

RICTOR (40%) et de RPTOR (33%). L'analyse par immunobuvardage a confirmé l’absence de 

la protéine ARID1A dans les PDX exprimant des mutations dans le gène ainsi qu’une activation 

de ERK1/2 dans 80% de ces échantillons. Le criblage de médicaments à haut débit sur deux 

lignées cellulaires d’organoïdes dérivés de PDX a montré une plus grande sensibilité à 

l'inhibiteur MEK Trametinib et à l'inhibiteur ERK Ulixertinib. Cependant, un dépistage 

supplémentaire avec 13 autres lignées d’organoïdes n'a montré aucune concordance entre la perte 

d'ARID1A et la sensibilité à ces drogues. Finalement, d’autres inhibiteurs de MEK et de ERK 

testés ont aussi montré une sensibilité réduite, suggérant alors que le Trametinib et l'Ulixertinib 

agiraient probablement de manière non-spécifique. Une alternative potentielle pourrait être le 

double inhibiteur PIK3CA/mTOR Gedatolisib, qui a montré une plus grande sensibilité dans les 

lignées d’organoïdes présentant une perte d’ARID1A et des mutations dans PI3K et RICTOR. 

Bien que des recherches supplémentaires soient nécessaires, ces travaux nous éclairent sur le 

potentiel prometteur d’ARID1A afin de devenir un biomarqueur pour le ciblage de la voie PI3K.  
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CHAPTER 1: REVIEW OF THE LITERATURE 

 

1.1 Gastric and Esophageal Cancer  

 

1.1.1 Gastric and esophageal cancer: categories and trends 

Gastric and esophageal cancers have offered a substantial clinical challenge accounting 

for 783,000 and 400,000 cancer-related deaths worldwide in 2018, representing the 3rd and 6th 

deadliest cancer types respectively1-3. In Canada, the five-year survival rate for patients 

diagnosed with gastric cancer is 25%, whereas that for esophageal cancer is only 15%4. These 

low five-year survival rates are attributed to the difficulty in diagnosing patients until later stage 

disease, where metastasis develops and prognosis becomes poor5. Although the incidence rates 

for gastric and esophageal cancer vary dramatically geographically, there has been an overall 

steady decline in incidence for these two diseases worldwide over the last few decades2,5. This is 

due to a number of factors including screening for early detection, dietary improvements, anti H-

pylori therapies and improved chemotherapy regimens5-7.  

Gastric adenocarcinoma accounts for 90% of all gastric cancer cases and has seen a 

steady decline in incidence in the last few decades8,9. Historically, gastric cancer has been 

classified into two main histological subgroups based on the Lauren criteria: intestinal and 

diffuse. Intestinal gastric tumors are the most common with a frequency of 54% and are marked 

by extensive adhesive properties and tubular formations10. These tumors are commonly 

associated with environmental factors such as diet, lifestyle and H-pylori infection11. Diffuse 

gastric tumors have a relative frequency of 32% and are associated with shorter durations but 

poorer prognosis10. Diffuse tumor cells lack proper adhesive functions and exhibit stromal 
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infiltration, which often leads to peritoneal metastasis11. Diffuse gastric tumors are more 

common in younger and female patients and are more commonly caused by genetic factors12. 

Esophageal cancer is classified into two main subtypes: adenocarcinoma and squamous cell 

carcinoma. There are more annual reported cases of esophageal squamous cell carcinoma 

(ESCC) than esophageal adenocarcinoma (EA) worldwide13.  

Unlike gastric adenocarcinoma, the overall incidence rates for esophageal 

adenocarcinoma have shown a sharp increase in North America, making EA the predominant 

subtype in many developed countries14. This is in part due to the obesity epidemic, which 

increases the populations risk of developing gastroesophageal reflux disease (GERD), a 

condition which causes the spillage of stomach acid into the esophagus and promotes the 

development of a Barrett’s esophagus, a common precursor for EA15.  

 

1.1.2 Treating Esophago-Gastric Cancer with Perioperative Chemotherapy    

Comparable genetic profiles of adenocarcinomas of the proximal stomach, distal 

esophagus and gastro-esophageal junction (GEJ) have suggested that these adenocarcinomas be 

considered as one disease entity, esophago-gastric adenocarcinoma (EGA) and treated 

similarly16. Standard-of-care after diagnosis is currently limited to perioperative Docetaxel-based 

triplet therapy with the surgical removal of the tumor. Ferri et al. showed that treatment of 

resectable EGA with DCF (Docetaxel, Cisplatin and 5-Fluoruricil at doses of 75mg/m2, 75mg/m2 

and 750mg/m2 respectively), 3 weeks prior to and following surgery significantly improved 

patient outcome17. Others had previously shown that pairing surgical resection with perioperative 

chemotherapy regimens significantly improved patient survival compared to patients receiving 

surgery alone18,19. Van Hagen et al. studied the role of neoadjuvant chemoradiotherapy in the 



 

 

20 

treatment of patients with GEJ cancer and mixed-subtype esophageal cancers. They determined 

that administration of Carboplatin and Paclitaxel with radiotherapy of 41.4Gy for at least 4 

weeks prior to surgery conferred greater survival benefit than surgery alone20. Stahl et al. 

investigated whether the addition of radiotherapy improved EGA patient outcome compared to 

standard chemotherapy regimens. They observed a benefit of including radiotherapy in 

neoadjuvant treatment, although this improvement was not significant21. Regardless of the 5-year 

survival benefit conferred with DCF chemotherapy regimens, only 60% of patients initially 

respond to treatment due to innate chemoresistance. Furthermore, of the patients who initially 

respond nearly half develop resistance to treatment and any residual disease leads to patient 

recurrence, highlighting the need for finding better therapeutic options22.  

 

1.1.3 Treating Esophago-Gastric Cancer with Immunotherapy  

Immune checkpoint inhibitors targeting the Programmed cell death protein 1 or its ligand, 

PDL-1, have been studied more recently in patients with esophageal and gastric cancers. A phase 

III clinical trial (ATTRACTION-2) investigating the treatment of Nivolumab, a PD-L1 inhibitor, 

in advanced gastric cancer patients who had previously undergone chemotherapy, showed an 

increase in overall survival (OS) compared to placebo group (26.6% vs. 10.9% after 12 

months)23. Nivolumab is now accepted as a third line of treatment strategy for EGC patients and 

ongoing clinical trials are determining its impact as a first line of treatment24. Similarly, a phase 

IB clinical trial (KEYNOTE-012) compared the treatment of Pembrolizumab immunotherapy 

with Paclitaxel chemotherapy as a second line of treatment for gastric and GEJ patients. 

Although there was no improvement in OS between the two groups, patients overexpressing PD-

1 performed better with Pembrolizumab25. In a phase II clinical trial, Ipilimumab, a target of 
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cytotoxic T-lymphocyte antigen 4 (CTLA4) showed no clinical significance against standard 

chemotherapy26. Although there are many ongoing clinical trials looking at immunotherapy as 

first-line treatments, current outcomes are modest at best and show little clinical utility for 

immunotherapies.  

 

1.1.4 Molecular Classification of Esophago-Gastric Cancer 

Classically, gastric tumors are histologically classified as intestinal or diffuse types, 

although this has little clinical utility. After molecular evaluation, gastric tumors were found to 

exist as four distinct subtypes: Epstein-Barr virus (EBV; 9%), Microsatellite instability (MSI; 

22%), Genomically stable (GS; 20%) and Chromosomal instability (CIN; 50%)27. EBV-positive 

tumors represent the smallest proportion and are marked by CDK2NA silencing, PD-L1 

overexpression and ARID1A/PIK3CA mutations. MSI variant tumours are hypermutated and 

show hypermethylation, most notably of MLH1. GS variants are marked by a ‘diffuse’ histology, 

with mutations in adhesion molecules such as CDH1 and RhoA. The CIN variants represent half 

of all gastric tumors and exhibit an ‘intestinal’ histology, with TP53 mutations and 

hyperactivation of receptor tyrosine kinase’s such as EGFR and ERBB2.  

Similarly, comprehensive molecular analysis was done on esophageal tumors and 

established EAC and ESCC as separate disease entities with divergent patterns of mRNA 

expression, DNA methylation and cancer location28. ESCC tumors were localized to the upper 

esophagus and resembled the genetic profiles of head and neck squamous cell carcinomas. 

ESCC’s exhibited gene amplifications of CCDN1, TP63 and SOX2 as well as gene deletions of 

ARID1A, SMARCA4 and KDM6A29. EACs were primarily localized in the distal esophagus and 

genetically resembled the CIN subtype for gastric adenocarcinomas, with RTK amplifications. 
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These molecular classifications for gastric and esophageal cancers are critical to better stratify 

patients based on genetic alterations and find more effective and personalized treatment options.  

 

1.1.5 Molecular Heterogeneity as a Barrier for Targeted Therapeutics   

Using genomic biomarkers to guide targeted therapies for EGC patients has yet to show 

significant clinical impact. One of the only genomic biomarkers used in the clinic is the Human 

epidermal growth factor receptor 2 (HER2), which is highly enriched in the CIN subtype27. 

HER2 is overexpressed in approximately 18% of gastric tumors, whereby these tumors are 

highly sensitive to anti-HER2 targeted therapies30. In a phase III clinical trial, treatment of 

advanced gastric and GEJ cancer with Trastuzumab, a monoclonal antibody directed against 

HER2, in combination with chemotherapy showed a moderate increase in OS (4.2 months) in 

‘HER2-positive’ patients compared to chemotherapy alone31. Further anti-HER2 targeted 

therapies involving Lapatinib or Pertuzumab showed no significant clinical value compared to 

chemotherapy32,33. Trastuzumab is the first targeted therapy guided by molecular testing for 

gastric cancer. Many other targeted therapies, even guided by genomic biomarkers, showed 

limited efficacy in the clinic, including therapies directed against EGFR, FGFR2 and MET32,34,35. 

Delays in novel targeted therapies for EGC have been attributed to the baseline heterogeneity 

found between different patients (inter-tumor) and within different sites of a patient’s tumor 

(intra-tumor)36. Whole-exome sequencing revealed a lack of concordance between the genomic 

profiles of a patients primary tumor and that at the metastatic site36. Similarly, genetic variability 

was also observed within the patient’s primary tumor. The PANGEA cohort study investigated 

the value of targeted therapies and the discordance between the primary and metastatic tumor 

sites, as most treatments are assessed based on biopsies from primary tumor samples. Patients 
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biomarked at both the metastatic and primary tumor sites showed reduced tumor burden due to 

improved therapy assessment.  

 

1.2 Common Genomic Alterations and Relevant Targeted Therapies   

 

 EGC is a heterogeneous disease with many identified genes implicated in disease 

progression. As mentioned earlier, there is intra-tumor variability which creates a major barrier 

for targeted therapies, but inter-tumor variability also offers a major barrier as all patients present 

with a vast and unique genetic landscape. We will explore a number of common EGC-causing 

mutations and corresponding targeted therapies that have been investigated.  

 

1.2.1 HER2  

 HER2 (also known as ERBB2) is a proto-oncogenic receptor tyrosine kinase (RTK) that 

regulates signals from growth factors and stimulates cellular pathways involved in proliferation 

and survival. HER2 is overexpressed in approximately 18% of EGC’s, although this number 

varies from 4% to 53% depending on patient datasets30. HER2 maintains a controversial 

prognostic value with several people arguing HER2 positivity has no impact on patient survival, 

although others claim that HER2-positive tumors show increased aggressiveness and recurrence 

rates37,38.  

As discussed earlier, HER2 inhibitors are among the only successful targeted therapies 

currently being used in EGC patients. The ToGA study was an open-labelled phase III clinical 

trial where 594 patients from 122 centers across 24 countries were randomly assigned into two 

main groups: trastuzumab + chemotherapy (capecitabine and cisplatin or 5-FU) or chemotherapy 
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alone. The 594 selected patients were confirmed for HER2 ‘positivity’ (overexpression) by 

immunohistochemical analysis. The study was able to find a statistically significant increase in 

OS from 11.1 months to 13.8 months in the combination group, directing trastuzumab plus 

chemotherapy as a valid first-line therapy for HER2-positive gastric tumors31. Nonetheless, the 

clinical significance is moderate at best and has a far lower survival benefit than HER2-directed 

therapies in breast cancer39. 

Trastuzumab based therapies are currently the only approved targeted treatment options 

for HER2-positive gastric cancers31. The LOGiC phase II clinical trial investigated the efficacy 

of lapatinib, a dual HER2 and EGFR inhibitor in HER2-positive EGC patients. 545 patients were 

randomly assigned to lapatinib plus chemotherapy (capecitabine and oxaliplatin) or 

chemotherapy alone, although no significant difference in median survival was observed40. 

Lapatinib plus capecitabine showed promising results in HER2-positive breast cancer patients41. 

The lapatinib plus chemo group in the LOGiC study showed significantly more adverse effects 

and a greater rate of treatment discontinuation than the lapatinib plus chemo group in the breast 

cancer trials. Many hypothesize the chemotherapy backbone in the LOGiC trial led to reduced 

treatment efficacy39. Lapatinib monotherapies are currently being evaluated in phase II/III 

clinical trials (NCT02250209).   

 Pertuzumab is a monoclonal antibody which targets a different epitope of HER2 than 

trastuzumab, and has shown clinical significance when combined with trastuzumab in breast 

cancer patients42. The JACOB study was a phase III clinical trial investigating pertuzumab plus 

trastuzumab and chemotherapy versus trastuzumab and chemotherapy alone in HER2-positive 

metastatic gastric tumors. In contrast to breast studies, the JACOB study confirmed no 

significant impact of adding pertuzumab to trastuzumab-based therapies in EGC43. These among 
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other failed HER2-directed clinical trials in EGC may be attributed to HER2 heterogeneity, as 

well as different mechanisms of signalling regulation compared to breast cancer39.   

 

1.2.2 VEGFR  

Tumor angiogenesis and lymphangiogenesis are considered major driver events in 

metastasis. The proliferation of blood and lymphatic vessels supplies the tumor with a favorable 

nutrient-rich microenvironment to sustain growth and promote tumor cell invasion. Vascular 

endothelial growth factors (VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F) are 

among the most important factors promoting tumor angiogenesis and function through VEGF 

receptors (VEGFR1, VEGFR2, VEGFR3), a specific type of RTK found on endothelial cells44. 

VEGFR’s are overexpressed in approximately 36-40% of gastric tumors45. Prognosis is largely 

based on the tumoral expression profiles of VEGF’s and VEGFR’s. Most notably, 

overexpression of VEGFR2 and VEGFR3, especially with high circulating levels of VEGF-C 

and VEGF-D have been implicative of poor prognosis in gastric cancer46,47.  

Angiogenesis inhibitors have been under extensive investigation as anti-cancer therapies, 

attempting to inhibit tumor growth by blocking blood vessel formation. The REGARD study, a 

phase III clinical trial, demonstrated the clinical efficacy of VEGFR inhibition as a second-line 

therapeutic strategy in gastric cancer48. In the study, 355 GEJ and GA patients across 119 centers 

worldwide who had previously received first-line platinum-based or fluoropyrimidine-containing 

chemotherapy were randomly assigned into two groups; both given best supportive care with or 

without ramucirumab, a monoclonal antibody against VEGFR2. Investigators concluded that the 

patients given ramucirumab demonstrated a median OS of 5.2 months, in comparison to the 

placebo subgroup with a median OS of 3.8 months48. Similarly, the RAINBOW trial showed 
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comparable results in gastric and GEJ cancer patients who had progressed after first-line 

chemotherapy. They concluded that second-line treatment of ramucirumab plus paclitaxel 

significantly improved OS (9.6 months) compared to placebo plus paclitaxel (7.4 months)49.  

Trastuzumab and ramucirumab are currently the only two targeted therapies approved for 

EGC patients, although trastuzumab is the only therapy approved for first-line treatment. 

Although trastuzumab has exhibited clinical value for HER2-positive EGC patients, many 

patients still progress during first-line treatment with trastuzumab50. A randomized phase II study 

of gastric and GEJ cancer patients who had progressed during first-line trastuzumab therapy 

proved that further administration of trastuzumab plus paclitaxel showed no survival benefit 

compared to paclitaxel alone51. A recent subgroup analysis on the RAINBOW trial showed that 

patients who had progressed following first-line trastuzumab therapy showed higher OS in the 

ramucirumab group (11.4 months) compared to the placebo group (7.0 months)52.  

The AVAGAST phase III clinical trial attempted to identify VEGF-A as a potential 

target. Investigators randomly assigned gastric cancer patients for first-line treatment of 

chemotherapy plus bevacizumab, a monoclonal antibody against VEGF-A, or chemotherapy 

alone (capecitabine and cisplatin) and concluded no significant differences in OS, although they 

observed an advantage in progression free survival (PFS)53. Similarly, second-line bevacizumab-

based treatments have shown uninspiring results in EGC54. 

There are currently many ongoing clinical trials involving VEGFR tyrosine kinase 

inhibitors (TKI). Most notably, the selective VEGFR2 inhibitor Apatinib, is shown to be an 

effective third-line treatment option for advanced or metastatic gastric and GEJ adenocarcinoma 

patients who progressed after first- or second-line chemotherapy50,55.  
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 1.2.3 EGFR  

 Epidermal growth factor receptor (EGFR) is a HER-family RTK involved in transducing 

signals from growth factors, most notably the epidermal growth factor (EGF)56. EGFR activation 

affects numerous signalling pathways involved in cellular proliferation, differentiation, migration 

and survival, such as the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-

kinase-AKT (PI3K/AKT) pathways. Approximately 27% of EGC patients express an EGFR 

mutation, although this number varies extensively in the literature57,58. EGFR overexpression in 

GA patients is often associated with a poorer prognosis58,59. EGFR detection by 

immunohistochemical (IHC) analysis has been linked to lymph node metastasis, advanced stage 

and poor survival58.  

EGFR inhibitors have been extensively studied as targeted therapeutics for EGC patients. 

Monoclonal antibodies directed against EGFR were first investigated but showed little clinical 

significance. The EXPAND study, a phase III clinical trial, investigated Cetuximab in 

combination with cisplatin and capecitabine, while the REAL3 trial inspected Panitumumab in 

combination with epirubicin, oxaliplatin and capecitabine. Both trials showed no improvement in 

PFS or OS60,61. Furthermore, second-line gefitinib monotherapies were evaluated in a phase III 

clinical trial (COG trial) for gastric cancer patients, where results showed no clinical benefit62. 

One of the biggest critiques of these trials, along with many other targeted therapy studies, is the 

lack of mutational screening prior to treatment. This is in contrast to many HER2 studies, which 

identified HER2-directed therapies that benefit HER2-positive EGCs63. Although the COG trial 

showed no overall survival benefit for gastric cancer patients, could it provide clinical utility to 

patients with EGFR overexpression? Post-hoc molecular analysis of COG trial tumors by 

fluorescent insitu hybridization (FISH) looked to identify EGFR copy number gain. They were 
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able to identify a subgroup of patients with high EGFR copy number gain (>4) that showed a 

statistically significant survival benefit to second-line gefitinib monotherapy64. Similar post-hoc 

analyses on the EXPAND and REAL3 trials showed a potential survival benefit for cetuximab 

and panitumumab for EGFR-overexpressing tumors65,66. As of now, EGFR antibodies and 

inhibitors have yet to show any clinical utility, although further investigation is required to 

analyze their value under proper patient stratification procedures.  

 

1.2.4 FGFR  

Fibroblast growth factor receptors (FGFR1, FGRF2, FGRF3, FGFR4) are a superfamily 

of RTKs, which function similarly to other RTKs such as EGFR. Binding of FGF ligand to the 

receptor causes dimerization and autophosphorylation of tyrosine residues on the receptor’s 

cytoplasmic domain. This causes subsequent activation of downstream signalling pathways such 

as the MAPK and PI3K pathways, which promote cell growth, proliferation and survival67. 

FGFR2 is the most commonly amplified FGFR receptor, where it’s overexpressed in 

approximately 10% of gastric tumors68. FGFR amplification has been associated with poorer 

prognosis and lymphatic invasion68-70.  

There has been a rise in the development of FGFR inhibitors to test FGFRs as druggable 

candidates. Pre-clinical models were used to assess the efficacy of these inhibitors in vitro and in 

vivo. One study found that gastric cancer cell lines with amplification of FGFR2 (SNU-16 and 

KATOIII) were significantly more sensitive to the FGFR1-2-3 inhibitor AZD4547, compared to 

non-amplified tumors71. These results were further evaluated in patient-derived xenograft (PDX) 

models (SNU-16), whereby investigators concluded that the AZD4547 inhibitor in combination 

with paclitaxel demonstrated the largest anti-tumor effects71. Nonetheless, the efficacy of 



 

 

29 

AZD4547 was not found to be significant in the SHINE phase II clinical trial, which showed that 

FGFR-amplified GA patients did not benefit from second-line treatment with AZD4547 in 

comparison to paclitaxel34. Other FGFR-targeted therapies that have shown promise in 

preclinical models are currently being investigated in ongoing clinical trials72. 

 

1.2.5 MET  

The hepatocyte growth factor (HGF) is the primary ligand of the HGF receptor, 

commonly known as MET (MNNG-HOS transforming gene), which not only supports 

proliferative and antiapoptotic roles through MAPK and PI3K pathways, but also functions in 

promoting cell-cell detachment and migration73. MET amplification is identified in 2-10% of 

EGC’s and often indicates poor prognosis74,75. MET overexpression is associated with tumor 

invasion, distant metastasis, lymph node metastasis and overall poor survival75.   

Over the last decade there has been a substantial amount of investigation into anti-MET 

targeted therapies using monoclonal antibodies and TKIs for EGC. The RILOMET-1 study, a 

phase III clinical trial looked at the effect of adding rilotumumab, an antagonistic monoclonal 

antibody of MET, to standard ECX therapy (epirubicin, cisplatin and capecitabine)35. The 

multicenter trial randomly assigned 609 HER2-negative, MET-positive GA patients to receive 

rilotumumab plus ECX or placebo plus ECX. They concluded that rilotumumab was not 

successful at improving clinical outcome in MET-positive gastric tumors35. In fact, the 

RILOMET-1 trial was suspended early due to a disproportionate number of deaths and a lower 

PFS and OS in the rilotumumab group. Similarly, the METgastric phase III study concluded that 

the anti-MET monoclonal antibody onartuzumab (in combination with mFOLFOX6) was 

ineffective at improving survival outcome, even in MET-positive tumors76. There are a number 
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of anti-MET TKIs that have been examined as well, although none have shown clinical 

significance. For example, foretinib is a dual MET and VEGFR2 inhibitor which showed 

promise in preclinical models by inhibiting gastric cancer cell growth, failed to show any clinical 

significance in a phase II trial for metastatic gastric cancer patients77,78. 

 

1.2.6 MAPK Pathway 

The MAPK signalling pathway, consists of a chain of proteins, RAS-RAF-MEK-ERK, 

which transduce extracellular signals, commonly from growth factors acting on RTKs to the 

nucleus to regulate gene expression, metabolism, cell proliferation, apoptosis, among other 

functions79. Abnormal MAPK pathway activation has been implicated in the progression of many 

cancers and neurodegenerative diseases. Hyperactivation of the MAPK pathway can arise from 

irregular amplification of RTKs or may be due to oncogenic mutations in the proteins comprising 

the pathway itself, most notably mutations in KRAS (Kristen rat sarcoma 2 viral oncogene 

homolog) and BRAF (Raf murine sarcoma viral oncogene homolog B) proteins80. BRAF 

mutations are infrequent in gastric cancers with an incidence of only 2%, where most mutations 

are not located at the mutational hotspot V600, which is commonly identified in colorectal 

cancer81. Similarly, KRAS mutations are found in 6.5% of gastric cancers (on average) compared 

to 25% in other cancer subtypes82. The mutational backgrounds of BRAF and KRAS are still 

poorly understood in gastric cancer, but it is thought that RTK and MEK alterations are the main 

drivers for MAPK pathway hyper-amplification.  

Due to the central role of the MAPK pathway in cancer progression, many have sought to 

target its components. There are currently three FDA-approved drugs available for patients with 

nonresectable or metastatic melanoma. Vemurafenib, a BRAF inhibitor, showed successful 
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results in a phase II clinical trial comparing its effects to dacarbazine in melanoma patients with 

a BRAF V600 mutation83. Similarly, metastatic melanoma patients with BRAFV600E mutation 

showed better PFS and OS when administered the BRAF inhibitor dabrafenib, compared to 

dacarbazine84. Combination therapy using dabrafenib and the MEK inhibitor trametinib 

outperformed dabrafenib monotherapy in three phase III clinical trials and is currently the 

standard of care for metastatic melanoma patients85,86. A recent phase I clinical trial for patients 

with advanced solid tumors and MAPK alterations, showed promising results for the ERK1/2 

inhibitor ulixertinib87. There remains little known on the value of MAPK pathway targeting 

agents in EGC.  

Although MAPK pathway targeting provides clinical utility in certain cancer types, there 

is a large proportion of patients who develop resistance to therapies. This is mainly due to 

upregulation of other components in the pathway, such as enhanced KRAS activity or EGFR 

phosphorylation or of other pathways such as the PI3K/AKT pathway86,88. In vitro and in vivo 

models of EGC discovered a potential mechanism to overcome KRAS-mediated MAPK 

resistance89. MAPK blockade in KRAS wild type (WT) tumors promoted an adaptive response, 

shifting KRAS into its GTP-bound state via SHP2 and SOS1/2. Investigators determined that 

inhibiting the protein tyrosine phosphatase SHP2, in KRAS WT gastric tumor cells, increased 

their sensitivity to MEK inhibition and could provide a mechanism for overcoming resistance89.  

 

1.2.7 PI3K Pathway 

The PI3K pathway is activated in an analogous manner to the MAPK pathway, 

commonly by growth factors activating RTKs or G protein coupled receptors (GPCRs). 

Phosphatidylinositol-3-kinase (PI3K) exists as a heterodimer comprised of regulatory subunit 
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(p85) and a catalytic subunit (p110)90. PI3K activation via RTKs or GPCRs leads to the initial 

phosphorylation of phosphoinositide-dependent kinase 1 (PDK1), which in turn creates a cascade 

of protein phosphorylation, with notable players like AKT and mTOR (mammalian target of 

rapamycin)90. AKT phosphorylation by PDK1 or PDK2 phosphorylates many downstream 

targets including mTOR. mTOR activates the eukaryotic initiation factor 4E (4EBP1) and 

ribosomal S6 protein (S6K1). Downstream effectors of the pathway modulate gene transcription, 

cell growth, apoptosis and proliferation. Like the MAPK pathway, the PI3K pathway has been 

implicated in tumorigenesis when dysregulated, which could be due to a number of factors such 

as hyperactivation of RTKs, mutations in pathway components such as PIK3CA, AKT or 

mTOR, or as a compensatory measure91.  

The PI3K pathway is the second most frequently altered pathway in human cancers, after 

the p53 pathway92. In gastric cancer, PIK3CA is the most commonly mutated gene in the PI3K 

pathway, with an alteration frequency of 18%90. The majority of PIK3CA mutations are found in 

EBV-positive EGCs27. 80% of these mutations occur at three main hotspots: E545K and E542K 

of exon 9 and H1047R in exon 20, all of which are associated with poor prognosis93,94. Alteration 

frequencies in other isoforms (PIK3CB and PIK3CD) are quite rare90. mTOR is mutated in 

approximately 4% of gastric cancer patients90. AKT isoforms (AKT1, AKT2, AKT3) are mutated 

in only 1-3% of gastric tumors, although IHC analysis showed AKT overexpressed in up to 

74%90,95. AKT1 functions primarily in cellular proliferation and survival, whereas AKT2 

promotes for cellular invasiveness and increases metastatic potential. AKT3 is rarely expressed 

in the stomach90.   
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Figure 1: Summary of MAPK and PI3K Pathways. Highlighting the major components of the 

MAPK (left) and PI3K (right) pathways. Alteration frequency in EGCs (in %) is listed for selected 

genes (RTKs, KRAS, BRAF, PIK3CA, AKT and mTOR).  
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The PI3K pathway has been actively investigated to identify clinically effective 

druggable targets. There are four main classes of inhibitors that target the PI3K pathway: PI3K 

inhibitors, mTOR inhibitors, dual PI3K/mTOR inhibitors and AKT inhibitors. The GRANITE-1 

phase III clinical trial was the first major study of targeting the PI3K pathway in gastric cancer96. 

Gastric cancer patients were given everolimus, an mTOR inhibitor, as a second-line therapy in 

combination with best supportive care. However, everolimus treated patients did not show any 

improvements in median OS96. This may be attributed to the fact that patients were not pre-

selected based on PI3K/AKT/mTOR alterations. Similarly, the SWOG trial concluded that the 

AKT inhibitor MK-2206 as second-line therapy provided little improvement in clinical outcome 

(response rate of 1%)97. There are several ongoing clinical trials for PI3K pathway targeted 

therapies, many of  which are supported by preclinical evidence90. For example, the dual 

PI3K/mTOR inhibitor BEZ235 showed significant anti-tumor activity in paclitaxel-resistant cell 

lines and tumor bearing mouse models98.   

 

1.2.8 ARID1A 

AT-rich interactive domain 1A (ARID1A) is a tumor suppressor involved in the 

epigenetic modulation of gene expression. It is a key component of the SWItch/Sucrose Non-

Fermenting (SWI/SNF) complex, serving specific roles in chromatin remodeling. ARID1A acts 

as the ‘DNA sensor,’ interacting with specific DNA sequences to be remodelled by other 

proteins in the complex to modulate DNA accessibility99,100. ARID1A has an alteration frequency 

of 8-33% in EGCs and is typically associated with loss of function101. ARID1A loss is associated 

with lymphatic invasion, lymph node metastasis and poor survival prognosis102. Loss of ARID1A 
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expression typically co-occurs with activating mutations of PIK3CA in gastric and other types of 

cancers, although the underlying mechanisms remain unclear103.  

In vivo ovarian clear cell carcinoma (OCCC) models found that ARID1A inactivation 

was insufficient to promote tumor formation104. However, when ARID1A loss occurred 

concurrently with PIK3CA activation, tumorigenesis followed. The same study showed that 

subsequent induction of the PI3K inhibitor BKM120 slowed tumor growth and prolonged mouse 

survival104. In spite of the high incidence of ARID1A mutations, clinical therapies are not yet 

available. Many propose ARID1A as a synthetic lethal candidate for other genomic alterations, 

thereby suggesting that the presence of an ARID1A mutation may sensitize the tumor to other 

targeted therapies105. Some proposed synthetic lethal candidates include the DNA damage 

checkpoint kinase ATR, other epigenetic targets such as the histone deacetylase 6 (HDAC6) or 

enhancer of zeste homolog 2 (EZH2) and many targets of the PI3K pathway such as PIK3CA 

and AKT105,106. For example, an in vitro study was able to identify the AKT inhibitor 

GSK690693 as a potential therapeutic strategy in ARID1A-mutant gastric tumors. ARID1A-

knockdown in gastric cancer cell lines (MKN-1, MKN-28 and KATO-III) resulted in increased 

sensitivity to GSK690693 plus cisplatin or 5-FU, compared to controls107.  

 

1.2.9 Exploring Combination Therapies  

Currently BRAF and ERK targeted therapies result in developed resistance in about half 

of patients86. Similarly, although PI3K pathway inhibitors are promising, it is still too early to 

predict their success in the clinic, especially as monotherapies. Several studies have questioned 

the potential efficacy of monotherapies against the PI3K pathway, which has been shown to not 

be the case for MAPK signalling inhibitors. These uncertainties are due to the presence of 
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positive feedback loops, compensatory mechanisms and the dual tumorigenic roles of the PI3K 

and MAPK pathways90. These observations have guided us into the era of combination therapies.  

An important aspect of combination therapies is the notion of how drugs interact. 

Different drugs can interact in unexpected ways and yield substantially different outcomes. Some 

drugs show antagonistic roles, whereby the presence of both drugs dampens their effects, but this 

is typically undesirable. Researchers strive to find synergistic drug combinations, where due to 

the biochemical characteristics of the drugs, potentiate and show enhanced efficacy when 

combined108.  

One in vivo study in a murine lung adenocarcinoma model, showed that KRAS-mutant 

lung cancers were resistant to the BEZ235 PI3K inhibitor and to the ARRY-142886 MEK 

inhibitor. When given in combination however, they expressed synergism and were effective at 

reducing tumor volume109. Another in vivo study using KRAS-mutant colorectal cancer models, 

demonstrated that the EGFR inhibitor dacomitinib was sufficient to relieve the acquired 

resistance of the PI3K/mTOR inhibitor PF-04691502 when administered in combination. Both 

dacomitinib and PF-04691502 showed limited efficacy as single-agent therapies110. Similarly, in 

vitro and in vivo studies in OCCC identified synergistic activity between the PI3K/mTOR 

inhibitor PF-04691502 and the MEK inhibitor PD-0325901111. As alluded to throughout this 

literature review, combination therapies are not novel, as most targeted therapies are given in 

combination with chemotherapy regimens. That being said, combining targeted treatments, 

especially those between the MAPK and PI3K pathways, could be a therapeutic approach to 

overcoming drug resistance due to analogous downstream effects.  
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1.3 Patient-Derived Organoids as Preclinical Models for Drug Testing 

 

The cost associated with the research and development of a novel cancer therapy drug, 

from the induction of preclinical studies until its approval by the United States Food and Drug 

Administration (FDA) for clinical use is approximately 648 million dollars112. The average time 

it takes for a drug to be approved by the FDA ranges from 5 to 15 years113. This costly and 

lengthy period for drug development highlights the demand for finding improved preclinical 

models. Most notably, patient-derived organoids (PDOs) have shown promise at improving the 

efficiency of drug development and will be the central focus for the remainder of this review.  

 

1.3.1 Generating and Maintaining PDOs 

 Organoids are microscopic three-dimensional structures in vitro, which recapitulate many 

features of the original in vivo tissue. Surgically resected and biopsied tumor samples from EGC 

patients are digested into single cells, which are resuspended in a gelatinous matrix called 

Matrigel, a basement membrane matrix from mouse tumors that consists of extracellular matrix 

components like collagen, laminin and enactin114. Matrigel provides a suitable environment for 

cells to proliferate in a three-dimensional manner, forming spherical cell structures. Gastric 

organoid medium is added to Matrigel-embedded organoids and contains a wide variety of 

growth factors, such as Wnt3A, R-spondin and Noggin, which promote gastric epithelial cell 

proliferation113. 
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1.3.2 Organoids as Alternatives to Cancer Cell Lines and PDXs  

 Over the last few decades, cancer cell lines (CCLs) and PDX models have dominated the 

sphere of cancer research. Gastric organoids were first established in 2010 to model the self-

renewal capacity of Lgr5+ve stem cells of the pyloric epithelium115. Since then, organoids have 

served an essential role in modeling cancer.  

Although easy to maintain and rapid to develop, CCLs are not suitable cancer models as 

they lack the structural and genetic characteristics of the original tumor. CCLs have been 

criticized for their inability to recapitulate the genetic landscape of the original tumor. For 

example, one study identified that hypoxic conditions given to four ‘identical’ HeLa cell lines 

resulted in activation of different pathways and transcriptomic variability, concluding 

Figure 2: Preparing organoids from primary patient material or PDXs creates a 

heterogenous cell population. Organoids are composed of a variety of cell types from the initial 

tumor. Single cells are cultured in domes of Matrigel, which forms a varied 3-dimensional 

organoid population which can be used to perform high-throughput drug screens.  
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irreproducible results116. Gastric tumor organoids are better able to recapitulate intra-patient 

heterogeneity and maintain a genomic landscape representative of the patient’s original tumor117. 

PDOs from gastric tumor biopsies were able to show comparable genomic alterations, even after 

serial passages117. Unlike CCLs, PDOs are composed of a diverse cell population, which is more 

replicative of the tumor itself118. Similarly, PDOs better capture inter-patient heterogeneity, 

making them useful models for drug assays.  

Patient derived xenografts (PDXs) are generated from the subcutaneous or orthotopic 

implantation of patient material. Unlike CCLs, PDXs are better able to maintain structural and 

genomic integrity of the primary tumor. PDXs also contain components of the tumor 

microenvironment (TME) which are largely absent in PDOs, although organoid co-cultures with 

immune cells and other aspects of the TME have begun extensive investigation119,120. Similar to 

CCLs, PDOs can be readily transplanted into immunodeficient mice to promote tumor growth121. 

These in vivo methods remain a gold standard for drug testing but are rather limited by high costs 

and prolonged periods for tumor growth. PDOs are more fitting as cancer models, especially in 

instances of patient drug assessment, as they can be developed within a shorter time period, 

usually in the span of a month113. 

PDOs are a valuable tool for tracking the tumorigenic stages of the disease. One study 

was able to identify both similarities and differences in gene expression between organoids 

derived from dysplasia tissue (at the edge of the tumor) and from the invasive tumor itself of the 

same patient122. For example, common patterns of expression were observed with TP53 and 

APC, whereas BAX and TSC1 were mutated solely in the dysplasia and SMARCA4 and STK11 

mutations were found exclusively in the invasive tumor122. Similar studies have compared the 

chromosomal profiles of the primary tumor to the metastatic disease using PDOs123. Organoids 
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can also be manipulated in such a way as to model cancer progression. Normal patient tissue can 

be used to derived organoids in vitro and allow for further manipulation to track tumorigenesis. 

CRISPR/Cas9 targeted quadruple knockout of KRAS, APC, SMAD4 and P53 performed on 

normal intestinal organoids promoted tumor formation following xenotransplantation into 

mice124. 

 

 1.3.3 Organoids as Models of Predictive and Personalized Medicine  

 One major desired outcome of organoid research is to use PDOs as a prognostic factor, to 

predict patient response to treatment. Many patients respond to chemotherapy and targeted 

agents with varying efficacies, potentially due to their genetics. Many studies have been 

successful at retrospectively matching PDO response to the patient’s initial response to 

therapy120,125,126. One such study derived a PDO biobank for pancreatic cancer patients and 

identified two cohorts based on transcriptional signatures126. They were capable of clumping 

similar responders to treatment into each transcriptional cohort and identified a group of patients 

with substantially better response to chemotherapy126. Lapatinib, the dual EGFR and HER2 

inhibitor is currently approved for treating metastatic breast cancer in combination with 

capecitabine127. One study was able to identify a subset of gastric PDOs that responded well to 

lapatinib. ERBB2-overexpressing PDOs showed increased sensitivity to lapatinib compared to 

ERBB2 wild type gastric tumor organoids125. In the same study, a gastric cancer organoid line 

with AKT1 mutation showed enhanced sensitivity to the AKT inhibitor MK-2206125.  

 PDOs demonstrate potential for clinical use to predict patient response to chemotherapy 

and other personalised targeted therapies. PDOs grow quickly and in large quantities sufficient to 

perform high-throughput drug screens on a wide variety of therapeutic agents. These organoids 
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can be used to identify therapies based on genomic alterations. PDOs may also be useful in 

identifying salvage therapies for patients who develop resistance to first-line therapies. The 

OPPOSITE clinical trial (NCT03429816) is undergoing a large-scale study in EGC, where 

patient’s tumor at time of biopsy (pre-neoadjuvant therapy) and after neoadjuvant systemic 

therapy will be used to generate PDOs. These organoids will be used to validate patient response 

to treatment in vitro. The study aims to correlate the patient’s response to therapy with the 

organoid’s response in vitro, on a large scale. The main objective is to be able to use PDOs in the 

laboratory as a clinical test to discover personalized therapeutic options for the patient, based on 

the organoids response to said treatment.  

 

1.4 Project Rationale and Objectives 

 

EGCs are associated with high mortality and morbidity rates, creating a major burden on 

patients diagnosed with the disease. Current standard-of-care fails to consider a patient’s 

genomic background, which results in suboptimal response rates. With the knowledge of inter-

patient genomic heterogeneity and the co-occurrence of alterations in multiple genes, it would be 

a valuable approach to identify targeted therapies guided by genomic testing for EGC patients. 

ARID1A loss is common in EGC and often co-occurs with activating mutations of the PI3K and 

MAPK pathways. ARID1A has previously been proposed as a synthetic lethal candidate for 

PI3K/Akt/mTOR pathway targeting agents, although its role as a biomarker has yet to be 

investigated in EGC. Our lab has generated a unique PDX cohort from 33 EGA patients, of 

which organoids can be derived from. Genetic profiling of our PDXs along with in vitro high-

throughput drug screening on matched organoids allows us to compare drug response to genomic 
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background. The overall aim of this project is to identify potential targeted therapies in 

ARID1A-mutant organoids, specifically investigating PI3K and MAPK pathway components. 

We sought to: 

a. Identify the ARID1A alteration frequency in our PDX cohort, while investigating 

commonly co-occurring alterations. 

b. Compare the protein expression levels from PDX lysates to their corresponding genomic 

profiles.  

c. Perform in vitro high-throughput drug screening on a number of PDX-derived organoid 

lines, with specific attention to PI3K and MAPK pathway targeting agents.  
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CHAPTER 2: MATERIALS AND METHODS 

 

2.1 Patient Material Collection  

Gastric and esophageal cancer tissues were obtained from consenting patients undergoing 

endoscopy or surgical resection at the Montreal General Hospital (MGH). All tissue was 

collected as per Institutional Review Board guidelines at the McGill University Health Center 

(MUHC-REB protocol #2007-856).  

 

2.2 Patient-derived xenografts 

 Primary patient tumors from consented esophago-gastric cancer patients were 

subcutaneously implanted into immunocompromised NSG mice. Tumor size was measured once 

a week. Once tumor volume reached 300mm3, mice were sacrificed, and tumor tissue was 

passaged into 2 new animals. A piece of the excised tumor was also used to derive organoid 

cultures. All experiments were conducted with the approval of and in agreement with the 

guidelines of the McGill University Animal Care Committee.  

 

2.3 Generating PDX-derived organoids  

 Tumor pieces from a PDX were digested to obtain single cells using the tumor 

dissociation kit from MACS Miltenyi Biotech. Tissue was chopped by hand into fine pieces and 

added to gentleMACS C Tubes (Miltenyi, 5190415004) containing DMEM and the R, H and A 

enzymes from the tumor dissociation kit for chemical disruption. The gentleMACS Octo 

Dissociator was used for further mechanical disruption. Once digested, the cells were passed 

through a 70μm filter and washed with 10mL of PBS (Gibco, 14190-144). Cells were 
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centrifuged at 1200rpm for 4min and the supernatant was removed. If red blood cells were 

visible in the pellet, 1-2mL of ACK Lysis Buffer (Gibco, A10492) was added for 3 minutes. 

Cells were centrifuged again, and the supernatant was replaced with a solution of Mouse cell 

depletion cocktail (MACS Miltenyi Biotech, 130-104-694). The MACS Multistand apparatus 

using LS columns (MACS Miltenyi Biotech, 130-042-401) was used to eliminate any mouse-

derived cells. Cell count and viability was performed using the Countess II FL, whereby cells 

were diluted by half in 0.4% Trypan Blue solution (Gibco, 15250-061) and imaged on Countess 

cell counting chamber slides (Invitrogen, C10283). NUNC Multidish 12-well plates (Thermo, 

150628) were coated with a layer of Matrigel (Corning, 356231) and stored in a 37oC incubator 

for 30 minutes. Complete gastric organoid medium was prepared by adding gastric organoid 

media128 to completed human IntestiCult (composed of components A (Stemcell, 06011) and B 

(Stemcell, 06012)). Complete gastric organoid media supplemented with 5% Matrigel was mixed 

with single cells. 100,000 cells were seeded per well in the Matrigel-coated 12-well plate. Cells 

were stored in a HERAcell V10S 160i, CO2 incubator by Thermo scientific at 370C, 5% CO2 and 

3% O2.  

 

2.4 Organoid Culture 

 Complete gastric organoid media (+ 5% Matrigel) was replenished every 3 days and cells 

were kept in culture for approximately 1-2 weeks or until organoids reached sufficient size. Once 

fully grown, organoids were expanded or frozen down. Organoid medium was replaced with a 

solution of collaganse/dispase (Roche, 10269638001/11097113001) in Dulbecco’s Modified 

Eagle Medium (Gibco, 11995-065) and stored in a CO2 incubator for up to 2 hours. Once the 

matrix was degraded, organoids were transferred to a 15mL canonical tube and centrifuged at 
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1200rpm for 4 minutes. Supernatant was replaced with 1mL of 0.25% trypsin (Gibco, 15050-

065) to dissociate the organoids into single cells. Digestion was stopped after organoids were 

disrupted into single cells by adding 10mL of 90% DMEM + 10% FBS (Gibco, 12483-020). 

Cells were centrifuged and supernatant was replaced with complete gastric organoid media. Cell 

count and viability was measured using Countess II FL and appropriate number of cells were 

seeded as mentioned earlier. Excess cells were added to 1mL of 90% FBS + 10% DMSO in 

CryoPure tubes (Sarstedt, 9081911) and placed in a CoolCell LX at -80oC (Corning, 432002). 

Cells were stored long-term in liquid nitrogen.    

 

2.5 Preparing drug stocks 

 All drugs (except Cisplatin) were diluted in Dimethyl sulfoxide (DMSO; Sigma, 

SHBL2891) to a concentration of 10mM and stored short-term at -20oC or long-term at -80oC. 

The drugs prepared and used in the drug screen include: Docetaxel (Cayman, 11637), 5-

Fluorouriacil (Cayman, 14416), EZH2 inhibitor UNC1999 (Cayman, 14621), EGFR inhibitor 

Gefitinib (Cayman, 13166), MET inhibitor Crizotinib (Cayman, 12087), VEGFR inhibitor 

Sorafenib (Cayman, 10009644), BRAF inhibitor Dabrafenib (Cayman, 16989), MEK inhibitor 

Trametinib (Cayman, 16292), ERK1/2 inhibitor Ulixertinib (Cayman, 18298), dual PI3K/mTOR 

inhibitor Gedatolisib (Cayman, 14567), PIK3CA inhibitor Alpelisib (Cayman, 16986), PIK3CG 

inhibitor Duvelisib (Cayman, 16800), mTOR inhibitor Sirolimus (Cayman, 13346) and AKT1/2 

inhibitor Uprosertib (Cayman, 19904). Cisplatin (Cayman, 13119) was prepared in pre-heated 

0.9% saline at a concentration of 4mM. Frequent heating and vortexing was required to dissolve 

Cisplatin.   
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2.6 In Vitro Drug Screening 

Low-Mid throughput: Organoids were cultured for approximately 1-2 weeks and later 

digested into single cells as described previously. 8,000 cells were seeded in a Matrigel matrix 

per well of a 96 well plate and left for 10 minutes at 37o CO2, before adding complete gastric 

organoid media. Cells were left to develop into organoids for 3-4 days. The Tecan D300e Digital 

Dispenser was used for performing drug treatments. Plates were loaded and T8T Dispensehead 

Cassettes (Tecan, 30097370) were used to load drugs of 10mM stock concentrations. Drug 

screen protocols were programmed to dispense drugs at concentrations between 10μM and 

0.0007μM in triplicate. DMSO treatment was used as a control, calculated as the highest volume 

of DMSO used (from the 10μM condition). Organoids were incubated for 3-4 days in the 37o 

CO2 incubator. Following treatment, cell viability was measured using Cell Titer Blue (Promega, 

G8081) and the Varioskan Lux from Thermo scientific was used to read plates. Dose response 

curves were generated and IC50 concentrations were calculated using GraphPad PRISM. 

Mid-High throughput: Cells embedded in Matrigel were seeded into White 384 well 

plates using a Multidrop Combi Reagent Dispenser by Thermo Scientific. Cells were allowed to 

develop into organoids for 3 days prior to drug treatments which were performed using an Echo 

555 acoustic dispenser by Labcyte using 10 differing concentrations in triplicate. Cells were 

treated for 1 week before undergoing cell viability analysis. Media was aspirated to the 35μL 

mark using the 405 Touch Microplate Washer by BioTek and replaced with 25μL of Cell Titer 

Glo 3D (Promega, G9681) using the Multidrop Combi Reagent Dispenser. Plates underwent 5 

minutes of shaking and were then incubated for 30 minutes at room temperature. Luminescence 

readings were performed using the Synergy Neo HTS reader by BioTek. Dose response curves 
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and IC50 concentrations were generated by XLfit from IDBS using the 4 Parameter Logistic 

Model.  

 

2.7 Histology  

 To prepare tissue blocks of organoids for further immunohistochemical analysis, 20,000 

single cells were seeded into 4-well chambered cell culture slides (Corning, 354114), whereby 

single cells mixed with Matrigel were first added to each well in a droplet and following 

solidification gastric organoid media was added. Organoids were maintained until fully 

developed. For fixing the organoid, chamber slide wells were washed with PBS (400μL) twice. 

PBS was replaced with 800μL of 4% PFA and left for fixation for at least 2 hours. PFA solution 

was replaced with diluted Hematoxylin solution (Sigma, HHS32-1L) for 10 minutes followed by 

3 washes with ddH2O. 150μL of Histogel (ThermoFisher, HG-4000-012) was added to a 

Cryomold (Tissue-Trek, 4565) on ice and given time to solidify. Matrigel and cells were added 

to the cryomold and another 150μL of histogel was added on top. Once solidified, histogel was 

stored in a tissue cassette and placed in 10% formalin (Sigma Aldrich, HT501128) for 24 hours 

to allow for histogel fixation. The tissue cassette was then transferred to 70% ethanol and stored 

until processing.  

 

2.8 Primary and Secondary Antibodies  

 Primary antibodies were diluted in Rockland blocking buffer (Rockland, MB-070) and 

stored at 4oC. Primary antibodies used include: pERK1/2 (cell signalling 9101L, 1/1000 

dilution), ERK1/2 (cell signalling 9107S, 1/1000 dilution), pmTOR (cell signalling 5536P, 

1/1000 dilution), ARID1A (Sigma HPA005456, 1/500 dilution), pSTAT3 (cell signalling 9145L, 
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1/2000 dilution), STAT3 (cell signalling 8768, 1/1000 dilution), pEGFR (cell signalling 2234, 

1/1000 dilution), EGFR (cell signalling 2232L, 1/1000 dilution). β-actin was used as a loading 

control (Sigma, A5441, 1/4000 dilution). HRP-conjugated secondary antibodies were used for 

detection. For mouse-derived primary antibodies, ECL Peroxidase labelled anti-mouse antibody 

(NA931VS, 387950) was used. For rabbit-derived primary antibodies, anti-rabbit HRP-linked 

antibody (cell signalling, 7074S) was used. All secondary antibodies were diluted 1/10,000 in 

TBS-T. All antibodies were generously provided by Dr. Morag Park. 

 

2.9 Western Blots  

 Flash frozen PDXs were used to generate protein lysates. Tissue samples were minced in 

a mortar and pestle and added to 300μL of pre-made RIPA solution and phenylmethylsulfonyl 

(PMSF). Mixture was centrifuged at 10,000 rpm for 10 minutes and the supernatant was used as 

this has the tissues proteins. Total protein concentration for each protein lysate was measured 

using a Bradford assay. 200μL of Bio-Rad Protein Assay Dye Reagent Concentrate (BioRad, 

5000006) was added to 800μL dH2O with 2μL of protein to VersaFluor cuvettes (BioRad, 170-

2415). A spectrophotometer was used to measure the absorbance at 595nm wavelength. Using a 

BSA standard curve, the protein concentration was determined based on the absorbance 

measurements. 30μg of protein lysate was mixed with 5μL of 5X laemlli buffer and completed to 

25μL with RIPA lysis buffer. Samples were boiled at 100oC for 5 minutes on a heat block and 

then centrifuged for 5 minutes at 10,000rpm. NuPAGE 4-12% Bis-Tris pre-cast gels (Invitrogen, 

NP0336BOX) and MES SDS running buffer (Novex, 2062912) were used for running the gel. 

Precision Plus Dual Color was used as the protein ladder. Samples were subjected to SDS-PAGE 

for 1.5 hours at 100V. The gel was then transferred to an Immobilon PVDF nitrocellulose 
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membrane (Millipore, R9EA35581) at a voltage of 100V for 1.5 hours. Following the transfer, 

membranes were blocked with diluted Intercept Blocking Buffer, diluted 50% with PBS (Licor, 

927-70001) to prevent non-specific binding. Primary antibody solutions were added to 

membranes and left rocking overnight at 4oC. Membranes were washed with TBS-T (1M Tris pH 

8.0, EDTA, 10% tween-20, 5M NaCl) 3 times for 15 minutes and replaced with HRP-conjugated 

secondary antibody solution for 1 hour, rocking in the dark. Membranes were washed 4 times at 

5 minutes intervals with TBS-T. Membranes were imaged using ChemiDoc Luminescence, 

where membranes were first submerged in a 1:1 mixture of Western Lighting Plus ECL 

Oxidizing Reagent (PerkinElmer, 265-1840) and Enhanced Luminol Reagent (PerkinElmer, 275-

18401). Membrane bands were quantified using ImageJ, whereby phosphorylated protein levels 

(ie. pERK) were normalized to total levels (ie. ERK) to identify relative levels of protein 

activation. Membranes were also stripped using NewBlot PVDF Stripping buffer (Licor, 928-

40032) to subsequently analyze other primary antibodies.  
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CHAPTER 3: RESULTS 

 

3.1 Using organoids and PDXs to recapitulate the heterogeneity of the primary tumor 

 As discussed previously, EGC presents a difficult clinical challenge and is associated 

with poor prognosis and high mortality rates. Clinical parameters (age, sex, clinical stage at time 

of diagnosis, treatment intervention and response, and recurrence rates) of 33 EGA patients that 

underwent surgery at the Montreal General Hospital in Montreal, QC, Canada, were analyzed 

(Figure 3A).  PDXs from these patients were sequenced using a 234-gene panel in collaboration 

with Dr. Adam Bass at Harvard University. The median age of patients at time of diagnosis was 

68, with 61% of them being female. 75% of patients were diagnosed at later stage disease (stage 

III or IV), which as mentioned earlier, is due to the limited number of symptoms at early stage 

disease. 76% of patients underwent neoadjuvant therapy, although only 21% of those patients 

elicited a moderate or good response to treatment. 46% of the observed patients demonstrated 

recurrence of the disease, all of which were distant metastases, such as to the liver, lungs or 

brain.  

 Primary tumor tissue was implanted into NSG mice to generate PDXs. Growth rates were 

determined based on change in tumor volume over time. Figure 3B highlights the growth rates 

for two PDXs, GP201435 and GP201465, whereby both reached sufficient size for collection 

(~300mm3) by 35 and 45 days respectively. Figure 3B also features the number of days required 

to achieve a final volume of 300mm3 for 13 other PDX lines. Our PDX cohort displayed a 

variable growth rate with an average of 84 days to reach end point. Histological analysis was 

performed on both primary tumor sections and PDX tumor sections to illustrate the conservation 

of tumor architecture even after mouse implantation (Figure 3C). Both GP201435 and 
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GP201465 tumor sections from primary tumor and PDX are illustrated in Figure 3C, 

demonstrating the maintenance of the adenocarcinoma from primary tumor to PDX. PDX tumors 

were also used to derive organoids as highlighted in the Chapter 2 (Materials and Methods). 

Figure 3D displays images captured on the EVOS7000, of organoids from the GP201435 and 

GP201465 PDX lines. Unlike organoids derived from primary patient material, PDX-derived 

organoids consist of solely tumor cells, but nonetheless represent the genetic landscape of the 

original tumor129.  
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Figure 3: PDX-derived organoids maintain an adenocarcinoma phenotype 

(A) 33 EGA patients from the Montreal General Hospital were analyzed for clinical 

parameters such as age, sex, clinical stage at time of diagnosis, treatment intervention and 

response, and recurrence. All data was gathered on OACIS. (B) Table displays 15 PDX growth 

curves with ID and number of days to achieve a volume of 300mm3. PDX growth curves for two 

PDX lines, GP201435 (blue) and GP201465 (red) are shown, plotted as change in tumor volume 

(mm3) vs. time. (C) Histological sections from Primary Tumor (top) and PDX (bottom) are 

shown for two gastric adenocarcinoma patients, GP201435 (left) and GP201465 (right). (D) 20X 

magnification images of organoids from GP201435 (left, size bar = 150μm) and 10X 

magnification images of organoids from GP201465 (right, size bar = 275μm) taken on the 

EVOS7000 microscope.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

56 

3.2 EGAs display a high frequency of alterations in ARID1A and activating mutations of 

the PI3K/MAPK pathways 

 33 EGA PDXs were sent for next generation sequencing (NGS) and analyzed for copy 

number variations (CNVs) and single nucleotide polymorphisms (SNPs) using a gene panel of 

234 genes commonly affected in gastric and esophageal cancers. ARID1A mutations were 

present in 45% of EGA tumors (15/33), marking ARID1A as a potential gene of interest for 

studying synthetic lethal relationships. Figure 4A illustrates the 15 ARID1A-mutant tumors 

identifying commonly co-occurring genetic mutations, many of which affect the PI3K and 

MAPK pathways (Figure 1). Common alterations of the PI3K pathway included mutations in 

AKT2 (13%), AKT3 (40%), MDM2 (27%), RICTOR (40%), RPTOR (33%), PIK3CA (40%), 

PIK3CG (60%), PTEN (33%), ERBB3 (33%) and EGFR (67%). Common alterations of the 

MAPK pathway included BRAF (60%), KRAS (40%) and MAPK isoforms (73%).  

 Western blot analysis was performed on PDX tissue protein lysates to match the 

sequencing data to the protein expression levels in the PDX. Figure 4B confirms the lack of 

ARID1A expression in PDXs with loss or singe base pair mutations of ARID1A. ARID1A is a 

tumor suppressor acting in the SWI/SNF chromatin remodeling complex and has been previously 

reported to be mutated in a large subset of cancer types. RMG1, an ovarian cancer cell line 

known to express ARID1A was used as a positive control. When quantified, the relative levels of 

ARID1A expression compared to the positive control cell line, are greatly reduced, if not absent 

altogether, in the ARID1A-mutant PDXs. Figure 4C demonstrates the relative activation levels 

of EGFR in the 15 ARID1A-mutant tumors. A 2-fold increase in pEGFR expression over total 

EGFR expression is arbitrarily chosen as being ‘activated.’ Even though EGFR showed copy 

number gain in 10/15 (67%) tumors, EGFR ‘activation’ failed to match the sequencing data. This 
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does not consider the effects that an EGFR copy number gain may have downstream in the 

pathways its activating, such as eliciting ERK activation. Figure 4D demonstrates the relative 

activation levels of ERK, a downstream component in the MAPK pathway. Nearly all (12/15) 

tumors showed some levels of ERK activation (> 2-fold), highlighting the important role ERK 

has in cancer progression. Since ERK is downstream in the pathway, any upstream mutations or 

activations have the ability to affect ERK, making ERK a valuable target for halting cancer 

progression.  
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Figure 4: ARID1A-mutant EGAs exhibit high frequency of co-occurring alterations in the 

PI3K/MAPK pathways 

 (A) 33 EGA PDXs were sent for NGS and analyzed for CNVs and SNPs. Sequencing 

was performed using a gene panel of 234 genes commonly altered in EGC in collaboration with 

Adam Bass from Harvard University. 15 PDXs with ARID1A loss or mutations are shown, and 

co-occurring genetic alterations are listed including ARID1B, AKT2, AKT3, BRAF, KRAS, 

MDM2, RICTOR, RPTOR, PIK3CA, PIK3CG, PTEN, ERBB3, EGFR, SMARCA4 and 

SMARCA5. Alteration frequency is listed on the left. ‘Y’ indicates either a copy number gain, 

copy number loss, missense mutation, nonsense mutation or frameshift mutation. 3’ UTR 

mutations are not shown. (B) PDX protein lysates were used to identify ARID1A protein 

expression levels in ARID1A-mutant tumors. RMG1 was used a positive control cell line for 

ARID1A expression. β-actin was used as a loading control. Signals were quantified using Image 

J. ARID1A signals were normalized to β-actin signals, and then normalized to RMG1 expression 

levels. Blue arrows indicate the three bands used to quantify ARID1A expression (different 

isoforms yield products at ~250kDa, 170kDa and 150kDa). (C) Protein lysates from (B) were 

used to identify relative levels of EGFR expression. pEGFR (anti-rabbit) and total EGFR (anti-

mouse) were immunoblotted on the same membrane and signals were separated using different 

secondary antibodies. Signals were quantified using ImageJ. Fold EGFR amplification represents 

pEGFR levels normalized to total EGFR levels. (D) Western blot analysis of pERK and total 

ERK was performed and quantified in a similar manner as (C). Two membranes were used and 

were merged at the dotted line in the figure. In order to match sequencing data to western blot 

data, the matched Patient ID to PDX ID is as follows: Patients 1 (201434), 2 (201435), 3 
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(201436), 4 (201442), 5 (201446), 6 (201452), 7 (201465), 8 (201571), 9 (2015108), 10 

(2015118), 11 (2015119), 12 (2015121), 13 (201610), 14 (201611), 15 (201585) 
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3.3 EGAs show increased sensitivity to MAPK targeted therapies   

 After identifying PI3K and MAPK pathway related genes to be commonly affected in 

EGA, we wanted to perform high-throughput drug screens on PDX-derived organoids using 

drugs targeting those pathways. Two PDX-derived organoid lines were tested in our screen: 

GP201435 and GP201465. Twelve drugs were tested including an EZH2 inhibitor UNC1999, 

EGFR inhibitor Gefitinib, ERK inhibitor Ulixertinib, a dual PIK3CA/mTOR inhibitor 

Gedatolisib, MEK inhibitor Trametinib, MET inhibitor Crizotinib, VEGFR inhibitor Sorafenib, 

HSP90 inhibitor Luminespib, BRAF inhibitor Dabrafenib, PIK3CG inhibitor Duvelisib, mTOR 

inhibitor Sirolimus and AKT inhibitor Uprosertib.  

GP201435 harbors ARID1A loss with MAP3K5 and mTOR complex amplifications. 

Figure 5A highlights the results of the GP201435 drug screen. This organoid line was most 

sensitive to the HSP90 inhibitor Luminespib and the MEK inhibitor Trametinib with IC50 

concentrations of 9nM and 2nM respectively. They also showed sensitivity to Gefitinib and 

Ulixertinib with IC50 concentrations of 10nM and 0.1μM respectively. This line was not sensitive 

to the mTOR inhibitor Sirolimus, which was predicted by the mTOR complex mutation, 

although was sensitive to the dual PIK3CA/mTOR inhibitor Gedatolisib with an IC50 

concentration of 0.27μM.  

GP201465 also has ARID1A loss as well as MAP3K8 loss, with BRAF and KRAS 

amplifications, and a missense mutation in PIK3CA. Figure 5B highlights the results of the 

GP201465 drug screen. This organoid line was most sensitive to the ERK inhibitor Ulixertinib 

and the MEK inhibitor Trametinib with IC50 concentrations of 0.1μM and 0.015μM. The line was 

resistant to all other drugs, including BRAF inhibitor Dabrafenib and EGFR inhibitor Gefitinib. 

Mutations in MAP3K8 have been shown to activate the MAPK pathway independent of EGFR 



 

 

62 

and other RTKs, activating it downstream at the level of MEK. This could explain why ERK 

activation is still noticeable and drugs other than MEK and ERK inhibitors failed to elicit a 

response. Based on our high-throughput drug screening results, we decided to shift our focus to 

targeting the MAPK pathway, with special attention for Ulixertinib and Trametinib, which have 

yet to be explored in EGA.  
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Figure 5: EGAs display sensitivity to the MAPK targeting drugs Trametinib and 

Ulixertinib  

 PDX-derived organoids were used to perform high-throughput drug screens using 12 

drugs (target in brackets): UNC1999 (EZH2), Gefitinib (EGFR), Ulixertinib (ERK), Gedatolisib 

(PIK3CA/mTOR), Trametinib (MEK), Crizotinib (MET), Sorafenib (VEGFR), Luminespib 

(HSP90), Dabrafenib (BRAF), Duvelisib (PIK3CG), Sirolimus (mTOR) and Uprosertib (AKT). 

2 PDX-derived organoid lines were tested: GP201435 (A) and GP201465 (B). Organoids were 

plated in 384 plates and left to grow for 3 days. Drugs were given at 10 concentrations in 

triplicate and cells were incubated for 1 week. Cell viability was measured using Cell Titer 

Glow. Dose response curves were generated using GraphPad PRISM and IC50
 concentrations 

were generated. Four representative dose response curves are displayed for each line: Gefitinib, 

Uprosertib, Ulixertinib and Trametinib. Dose response curves are plotted as the Logarithmic 

concentration in μM versus the % of cells alive compared to DMSO control. Summary table 

displays the drug name, its target and the calculated IC50 concentration in μM. Red indicates 

resistance, blue indicates sensitivity.  
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3.4 Trametinib and Ulixertinib suggest eliciting non-specific responses independent of 

ARID1A alterations 

 In order to identify whether the success of Trametinib and Ulixertinib at reducing cell 

viability in the two EGAs tested was attributed to on-target effects, other MEK and ERK 

inhibitors were investigated. Figure 6A highlights that no clear relationship is observed between 

ARID1A and Trametinib/Ulixertinib responses. 14/15 of the organoid lines showed an IC50 

concentration of 0.1μM or less, including the 2 WT ARID1A organoid lines, signifying the 

Trametinib response is more likely due to toxicity. Furthermore, the 8 organoid lines tested with 

Ulixertinib showed varying IC50 concentrations stretching over a 10-fold concentration range 

(0.1-2μM). Although only 3 of these lines had a confirmed ARID1A mutation, further 

investigation is required to identify the mutational profiles of the remaining 5 lines. Nonetheless, 

the differences in response to Ulixertinib would remain modest.  

The GP201435 organoid line was tested for 3 additional MEK inhibitors; Binimetinib, 

Selumetinib and U0126 and 3 additional ERK inhibitors; FR180204, SCH772984 and 

LY3214996. Figure 6B highlights the results of the drug screen. Although this organoid line was 

sensitive to Trametinib and Ulixertinib with IC50 concentrations of 0.002μM and 0.1μM 

respectively, it was resistant to all other MEK and ERK inhibitors, with consistent IC50 

concentrations ranging from 11-16μM. Although Trametinib has been established as a more 

potent MEK inhibitor, most studies only identify a roughly 10-fold increase in potency130. This 

cannot explain the significantly lower IC50 concentration observed in the drug screen. Other 

studies have identified very similar kinetics and potency among the four ERK inhibitors131. These 

results suggest Trametinib and Ulixertinib act through enhanced toxicity and off-target effects. 
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 Further investigation was conducted to establish whether EGAs with ARID1A alterations 

would respond better to Trametinib and Ulixertinib. 15 organoid lines were tested for 

Trametinib, while only 8 of them were simultaneously tested for Ulixertinib. Of the 15 organoid 

lines, 8 showed an ARID1A alteration with ARID1A loss confirmed through protein expression 

levels (Figure 4B), 2 organoid lines were wild type for ARID1A, also confirming ARID1A 

protein expression through western blot analysis, while 5 organoid lines had an unknown 

ARID1A mutational profile.  
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Figure 6: Organoid response to Trametinib and Ulixertinib do not correlate with ARID1A 

status and most likely act through off-target effects  

 (A) 10 PDX-derived organoid lines (1, 2, 3, 6, 10, 14-17) and 5 primary organoid lines 

(18-22) were tested for response to Trametinib and Ulixertinib. The 10 PDX-derived organoid 

lines were tested for ARID1A alterations (Y) or WT ARID1A (N). Organoids were plated in 96-

well plates and left to grow for 3 days. Drugs were delivered at 10 concentrations in triplicate 

and cells were incubated for 3 days. Cell viability was measured using Cell Titer Blue. Dose 

response curves were generated using GraphPad PRISM and IC50
 concentrations (in μM) were 

generated and summarized in the table. (B) The PDX-derived organoid line GP201435 was used 

to perform a drug screen using the following 8 drugs (target in brackets): Trametinib (MEK), 

Binimetinib (MEK), Selumetinib (MEK), U0126 (MEK), Ulixertinib (ERK), FR180204 (ERK), 

SCH772984 (ERK) and LY3214996 (ERK). The IC50 concentrations (in μM) are displayed in the 

table, with blue indicating sensitivity and red indicating resistance to treatment. 
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3.5 Targeting the PI3K pathway remains a viable option for treating ARID1A-mutant 

EGAs 

 Although targeting the MAPK pathway was deemed to be not significant due to the 

evident off-target effects of Trametinib and Ulixertinib, targeting the PI3K pathway remains a 

viable alternative. Figure 7B shows the MAPK and PI3K pathway components with respective 

inhibitors used to target them. The dual PIK3CA and mTOR inhibitor Gedatolisib was 

investigated in 9 PDX-derived organoid lines, 7 of which are ARID1A-mutant. Figure 7A 

highlights the response of each line to Gedatolisib, while comparing their mutational profiles. 

When comparing drug response to solely ARID1A mutation, there is no evident correlation as 

the IC50 concentrations vary. Although, ARID1A-mutant organoid lines with PI3K alterations 

and RICTOR mutations, a component of the mTORC2 complex, showed increased sensitivity to 

Gedatolisib, as shown with patients 14 and 15 (IC50 concentrations of 0.08μM and 0.06μM 

respectively). Notably, patient 16 with a PIK3CA and RICTOR mutation, but no ARID1A 

alteration was resistant to Gedatolisib. Other organoid lines with ARID1A loss and either a PI3K 

or mTOR complex alteration showed less success with Gedatolisib. Patients 6 and 8 showed 

ARID1A loss with PI3K and RPTOR alterations although showed little efficacy with the drug. 

Therefore, patients with specified genetic profiles including ARID1A loss and PI3K and 

RICTOR mutations may benefit from Gedatolisib, although further investigation is required.  
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Figure 7: ARID1A-mutant EGAs with PI3K and RICTOR mutations show good response 

to Gedatolisib  

 (A) 9 PDX-derived organoid lines were treated with Gedatolisib in a similar manner to 

previous high-throughput drug screens and IC50 concentrations were determined through dose 

response curves. Summary table highlights the IC50 concentration (in μM), where blue indicates a 

sensitive organoid line, and red indicates a resistant organoid line. Following columns 

summarize the mutational profiles of ARID1A, PIK3CA, PIK3CG, RICTOR, RPTOR, BRAF 

and KRAS, where a ‘Y’ indicates a genomic alteration is present. (B) Schematic of the MAPK 

pathway (left) and the PI3K pathway (right), with respective drugs that target their components.  
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CHAPTER 4: DISCUSSION & CONCLUSION 

 

 Gastric and esophageal cancers have respective five-year survival rates of approximately 

25% and 15%, making them some of the deadliest cancers worldwide3. Despite having such high 

mortality rates, gastric cancer research remains underfunded, which has hindered the 

advancement of novel therapies132,133. Current standard of care for patients is the surgical 

resection of the tumor complemented with perioperative DCF therapy17. Although this is 

presently the most effective chemotherapy regimen available for EGC, it is not immaculate as 

only 60% of patients initially respond to treatment, with nearly another 50% of those patients 

developing resistance22. The modest response has largely been attributed to genomic inter- and 

intra-tumor heterogeneity. More recently, we have been moving from the ‘one size fits all’ 

approach to treating cancer and entering an era of precision and predictive medicine, often 

guided by molecular testing. One of the only targeted therapies used in the clinic for treating 

EGC is Trastuzumab in HER2-amplified tumors31. Nonetheless, many patients still progress 

following first-line Trastuzumab treatment50. Angiogenesis inhibitors such as Ramucirumab have 

shown clinical utility as second-line therapies47. No other genomic biomarkers investigated, such 

as EGFR and MET, have shown success in Phase III clinical trials (Table 1). Many other 

targeted therapies, including those against the MAPK and PI3K pathways may provide a 

potential alternative for patients of a definite genomic background. Although there is promise for 

using PI3K and MAPK pathway inhibitors in other cancer types such as breast and lung cancers, 

their utility remains largely unknown for EGC134,135.  

 In this study, we aimed to investigate the value of MAPK and PI3K pathway targeting 

drugs in ARID1A-mutant EGAs. Primary patient material was subcutaneously implanted into 
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mice to form PDXs, which were subsequently utilized to derive organoids. PDXs were 

sequenced and western blot analysis was performed to compare the genomic data with protein 

expression levels. Sequencing data showed a high alteration frequency of the tumor suppressor 

ARID1A, commonly co-occurring with activating mutations of the PI3K and MAPK pathways, 

comparable to previous reports. ARID1A-mutant PDX-derived organoids were used to perform 

high-throughput drug screens using a variety of MAPK and PI3K pathway targeting drugs. It 

was first demonstrated that a number of organoid lines responded well to the MEK inhibitor 

Trametinib and ERK inhibitor Ulixertinib. Additional screening with other MEK and ERK 

inhibitors showed reduced sensitivity, suggesting Trametinib and Ulixertinib were acting in non-

specific manners. Furthermore, Trametinib responded well in all organoid lines, irrespective of 

the genomic status of ARID1A. A potential alternative included the dual PI3K/mTOR inhibitor 

Gedatolisib, which showed higher sensitivity in organoid lines with ARID1A loss and mutations 

in PI3K and RICTOR. Further investigation is required to study the value of ARID1A as a 

biomarker for MAPK/PI3K pathway targeting agents.  

 Sequenced PDXs from 33 EGA patients were analyzed and revealed to have 

heterogenous mutational profiles. 45% (15/33) of PDXs revealed ARID1A loss (CNV) or 

mutations (SNP; missense, frameshift or nonsense). Western blot analysis confirmed reduced or 

lack of ARID1A protein expression in all 15 PDXs (Figure 4B). This high alteration frequency is 

comparable to other EGC databases. Most notably, The Cancer Genome Atlas (TCGA) Research 

Network reported alterations of ARID1A in 33% of stomach adenocarcinomas and 15% of 

esophageal adenocarcinomas27,28. Furthermore, our data suggest that ARID1A loss frequently co-

occurs with activating mutations of PIK3CA (40%), PIK3CG (60%), RICTOR (40%), RPTOR 

(33%), EGFR (67%), BRAF (60%) and KRAS (40%). Similar studies have shown co-occurring 
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alterations of ARID1A with PI3K and MAPK pathway components103. ARID1A has been under 

investigation recently for potential synthetic lethality opportunities, including with the PI3K 

pathway. Kwan et al. showed that the mTOR inhibitor AZD8055, PI3K inhibitor NVP-BEV235 

and AKT inhibitor MK-2206 all showed enhanced sensitivity in ARID1A-mutant cancer cell 

lines relative to ARID1A WT lines136. Other studies showed similar findings, including 

upregulation of the PI3K and MAPK pathways following ARID1A knockdown, suggesting a 

critical role for ARID1A in PI3K pathway activation137. The mechanism by which ARID1A 

modulates PI3K pathway activity remains unclear. It has been shown that in ovarian cancer 

ARID1A inhibits the PI3K pathway via promoting expression of the PI3K suppressor 

PIK3IP1138. Similarly, in breast cancer, ARID1A acts as a negative regulator of ANXA1, which 

functions to promote AKT phosphorylation139. The aim of our study was to use ARID1A loss as 

a biomarker for investigating sensitivity to PI3K and MAPK pathway targeted therapies.  

 Western blot analysis was performed to compare sequencing data with the protein 

expression levels of the PDXs. All ARID1A-mutant PDXs showed reduced or lack of ARID1A 

expression (Figure 4B). 12/15 ARID1A-mutant PDXs showed ERK activation, indicating 

hyperactivity of the MAPK pathway (Figure 4D). Notably, EGFR activation did not coincide 

with the mutational profile of the PDX (Figure 4C). However, this does not consider downstream 

events in the pathway. Intra-tumor heterogeneity may be one of the reasons for which the 

sequencing data does not overlap with the protein expression profile. As referred to in Figure 4A, 

the PDXs studied showed a large number of mutations, all of which included alterations within 

the MAPK and PI3K pathways. This heterogeneity also acts as the major barrier for finding 

effective targeted therapies.  
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 In vitro drug screening on two PDX-derived organoid lines (GP201435, GP201465) 

revealed sensitivity to the ERK inhibitor Ulixertinib and MEK inhibitor Trametinib. GP201435 

(Figure 5A) contained a number of genomic alterations in addition to ARID1A loss, including 

ERBB2 amplification and MAP3K5 and RICTOR mutations. It responded well to three 

additional drugs, Gefitinib (EGFRi), Gedatolisib (PIK3CA/mTORi) and Luminespib (HSP90i). 

The second line (GP201465 from Figure 5B) showed no additional responses despite having a 

large number of mutations including in FGFR4, BRAF, KRAS, MAP3K8, PIK3CA and MDM2. 

Both lines had a number of MAPK alterations and confirmed ERK activation in western blots 

(Figure 4D). One potential limitation of organoid drug screening is the change in genetic makeup 

with serial passaging, as the drug screens for the lines studied were done at their 10th passage. 

Previous studies have alluded to organoids gaining genetic mutations with subsequent passages, 

which could affect their response to drugs over time. Despite the genetic drift with serial 

passaging, most studies have shown that significant changes don’t begin until at least 16 

passages, with only non-cancer driver mutations evident before that117.  

 Further drug screening with other MEK and ERK inhibitors suggested Trametinib and 

Ulixertinib were eliciting off-target effects. We screened the GP201435 organoid line with 3 

additional MEK inhibitors (Selumetinib, Binimetinib and U0126) and 3 additional ERK 

inhibitors (FR180204, SCH772984 and LY3214996) and found the MEK inhibitors were 10,000 

times less sensitive than Trametinib, while the other ERK inhibitors were 100 times less 

sensitive than Ulixertinib (Figure 6A). Previous analyses on Trametinib suggest a similar 

mechanism of action as Selumetinib and Binimetinib, allosterically binding to MEK1 and 

preventing RAF-mediated phosphorylation of the S217 residue130,140. Although Trametinib has 

been shown to be more potent and effective at targeting MEK1/2, several studies suggest a 
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modest 10-fold increase in sensitivity for the same concentration of drug, which cannot explain 

the 10,000-fold increase in sensitivity observed in our screen130. Similarly, Ulixertinib has shown 

a similar mechanism of action and affinity for ERK1/2 with equivalent kinetics as 

SCH772984131. As these studies on potency were conducted on 2D cell lines, further 

investigation should be conducted to see whether the increased potency of Trametinib may be 

attributed to the nature of 3D organoid response. 15 organoid lines were tested for response to 

Trametinib, 8 of which had ARID1A loss, 2 were ARID1A WT (wild type) and 5 had unknown 

genetic profiles. 14/15 organoid lines responded well (with IC50 concentrations below 0.1μM) to 

the MEK inhibitor suggesting the Trametinib response was due to toxicity (Figure 6B). 

Similarly, no clear relationship was observed between the organoid’s response to Trametinib and 

Ulixertinib and their ARID1A mutational status. While ARID1A loss is likely not a biomarker 

for MEK and ERK targeted therapies, this does not indicate Trametinib wouldn’t find success in 

the clinic. Over the last decade MEK targeted therapies have been under extensive investigation 

for its critical role in cancer progression. Trametinib is currently used in combination with the 

BRAF inhibitor dabrafenib in metastatic melanoma patients with a BRAFV600E mutation85. There 

are currently a number of ongoing Phase III clinical trials involving Trametinib for a variety of 

cancer types, although none for gastric and esophageal cancers141. Our results suggest Trametinib 

may be a suitable candidate for EGC patients with MAPK alterations. Further investigation is 

required however, such as confirming the sensitivity of Trametinib in vivo. Furthermore, tests 

should be conducted to observe any off-target effects of Trametinib and confirm its effects are 

not solely due to MEK inhibition. 

 Our in vitro drug screen identified the dual PI3K and mTOR inhibitor Gedatolisib as a 

potential alternative to MAPK targeted therapies. ARID1A-mutant organoid lines with PI3K and 
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RICTOR mutations showed enhanced sensitivity to Gedatolisib compared to an ARID1A WT 

organoid line with a similar genetic profile (Figure 7A). However, ARID1A-mutant organoid 

lines with PIK3CG and RPTOR mutations showed reduced sensitivity to the inhibitor. The 

discrepancy in response between RICTOR and RPTOR amplified EGCs may be attributed to the 

mTOR complexes they reside in. RPTOR functions in the mTORC1 complex, which is activated 

downstream by AKT and is known to be sensitive to rapamycin142. RICTOR is a subunit of the 

mTORC2 complex, which has a variety of functions, one of which is to act upstream and 

promote AKT activation142. mTORC2 is rapamycin insensitive, which was evident in the 

GP201435 drug screen (Figure 5A), as this organoid line had a RICTOR mutation but did not 

respond to the mTOR inhibitor. Several studies have alluded to the critical role RICTOR plays in 

PI3K pathway activation and how mTORC1 complex inhibition (ie. RPTOR inhibition) often 

results in drug resistance due to the counter effects of RICTOR143. The critical role of RICTOR 

could account for increased sensitivity of organoid lines with RICTOR amplifications compared 

to those with RPTOR amplifications. Although ARID1A-mutant organoid lines with both PI3K 

and RICTOR mutations showed enhanced sensitivity to Gedatolisib, there was no clear 

relationship between ARID1A loss alone. This suggests the potential for using ARID1A as a 

synthetic lethal candidate for PI3K pathway targeting agents. Further investigation is required to 

assess whether ARID1A loss is required to sensitize organoid lines with PI3K and RICTOR 

mutations to Gedatolisib. This includes testing a larger number of ARID1A WT and ARID1A-

mutant EGCs with comparable genomic backgrounds. Gedatolisib is currently showing promise 

in early phase clinical trials for NSCLC, OCCC, pancreatic cancer and breast cancer144. 

Gedatolisib has yet to be investigated in EGC or in relation to ARID1A expression.  
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 Regardless of the potential for targeted therapies in EGC, the effectiveness of 

monotherapies remains unclear. A study by Soares, HP et al. found that the dual PI3K/mTOR 

inhibitor NVP-BEZ235 blocked PI3K pathway activation, while simultaneously activating the 

MAPK pathway145. They highlighted that NVP-BEZ235 acts to block mTORC1-mediated 

phosphorylation of S6 and 4E-BP1 and mTORC2-mediated phosphorylation of AKT145. 

Although, the RICTOR subunit of mTORC2 which normally acts to mediate a negative feedback 

loop on MEK activation becomes suppressed in the process, leading to ERK hyperactivation145. 

This study underscores the complexity of the PI3K and MAPK pathways and questions whether 

a monotherapy such as Gedatolisib would be successful in the clinic. In vivo studies should be 

conducted to identify whether continuous treatment with Gedatolisib would be effective. 

Similarly, high-throughput combination drug screens on PDX-derived organoid lines should be 

performed to identify additive or synergistic drug effects.  

 In conclusion, there is an increasing appreciation for the potential of targeted therapies in 

EGC. This study aimed to identify MAPK and PI3K pathway targeting agents as potential 

treatment options in ARID1A-mutant EGCs. Nearly 50% of PDXs from primary patient material 

were found to express ARID1A alterations, often co-occurring with mutations in the PI3K and 

MAPK pathways. High-throughput drug screening on two ARID1A-mutant organoid lines 

identified the MEK inhibitor Trametinib and ERK inhibitor Ulixertinib as potential synthetic 

lethal candidates. Drug screens with other organoid lines identified no correlation between 

ARID1A status and drug response. Furthermore, an ARID1A-mutant organoid line responding 

well to Trametinib and Ulixertinib responded poorly to other MEK and ERK inhibitors, 

suggesting these drugs work through off-target effects. Gedatolisib, a dual PI3K/mTOR inhibitor 

remains a viable alternative for ARID1A-mutant EGCs, as organoid lines with ARID1A loss and 
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PI3K and RICTOR mutations showed greater sensitivity than ARID1A WT lines with similar 

genetic profiles. Further studies are required to assess the importance of ARID1A loss on drug 

response, as well as testing combination therapies, such as Gedatolisib with Trametinib or 

Ulixertinib, to identify synergistic drug effects.  
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