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Abstract 

Gastric cancer is the fifth most common malignancy in the world and represents the third 

leading cause of cancer-related death. The overall clinical outcome for patients with advanced 

gastric cancer is poor, and Trastuzumab is the only therapy targeting tumor molecular alterations 

added to the cytotoxic treatments, which has anyway given unsatisfactory results. 

In the last decades several preclinical models have been developed to better understand 

the mechanisms of tumor drug response. Patient-derived tumor xenografts (PDXs) are in vivo 

models that recapitulate the histological and molecular characteristics of the patient tumor and 

can be used to generate in vitro models for drug screens. Among these in vitro models, 2D/3D 

cell cultures and cancer stem cells have been isolated from tumors and studied due to their 

importance for understanding tumor resistance to antitumor therapies.  

In this work we took advantage of our recently generated and characterized gastric cancer 

PDX platform, and explored the response to target therapies in different models. In particular, we 

focused on three main issues: i) the isolation, characterization and response to target therapies of 

gastric cancer stem cells; ii) the mechanisms of response and resistance to MET inhibitors using 

PDXs and gastric cells lines with MET amplification and addiction to this oncogene, and finally, 

iii) the characterization of KRAS amplified and mutated PDX models. KRAS mutations and 

amplifications have been poorly studied in gastric cancer, so in this work we explored whether 

KRAS could be a target in gastric cancer, and if the differences between KRAS amplified and 

mutated models could have relevance on therapy. Since no strategy has already been defined to 

target KRAS, KRAS pathway inhibition was explored in vitro and in vivo using KRAS 

downstream effectors inhibitors (MEK, AKT, and mTOR) or PARP inhibitors, alone or in 

combination.  

From the MET amplified PDX we obtained a cohort of tumor-bearing animals that were 

treated with anti-MET drugs. The performed preclinical trial in the PDXs showed that i) even in 

the presence of more than 26 MET gene copies, anti-MET drugs induced only a partial response 

due to the activation of EGFR; ii) treatment with a combined anti-MET/anti-EGFR therapy 

resulted in a durable, complete response and prevented the onset of resistance. From the MET 

amplified PDXs we were also able to isolate and characterize stem like cells that maintained 

MET amplification and responded in the same way to MET inhibition as the PDX and PDX-

derived cells. 

Regarding the KRAS PDX models, we found that KRAS amplified models displayed high 

levels of RAS activation, were addicted to KRAS and, in vitro, presented a response to KRAS 
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downstream pathway inhibitors similar to that observed in KRAS mutated models. Indeed, they 

showed a partial response to MEK inhibition, which increased when drugs targeting AKT, 

mTOR or PARP were added to the MEK inhibitor. One preclinical trial was performed in a PDX 

with a G12D KRAS homozygous mutation. Single treatment with Trametinib (MEKi) or 

Everolimus (mTORi) and their combinations led to a delay in the tumor growth while single 

treatments with MK-2206 and Olaparib were ineffective. The effects of the single in vivo 

treatments recapitulate those obtained in vitro experiments  

Overall, these results support the use of PDX models as a potent investigational platform for 

better understanding resistance to target therapies in gastric cancer which could be translated to 

patients. 

Key words: Gastric Cancer, Target Therapy, Translational Oncology, Gastric Cancer Stem 

Cells, c-MET, KRAS. 
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1- Introduction 

1.1- Gastric cancer: Clinical aspects 

1.1.1- Epidemiology 

 

Gastric cancer is the fifth most common cause of cancer worldwide, after lung, breast, 

colorectal and prostate cancer. Despite a significant decline in incidence and mortality during the 

second half of the 20th century, gastric cancer still represents the third leading cause of cancer-

related death in both sexes worldwide (723,000 deaths, 8.8% of the total) (1). The most recent 

data account for more than 26,000 new cases and 10,500 deaths (Figure 1) occurred in the 

United States in 2016 (2); both values are estimated to increase in 2017 (28,000 new cases and 

10,960 deaths) (3). Although the number of deaths is still high, a substantial change occurred 

since 1975 when stomach cancer was the most common neoplasm (1). 

In the last 10 years, the rates for new stomach cancer cases have been falling on average 

1.5% each year, while death rates have dropped on average 2.4% each year over 2005-2014, 

reaching 3% in US (4). Stomach cancer is most frequently diagnosed among people aged 65-74 

(median age at diagnosis is 68 years) (4). Age-standardized incidence is twofold higher in males 

than females (2) (3) as one in 27 men and 1 in 68 women developed gastric cancer before age 79 

years in 2013 (5). Male incidence rate ranges from 3.3 in Western Africa to 35.4 in Eastern Asia, 

and in developing countries (70% of total cases, 456,000 in men, 221,000 in women) (1). Age-

standardized incidence rates (ASIRs) per 100 000 in both sexes are 17 and 14 in developing and 

developed countries, respectively (6). 

Gastric cancer remains one of the most common neoplasms worldwide, showing a stable 

trend due to both the decreasing incidence and the increasing 5-year survival rates (6). In patients 

with localized, operable disease, the 5 years relative overall survival ranges from 62.7% to 

30.7% (4). However, in patients with metastatic disease the 5 years relative overall survival is 

5.2% only (4); palliative chemotherapy improves survival compared to best supportive care 

(BSC) enhancing median survival from 4.3 months (weighed average in BSC) to 11 months 

(with chemotherapy) (7). 
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Figure 1 - World gastric cancer mortality. Age-standardized ratios. Adapted from http://globocan.iarc.fr 

1.1.2- Genetics  

The majority of gastric cancer cases is sporadic; only 10% are familial and at least three 

hereditary syndromes exist including gastric cancer: hereditary diffuse gastric cancer (HDGC), 

gastric adenocarcinoma and proximal polyposis of the stomach (GAPPS), and familial intestinal 

gastric cancer (FIGC). HDGC is caused by an autosomal dominant heterozygous germline 

mutation in the gene CDH1 that encodes the E-cadherin protein, which is involved in cell-to-cell 

adhesion. This is a loss of function mutation that contributes to neoplastic progression as well as 

facilitating tumor metastases through spread of cancer cells across the tissue basement 

membrane. This condition predisposes patients not only to early-onset diffuse gastric cancer but 

also to lobular breast cancer (8). Prophylactic total gastrectomy is highly recommended for 

individuals with pathogenic CDH1 mutations (9). Another hereditary syndrome linked to gastric 

cancer is GAPPS, a gastric polyposis syndrome with a significant risk of gastric 

adenocarcinoma, characterized by the autosomal dominant transmission of fundic gland 

polyposis, which demonstrates areas of dysplasia or intestinal type gastric cancer, restricted to 

the proximal stomach, without evidence of colorectal or duodenal polyposis or other heritable 

gastrointestinal cancer syndromes (10). FIGC is also inherited with an autosomal dominant 

pattern but, unlike GAPPS, there is no evidence of gastric polyposis. Nevertheless, the genetic 

factors involved in GAPPS and FIGC are still unclear (8). Epigenetic methylation of CDH1 was 

reported in approximately 17% of cases, and loss of heterozygosity in 9.4% of cases (11) Gastric 

cancer is also related to a multiplicity of cancer-associated syndromes with known genetic 
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causes, such as Lynch, familial adenomatous polyposis, Li-Fraumeni, Peutz-Jeghers, juvenile 

polyposis and BRCA1 and BRCA2 hereditary breast and ovarian cancer syndromes (12). 

1.1.3- Risk factors 

Innumerable risk factors have been associated with the onset of gastric cancer. They 

include: Helicobacter pylori infection, genetics predisposition, high salt and nitrite-containing 

foods consumption, smoking, obesity, pernicious anemia and chronic atrophic gastritis (8). In 

1994, Helicobacter pylori was recognized as a “Group 1 human carcinogen” by the International 

Agency for Research on Cancer (13). Indeed, H. pylori infection doubles the risk of developing 

gastric cancer (14). In H. pylori infected patients, some combinations of single nucleotide 

polymorphisms (SNPs) in immune-related genes (interleukin 1-b [IL-1 b], interleukin 1 receptor 

antagonist [IL-1RN], tumor necrosis factor-a [TNF-a] and interleukin 10 [IL-10]) increase the 

risk of experiencing gastric cancer (15). Besides H. pylori there is another infectious agent that 

plays a relevant role in gastric cancer onset. According to the most recent GC classification 

proposed by The Cancer Genome Atlas (TCGA), about 10% of gastric cancers are EBV-positive 

(Epstein-Barr virus). EBV may directly contribute to the development of EBV-associated gastric 

cancer through multiple mechanisms since EBV affects several host proteins and pathways that 

normally promote apoptosis and regulate cell proliferation. EBV-associated gastric carcinomas 

have some distinctive clinicopathological characteristics: they occur predominately in men and 

in younger individuals, and present a diffuse histological type. Furthermore, most cases exhibit 

rich lymphocyte infiltration (16). 

The role of diet is still controversial: it has been demonstrated that diets rich in complex 

carbohydrates and poor in proteins, with a small intake of fresh fruit and vegetables may 

promote tumorigenesis through acid-catalyzed nitrosation in the stomach as well as mechanical 

damage of the gastric mucosa (17). A meta-analysis of seven prospective studies demonstrated 

that a direct correlation between dietary salt intake and risk of gastric cancer exists and this risk 

progressively increases with salt consumption levels (18). Intake of large amounts of salt and 

salt-preserved foods facilitates H. pylori colonization, and increases the risk of gastric cancer 

through direct damage to the gastric mucus and hence to the mucosa. Salt is also known to 

increase the production of gastrin and to induce endogenous mutations, promoting epithelial cell 

proliferation (19). Epidemiological data also suggest that high intake of nitrosamines, processed 

meat products, salted foods, overweight and obesity are associated with increased risk for gastric 

cancer. (20) Nitrosamines and N-nitrosonornicotine can also be found in tobacco products, 

which have demonstrated carcinogenic effects both in animals and in humans (21).  
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Being a man is also a risk factor for gastric cancer, since the relative risk (RR) of 

developing gastric cancer is 1.62 and 1.20 in men and women, respectively, according to the 

European Prospective Investigation into Cancer and Nutrition group studies (22).  

1.1.4- Clinical presentation and diagnosis 

Gastric cancer is a type of cancer that mainly does not present characteristic clinical 

features or pathognomonic symptoms in early stages; for this reason it is often diagnosed in 

advanced stages. As the disease progresses, some symptoms can appear, such as abdominal pain, 

nausea and dyspepsia, usually associated with weight loss, early satiety, or digestive hemorrage. 

Gastric tumors present a local invasion that can lead to external compression and distal 

obstructive symptoms, gastro-intestinal bleeding, colonic invasion, and subsequent fistulisation 

or obstruction, or gastric perforation. Lymph nodes, liver, lungs and the peritoneal surface are 

the most common sites of metastasis. In early stages, physical investigation is often silent, while 

in advanced disease a palpable abdominal mass, ascites, left supraclavicular adenopathy 

(Virchow node), periumbilical lesions (Sister Mary Joseph sign), and can appear (8). 

According to the European Society for Medical Oncology (ESMO) clinical practice 

guidelines (23), the diagnostic imaging procedure of choice in the work-up of gastric cancer is 

EGDS (Esophagogastroduodenoscopy), mainly because it allows direct visualization of the 

disease. Moreover, biopsies can be performed for histological confirmation and identification of 

any precancerous lesions or H. pylori infection (23) Even though EGDS is excellent for 

recognizing developed or large tumor masses, it lacks sensitivity when identifying early lesions. 

For this reason, in order to support the identification of microscopic lesions, some new 

techniques such as high-resolution endoscopy with narrow band imaging and image-enhanced 

endoscopy, have been introduced (24). Endoscopy is also used for screening in some Eastern 

Countries with high prevalence of gastric tumors, such as Japan and Korea. In these areas, the 

screening is a useful and cost-effective tool since it allows the diagnosis at an early stage of 

approximately 50% of the gastric cancer cases (25). EUS (Endoscopic Ultrasound) is also a 

useful tool, particularly to assess tumor and nodal staging, allowing biopsies of suspected and 

endoscopically accessible lymph nodes (23). CT and FDG-PET are required for the disease 

staging. Diagnostic laparoscopy may be performed to evaluate specifically peritoneal metastases 

(23). 
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1.1.5- Therapeutic approaches  

Surgical resection is still the only curative treatment for gastric cancer, although many 

therapeutic approaches have been proposed and used through the years (8). Partial or total 

gastrectomy, with or without lymphadenectomy, are the two principal surgical options and the 

decision between them is dictated by the stage of the disease (8). 

Endoscopic mucosal resection and endoscopic mucosal dissection are other types of 

potentially curative and mini-invasive treatments for early gastric cancer resection (8). An 

important and debated problem is the type of lymphadenectomy (D1 vs D2 or even D3). The 

incidence rates of lymph node metastases are reported to be 52.2%, 66.9%, 74.4%, and 82.6% 

when the neoplasm is spread through the muscularis propria, subserosa, serosa, and adjacent 

structures, respectively (26). Lymph node dissection decreases locoregional recurrence, 

improves staging of the disease and possibly has some benefits in overall survival (27) (28) (29). 

Nevertheless, there is no agreement among Western and Eastern countries about the best type of 

lymphadenectomy that should be performed (8), even if D1 dissections are usually followed by 

adjuvant chemoradiation.  

Surgery remains the keystone of treatment for gastric cancer, as the only therapeutic tool 

in early stages and in combination with other types of treatments in later stages. The majority of 

patients with advanced cancer relapse even after complete surgical resection, and these patients 

may eventually die of this disease (30). For this reason, numerous randomized clinical trials have 

been carried out in order to evaluate the best perioperative treatment. In Europe, the randomized 

studies MAGIC (31) and FNCLCC (32) are the principal reference for integrated protocols: these 

studies have demonstrated a survival benefit for neoadjuvant and perioperative treatment in GC 

staged >T1 and/or N+ (33). Chemotherapy schemes in these studies were based on preoperative 

and postoperative cycles of intravenous cisplatin alone or in combination with epirubicin and a 

continuous intravenous infusion of fluorouracil (31) (32). Treatment options are limited, since 

patients often progress after first-line chemotherapy and usually have a worsened performance 

status. However, recent studies established that irinotecan or docetaxel monotherapy as second-

line therapy, determine a survival advantage compared to BSC (34). 

Besides standard therapy, two targeted drugs have been approved for metastatic gastric 

cancer by EMA (European Medicine Agency) and FDA (Food and Drug Administration, USA): 

Trastuzumab, an anti-HER2 monoclonal antibody, and Ramucirumab, an anti-VEGFR2 

monoclonal antibody, which exerts an antiangiogenic activity (35). Additionally, Apatinib, an 

oral tyrosine kinase inhibitor against VEGFR2, was approved in 2014 by CFDA (China Food 
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and Drug Administration) for patients with metastatic gastric cancer after second-line 

chemotherapy (36). According to guidelines, Trastuzumab should be offered to HER2-positive 

gastric cancer patients (Figure 2). Immunohistochemistry (IHC) and in situ hybridization (ISH) 

analysis are required to assess HER2 positivity. A strong, complete, basolateral or lateral 

membranous staining in ≥ 10% of tumor cells (in surgical specimens) and a tumor cell cluster 

with a strong, complete, basolateral or lateral membranous reactivity (in biopsy specimens) is 

defined as IHC strongly positive (IHC3+): this is sufficient to consider a sample as HER 

positive. IHC0/1+ is considered negative, whereas IHC2+ requires ISH assessment 

(HER2/CEP17 ratio ≥2 is defined as positive) (37).  

 

 

Figure 2 - Flow chart to assess HER2 positivity in gastric cancer. GEA: Gastro-Esophageal Adenocarcinoma. FNA: Fine Needle Aspiration. 

IHC: Immunohistochemistry. Modified from Bartley et al., 2016. 

1.2- Classification systems  

Stomach cancer refers to any malignant neoplasm that arises from the region extending 

between the gastroesophageal junction and the pylorus. The largest part of stomach tumors is of 

epithelial origin (approximately 95%) and are classified as adenocarcinomas. Histological types 

such as undifferentiated carcinomas, adenosquamous and squamous are rare entities (38). The 
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most used classification systems for gastric cancer are based on the tumor histology, namely 

Lauren’s classification and the World Health Organization (WHO) system (8).  

1.2.1- Lauren’s classification 

Lauren’s classification divides gastric adenocarcinomas in two main subtypes: intestinal 

and diffuse (39). The intestinal subtype is more common in men and older people in high-risk 

regions and is characterized by a better prognosis (38). It is often associated with H. Pylori 

infection and is defined as the last step after a precancerous cascade which consists of i) non-

atrophic gastritis, which is the result of acute inflammation with infiltration of 

polymorphonuclear cells within the gastric glands; ii) atrophic gastritis with a loss of parietal 

cells; iii) intestinal metaplasia in which injured gastric cells originate glands with intestinal 

phenotype; iv) dysplasia, that is characterized by nuclear atypia and architectural disorganization 

(8). The diffuse subtype may also be associated with H. Pylori, but precancerous lesions are not 

well defined (8). It is the predominant subtype in endemic areas, in which the incidence is low 

and it is more frequent in women and younger patients (38). The pathognomonic feature of this 

subtype is the presence of signet ring cells (40), where cell nuclei are displaced to the periphery 

by intracellular mucin (41). These cells are also characterized by loss of E-cadherin expression 

(42), which allows them to infiltrate more easily through the leathery and thickened stomach 

wall, giving rise to linite plastica (43). 

1.2.2- WHO classification 

According to WHO classification, gastric cancer can be divided in nine subtypes 

according to their predominant histological arrangement: I) adenocarcinoma intestinal; II) 

adenocarcinoma diffuse; III) papillary adenocarcinoma (with elongated, finger-like processes 

supported by fibrovascular stalks and lined by cuboidal or cylindrical cells); IV) tubular 

adenocarcinoma (with tubules of irregular shapes and sizes, lined by cuboidal, cylindrical or 

flattened cells); V) mucinous adenocarcinoma (in which mucin is the major component of the 

extracellular matrix and fills the gland lumen, compressing the epithelium and forming mucin 

lakes where cells float); VI) signet-ring cell carcinoma (in which mucin is intracellular) and 

other less frequent subtypes, such as VII) adenosquamous, VIII) squamous and IX) 

undifferentiated carcinoma (44). 

A distinct classification proposed by the Japanese Endoscopic Society for Early Gastric 

Cancer, now exploited worldwide, describes four types of gastric cancer: type 1, with protruding 

growth; type 2, with superficial growth (further subdivided into 2a-c with respectively elevated, 
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flat, and depressed growth); type 3, with excavating growth; and type 4, with infiltrating growth 

with lateral spreading (45).  

These types of classification systems based on the tumor histology do not have particular 

clinic applicability, since they do not have a prognostic or predictive role. For this reason, they 

cannot be used to guide the clinical management of the disease, either initially for potentially 

curative treatment, or for advanced disease (46). In order to overcome this need, The Cancer 

Genome Atlas (TCGA) Research Network and the Asian Cancer Research Group (ACRG) 

proposed two different but related classifications, based on molecular profiling data. 

1.2.3- Molecular classifications 

The first molecular classification of gastric cancer was proposed by the TCGA Research 

Network with the objective of identifying deregulated pathways and candidate drivers of distinct 

classes of gastric cancer. In this study 295 gastric adenocarcinoma samples derived from patients 

not treated with chemotherapy or radiotherapy were analyzed. Somatic alterations of the 

germline DNA were also studied by analyzing matched blood or normal mucosa of each case 

(47). The authors performed six different types of analyses: somatic copy number alterations 

evaluation, DNA methylation profiling, messenger RNA sequencing, microRNA (miRNA) 

sequencing and proteomic analysis. They also performed microsatellite instability (MSI) testing 

on tumor DNAs, and low-pass whole genome sequencing on 107 tumor/germline pairs. 

From this integrated analysis they identified four molecularly distinct subtypes (Figure 

3). The first subtype, called EBV (Epstein-Barr Virus)-positive, is characterized by a high EBV 

burden and extensive DNA promoter hypermethylation. The second subtype, named MSI 

(microsatellite instable), shows elevated mutation rates and hypermethylation and is enriched for 

MSI (microsatellite instability). The remaining two groups are distinguished by the presence or 

absence of extensive somatic copy-number aberrations (SCNAs), being called CIN or 

chromosomal instable and GS or genomically stable group, respectively.  

The EBV subtype accounts for 9% of all the analyzed gastric cancers (47). This subtype 

has a typical CIMP (CpG island methylator phenotype) methylation profile and the highest 

prevalence of DNA hypermethylation among all the 295 described human tumor types. This 

subcategory is characterized by the highest frequency of PIK3CA (phosphatidylinositol-4,5-

bisphosphate 3-kinase catalytic subunit α) mutations (80% of cases); mutations in genes like 

ARID1A (AT-rich interaction domain 1A gene) and BCOR (BCL6 corepressor gene) account for 

55% and 23% cases, respectively (47). Specific gene aberrations detected in the EBV subtype, 

such as amplification of a locus containing JAK2 (Janus kinase) and PDL1/2 (Programmed cell 
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death 1 ligand 1 and 2; inhibitory immune checkpoint) genes may be functionally implicated in 

the identification of strong IL-12 mediated signaling molecular signatures, an event that suggests 

the presence and/or communication with immune cells (46). EBV subtype tumors are mainly 

found in the gastric fundus or body and in male patients (47). 

The second subtype, the MSI group, represents 22% of gastric adenocarcinomas, is 

enriched for MSI, shows elevated mutation rate and is characterized by a hypermethylated 

pattern (47). In this subtype, mutations of kinases such as PIK3CA (42%), HER3 (14%), JAK2 

(11%), EGFR (5%), HER2 (5%), MET (3%) and FGFR2 (2%) are present. Additionally, MSI 

tumors present common alterations in major histocompatibility complex class I genes, such as 

B2M and HLA-B, potentially suggesting reduced tumor antigen presentation to cells of the 

immune system (46). MSI tumours are diagnosed at relatively older ages and patients tend to be 

female (47). 

The GS subtype accounts for 20% of the studied cases. Tumors belonging to this group, 

present frequent alterations in genes involved in cell adhesion, such as mutations in RHOA 

(15%), CDH1 (26%), and CLDN18/ARHGAP fusion (15%), while extensive somatic copy 

number aberrations are not frequent (46). In the GS subtype, expression of cell adhesion 

pathways, including the B1/B3 integrins, syndecan-1 mediated signaling, and angiogenesis 

related pathways, is significantly increased (47). Genomically stable tumors prevalently show a 

diffuse histological subtype and are diagnosed at an earlier age (median age 59 years) (47). 

The majority of the studied tumors belongs to the CIN group (50%) (47). The most 

frequently mutated gene is TP53, while the most frequently amplified genes are KRAS/NRAS 

(18%), HER2 (24%), EGFR (10%), PIK3CA (10%), HER3 (8%), FGFR2 (8%), MET (8%), and 

JAK2 (5%) (45). CIN tumors are more frequently found in the gastroesophageal junction/cardia 

(Figure 3) (47).  
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Figure 3 - Key features of gastric cancer subtypes and their integrated molecular analysis. A) This scheme represents some of the salient 
characteristics of each of the four described molecular subtypes. The distribution of the molecular subtypes in tumors obtained from distinct 

regions of the stomach is represented in insert charts; colors of the inserts refer to the subtype frames. CIN= chromosomal instable; EBV= 

Epstein-Barr Virus-positive; MSI= microsatellite instable; GS= genomically stable. B) Mutations, copy-number changes and translocations for 

selected genes are shown across samples organized by molecular subtypes. Frequencies of the alterations are indicated as a percentage of all 
cases. Adapted from: The Cancer Genome Atlas Research Network, 2014. 

Only a short time after the first TCGA Research Network molecular classification for 

gastric cancer (47), the Asian Cancer Research Group (ACRG) proposed a second one (48). In 

this work 300 samples of adenocarcinoma of the stomach were collected, examined and 

submitted to gene expression profiling, genome-wide copy number microarrays and targeted 

gene sequencing (48). Specimens were derived from patients who did not receive neoadjuvant 

chemotherapy or chemoradiation. From the analysis of all these data, ACRG proposed a new 

classification system which consists of four subtypes: MSI, MSS/EMT, MSS/TP53+ (p53 active) 

and MSS/TP53– (p53 inactive) (Figure 4) (49). Differently from the TCGA classification, the 

molecular subtypes of the ACRG classification are correlated with clinical prognosis (46). 

The MSI subtype is characterized by the loss of MLH1 and presents hypermutations in 

genes such as KRAS (23%), ALK (16.3%), ARID1A (44.2%), as well as in those involved in the 

PI3K pathway (42%). Tumors belonging to this group occur mainly in the antrum (75%), are 

preferentially of the intestinal type (>60%), and are mostly diagnosed at early stages. 
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Interestingly, MSI tumors show the best prognosis. The MSS/EMT subtype is distinguished by 

microsatellite stability and epithelial–mesenchymal transition. This group presents a lower 

mutation rate compared with the other MSS groups (P<0.001), and lacks CNV alterations. 

MSS/EMT tumors occur at a younger age, mainly display a diffuse histology with loss of 

cadherin, are often diagnosed at late stages, and are related with the worst prognosis. The 

MSS/EMT type is associated with a higher chance of recurrence compared with MSI subtype 

(63% versus 23%). The MSS/TP53– group presents the highest prevalence of TP53 mutations 

(60%) and genomic instability. Recurrent focal amplifications in genes such as HER2, EGFR, 

CCNE1, CCND1, MDM2, ROBO2, GATA6 and MYC are common and significantly enriched in 

these types of tumors. Instead, in the MSS/TP53+ subtype the genes more frequently mutated are 

APC, ARID1A, KRAS, PIK3CA, and SMAD4. This is the group in which the EBV infection 

occurs more frequently. Concerning prognosis, the MSS/TP53+ and MSS/TP53- subtypes 

present an intermediate prognosis (49). 

Each one of these two classifications, in its own way, represents an important step 

forward in advancing knowledge of the molecular basis and subtyping of gastric cancer. 

 

Figure 4 - Gastric Cancer Classification Proposed by the Asian Cancer Research Group. MSI, tumors with microsatellite instability; EMT, 
tumors with epithelial– mesenchymal transition; MSS/TP53+, tumors with microsatellite stability and p53 activity; MSS/TP53–, tumors with 

microsatellite stability and loss of p53 activity. Major molecular alterations are shown, those currently targettable are highlighted in red. Modified 

from Corso S. et al., 2016 

1.3- Therapeutic molecular targets 

It is clearly recognized that gastric cancer is a heterogeneous disease, that has been 

divided into different subgroups based on anatomical, epidemiological, histological and, more 

recently, molecular classifications. The molecular subtyping of gastric cancer can extensively 

provide uncovered potentially targetable features and it is fundamental for the development of 

rational molecular therapies. The modest efficacy of conventional therapies together with their 



CHAPTER I- Introduction  

19 | P a g e  
 

toxicity has prompted to pursue novel systemic strategies (46). Up to date, only two target 

therapies have been approved. Nonetheless, most patients have seen limited benefit from these 

drugs (50) (51) (52). Moreover, recent trials with other targeted therapies have failed, probably 

because of an inappropriate patient selection. 

1.3.1- HER2 

HER2 (or ErbB2) is a receptor tyrosine kinase of the Epidermal Grow Factor family, and 

its gene ERBB2 is localized at chromosome 17q21 (53). The HER2 receptor, contrarily to other 

members of EGF family, is not activated by a ligand, but functions as a co-receptor for other 

members of its family (heterodimerization) (54). HER2-containing heterodimers are 

preferentially formed and HER2 receptor homodimerization can spontaneously occur in cells 

with HER2 overexpression (55). 

Some of the most common tumor types bear HER2 alterations. HER2 can be 

overexpressed and amplified in breast, pancreatic and colorectal tumors, and, as several studies 

suggest, in gastric carcinomas, with a frequency ranging 16-34% in intestinal subtype and 2-7% 

in the diffuse subtype (35). HER2 overexpression is significantly associated with older age, male 

gender, intestinal histology, location in the upper third of the stomach, higher nodal involvement, 

and advanced stage (56). A recent study (GASTHER1) involving unresectable or metastatic 

gastric cancer, demonstrated that HER2 positivity is also correlated with diffuse gastric, 

Borrmann type IV as well as with liver metastases (57). 

HER2 overexpression has been shown to predict response to Trastuzumab, one of the two 

targeted drugs approved for gastric cancer. Trastuzumab is a recombinant humanized IgG1 

monoclonal antibody against the HER2 ectodomain, which blocks ligand-dependent HER2 

activation (by heterodimerization) and stimulates ADCC (antibody-dependent cellular 

cytotoxicity) (58). The ToGA trial, a phase III open-label, randomized-controlled, multicentre 

study including 584 patients with HER2 positive tumors, allowed the approval of Trastuzumab 

in HER2+ metastatic gastric cancer (Figure 5) (59). This study was based on the comparison of 

first-line fluoropyrimidine/cisplatin chemotherapy doublet with or without Trastuzumab, in 

patients with HER-2 over-expressing unresectable or metastatic gastric cancer. The primary 

endpoint of the study was reached: overall survival (OS) was significantly longer in patients 

receiving Trastuzumab plus chemotherapy than in patients receiving chemotherapy alone (13.8 

months vs 11.1). Progression free survival (PFS) (6.7 vs 5.5 months), overall response rate (47% 

vs 35%) and duration of response (6.9 vs 4.8 months) were increased as well in patients 

receiving targeted therapy (50).  
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Recently, the first antibody-drug conjugate targeting the HER2 receptor, trastuzumab 

emtansine (T-DM1) has been approved. T-DM1 is a conjugate of Trastuzumab and a cytotoxic 

moiety (DM1), a derivative of maytansine, which inhibits microtubule assembly. This drug was 

approved for HER2+ breast cancer and favorably tested in preclinical studies in gastric cancer 

models (35). For these reasons, a randomized, open-label, phase II/III study of T-DM1 versus a 

taxane in patients with previously treated HER2+ locally advanced or metastatic 

gastroesophageal tumors (GATSBY) was performed, but did not show significant efficacy 

benefit (60). This negative result could be justified by the fact that systemic chemotherapy plus 

Trastuzumab performs better than T-DM1 because the first can be efficient also against low-

level/HER2- clones (intrapatient tumor heterogeneity). Alternatively, or in addition, as up to 

35% of gastric tumors lost their HER2+ status after first line therapy, a decreased level of HER2 

could impair the activity of T-DM1 but not that of taxanes and could make archived samples, as 

used in GATSBY, inadequate for selecting appropriate HER2 patients in second line (53) (35). 

Trastuzumab is not the only anti-HER2 monoclonal antibody evaluated in gastric cancer 

treatment. The humanized monoclonal antibody directed against the extracellular subdomain 2 of 

HER2, Pertuzumab, is characterized by its capacity of inhibiting ligand-dependent 

heterodimerization of HER2 with other HER family members (61). Pertuzumab and 

Trastuzumab may be efficaciously combined because they are able to bind different HER2 

epitopes (61). Actually, the combination of the two antibodies produces synergistic effects, 

providing complementary mechanisms for disrupting HER2 signalling and enhancing the 

antitumor effects of trastuzumab on HER2-positive tumors (62) (63). Two studies performed in 

HER2-positive human gastric cancer mouse xenograft models demonstrated an enhanced 

efficacy of the Trastuzumab-Pertuzumab combination characterized by a higher cell growth 

inhibition, increased ADCC activity and more pronounced antiangiogenic activity (62) (63). The 

efficacy of Pertuzumab in combination with Trastuzumab and chemotherapy, in HER2+ 

metastatic gastric cancer, was evaluated by an international phase III (JACOB) trial 

(NCT01774786). Contrarily to what was seen in pre-clinical trials, the results of this study 

revealed no statistically significant improvement in OS with the addition of Pertuzumab to 

Trastuzumab + chemotherapy, yet, a 3.3-month increase in median OS was observed (64).There 

are two more monoclonal antibodies under evaluation: Nimotuzumab (a humanized monoclonal 

antibody that acts by binding with high affinity and specificity to the HER receptors) is being 

tested for advanced esophageal and gastric carcinomas, while Ertumaxomab (a trifunctional 

monoclonal antibody which targets CD3 and HER2, thus linking T lymphocytes, macrophages 
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and tumor cells causing their phagocytosis by T-lymphocyte activation) is being tested in 

patients with HER2 positive advanced solid tumors (59).  

Monoclonal antibodies have not been the only HER2 inhibitors studied to target gastric 

cancer. Lapatinib, a dual intracellular tyrosine kinase inhibitor (TKI) of HER2 and EGFR, was 

also evaluated in first- and second-line gastric cancer therapy (TRIO-013/LOGiC and TyTAN). 

However, these studies suggest that Lapatinib, as single targeted therapy, is poorly active in 

gastric cancer, maybe because, differently from Trastuzumab, it cannot rely on the contribution 

of antibody-dependent cell-mediated cytotoxicity (ADCC). Nevertheless, further studies are 

needed to evaluate if, as shown in preclinical setting, Lapatinib synergizes with Trastuzumab 

(35).Additional TKIs, have been studied at different levels to assess their activity in gastric 

cancer. They include MM-111, a bispecific antibody fusion protein comprising anti-HER2 and 

anti-HER3 antibodies linked by modified human serum albumin, Dacomitinib, an irreversible 

pan-HER tyrosine kinase inhibitor, and Afatinib, an irreversible inhibitor of EGFR and HER2 

(58). 

 
Figure 5 - HER2 as a target in gastric cancer. Schematic illustration of the HER2 receptor and the targeted drugs tested in clinical 

trials (the mAbs Pertuzumab and Trastuzumab -and its emtansine conjugated, T-DM1-and the dual HER1/HER2 small kinase inhibitor 

Lapatinib). The insert table shows the major trials targeting HER2. PFS = Progression Free Survival; OS = Overall Survival. Modified from 

Apicella et al., 2017. 

1.3.2 - EGF/EGFR 

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase member of the 

ErbB/HER family. The activation of EGFR can be triggered by the biding of  seven growth 

factors that can be broadly divided in two groups: I) group I growth factors, that bind only 
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EGFR: epidermal growth factor (EGF), epigen (EPG), transforming growth factor-α (TGFα), 

and amphiregulin (AR); II) group II growth factors that bind to both EGFR and ErbB4: 

betacellulin (BTC), heparin-binding epidermal growth factor-like growth factor (HB-EGF), and 

epiregulin (EPR). The EGF receptor plays an important role in tumorigenesis, sustaining 

neoplasm growth and progression (65). Overexpression of EGFR, as well as EGFR 

amplification, detected by fluorescence in situ hybridization (FISH) analysis are more common 

in esophageal cancer with respect to gastric tumors (66). Overexpression of this tyrosine kinase 

receptor is present in approximately 30% of gastric cancer (53), whereas EGFR amplification is 

found in around 5% of gastric cancers (47). Amplification is mostly present in the CIN subtype, 

according to TCGA classification (47). Multiple studies have shown that increased EGFR 

expression is associated with an overall decrease in survival in patients with esophageal cancer 

(66). Based on these findings, multiple phase I/II studies of small molecule tyrosine kinase 

inhibitors and monoclonal antibodies have been initiated for patients with esophageal and gastric 

cancers.  

At least three tyrosine kinase inhibitors were used in clinical trials for gastric cancer, two 

of first generation and one of second generation: Erlotinib (67), Gefitinib (68) (69) and Afatinib 

(70). Nonetheless the results obtained were not encouraging. Upon non-promising clinical 

benefit of TKIs, EGFR monoclonal antibodies have been tested in several studies. Cetuximab, 

extensively used in colorectal cancer, is a recombinant, chimeric monoclonal antibody (igG1) 

directed against EGFR that shows ADCC (Antibody-dependent cell-mediated cytotoxicity) 

activity (71). It has been tested in several phase II/III trials in oesophagogastric cancers, but it 

showed limited activity (72) (73) (74) (75) (76) (77) (78). Nevertheless, as seen before in other 

trials, the lack of patients selection could be the cause of failure in this studies, because a subset 

of patients from a previous phase II clinical study possessing more than four EGFR copies 

showed a clinical improvement upon cetuximab (79). Similarly, survival benefit has been 

described in the small patient subgroup of the EXPAND trial that showed extremely high EGFR 

expression by IHC (80). 

Not only Cetuximab had demonstrated poor results in clinical trials for gastric cancer, but 

also the antibodies anti-EGFR Panitumumab (81) (82) and Matuzumab (58) did not demonstrate 

any improvement. Nimotuzumab, instead, showed interesting results in initial phase I/II studies, 

having a good toxicity profile and demonstrating good response rates in combination with 

radiotherapy or chemoradiotherapy (58). Promising results were also obtained treating advanced 

gastric cancer patients with Nimotuzumab in combination with chemotherapy (S-1 and cisplatin) 

in a phase II study (83). Interestingly, a phase III study is ongoing in preselected advanced 



CHAPTER I- Introduction  

23 | P a g e  
 

gastric cancer patients with high EGFR expression to compare Nimotuzumab in combination 

with irinotecan with chemotherapy alone as second line treatment (NCT01813253). 

1.3.3 - VEGF/VEGFR-2 

Vascular Endothelial Grow Factor/Vascular Endothelial Grow Factor Receptor 2 

(VEGF/VEGFR2)-dependent signalling plays an important role in tumor angiogenesis. Until 

now there are no selection factors that predict how and if a patient could benefit from an anti-

angiogenic therapy; nevertheless, those drugs have significantly prolonged gastrointestinal 

cancer patients’ median survival (84). Similarly to other types of cancer, in gastric carcinomas a 

deregulated angiogenesis is involved in tumor development and progression. Studies 

demonstrated that VEGF expression and serum levels correlate with more advanced stage 

disease and poor outcome (35). Additionally, the expression of VEGF and VEGF receptor 

(VGFR) was reported in 40 and 36% of cases, respectively (84) and VEGF-A gene amplification 

was found in 7% of TCGA samples (47). 

One of the two target therapies approved for gastric cancer is Ramucirumab, a human 

immunoglobulin G1 (IgG1) monoclonal antibody that directly binds to VEGFR2 and inhibits 

VEGF binding. Its use in gastric cancers has been evaluated in several studies: in particular, the 

REGARD and RAINBOW trials, which led to the acknowledgment of Ramucirumab (alone or in 

combination with paclitaxel) as the second targeted drug approved for advanced or metastatic 

gastric cancer after progression followed by fluoropirimidine or platinum containing regimens 

(35). The REGARD trial was performed on a cohort of patients with advanced, unresectable 

gastric and gastroesophageal tumors in order to evaluate safety and efficacy of Ramucirumab as 

second-line therapy after disease progression on a first line chemotherapy. Median OS was 5.2 

months in patients treated with Ramucirumab and 3.8 months in those who received placebo; 

moreover, median PFS was 2.1 months for the first group and 1.3 for the second one (51). The 

RAINBOW study was quite similar to the previous one; it was performed in a cohort of patients 

with the same characteristics to investigate Ramucirumab plus paclitaxel or placebo plus 

paclitaxel as second line treatment. Median OS (9.6 vs 7.3 months) and PFS (4.4 vs 2.8 months) 

resulted superior in the Ramucirumab group (52). In another study, Apatinib, an oral tyrosine 

kinase inhibitor directed against VEGFR2, RET, c-Kit, and c-Src showed significant 

improvement of OS and PFS in patients progressed on second-line therapy (85). This drug has 

been recently approved in China by CFDA (China Food and Drug Administration) for patients 

with metastatic gastric cancer after second-line chemotherapy (36). In terms of targeting 

angiogenesis, it seems that it is more effective to target VEGFR-2 than VEGF-A, probably 
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because during tumor evolution cancer cells change the expression of VEGF ligands, leading to a 

decreased response to VEGF-A targeting drugs. Indeed, studies evaluating Bevacizumab, a 

recombinant humanized anti-VEGF-A monoclonal antibody, such as AVAGAST (86) and 

AVATAR (87) failed their primary endpoint. Many other multi-target TKIs are being studied as 

possible approaches to suppress angiogenesis in this disease. Some examples are Sunitinib, 

Sorafenib, Cediranib and Foretinib (XL-880). The latter target drug is a powerful orally available 

multitarget compound that inhibits VEGFR2, c-MET, AXL, RON, Kit and TIE2, and recently 

demonstrated some kind of activity in advanced gastric cancer patients (88).  

1.3.4 - HGF/MET 

The Hepatocyte growth factor (HGF) is the natural ligand of the cell surface tyrosine 

kinase receptor c-MET (encoded by the MET gene). The HGF/c-MET axis is involved in 

multiple biological activities such as organ morphogenesis, protection and regeneration in a wide 

range of cellular targets, including epithelial and endothelial cells, hematopoietic cells, neurons, 

melanocytes and hepatocytes (89). Aberrant HGF/c-MET signaling significantly contributes to 

oncogenesis and tumor progression, leading to tumor growth, proliferation and metastasis (90). 

The MET-associated aberrant signaling could be triggered by a variety of mechanisms, such as 

mutations, gene amplification, increased gene copy number and MET/HGF protein expression. 

The most common genetic alteration of MET in human tumors is gene amplification, leading to 

receptor over-expression. Cancer cell lines exhibiting MET gene amplification are “addicted” to 

MET (which means that they are dependent on this receptor for their growth and survival) and, in 

this context, MET inhibition results in either a block of proliferation or cell death. 

Several strategies have been tried to inhibit MET activation (Figure 6). These strategies 

are based on the use of monoclonal antibodies directed against HGF or c-Met receptor, and 

small-molecule tyrosine kinase inhibitors directed against c-Met.  

Anti-HGF monoclonal antibodies act by binding and neutralizing HGF, preventing HGF 

binding to the MET receptor, thus avoiding the activation of the downstream pathway. Among 

them there are Ficlatuzumab, Rilotumumab, and TAK701. Rilotumumab (AMG102) is a fully 

humanized IgG2 monoclonal antibody that has undergone phase I and II clinical trials (91) (92). 

In a phase II trial, in patients with advanced gastric cancer, rilotumumab -in combination with 

epirubicin, cisplatin, and capecitabine (ECX)- showed improved efficacy outcomes (PFS and 

OS) compared to ECX alone (93). Considering the good results from phase I and II trails, two 

phase III clinical trials (RILOMET-1 and RILOMET-2) were initiated. However, RILOMET-1 

was prematurely stopped due to lack of efficacy. No subgroup benefited from rilotumumab 
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treatment, including patients with higher MET expression (94). Another anti-HGF antibody 

tested in clinical trials is Ficlatuzumab (AV299), a humanized anti-HGF IgG1 monoclonal 

antibody that has completed phase I and II trials as single agent or in combination with gefitinib 

(95) (96). Further, the promising humanized IgG1 monoclonal antibody TAK701, that 

succesfully overcame Gefitinib resistance in EGFR-mutated human NSCLC cell lines (97), has 

just completed phase I testing in patients with advanced solid malignancies (98). 

Activation of the HGF/MET pathway requires the dimerization of the MET receptor upon 

binding to the active form of HGF, which leads to kinase auto-activation. MET antagonists 

compete with HGF for MET binding, leading to the degradation of MET and subsequent 

inactivation. On these bases, antibodies which specifically bind MET, in order to prevent MET 

constitutive activation have been developed. One of them is Onartuzumab (OA-5D5 or 

OAM4558g or METMAb), a monovalent, humanized MET mAb, specifically designed to avoid 

agonistic activity that may occur when a bivalent antibody binds two MET molecules. 

Onartuzumab blocks HGF-induced MET dimerization and activation of the intracellular kinase 

domain. In the past, efforts to develop MET-directed antibodies failed due to the tendency of 

bivalent antibodies to cause receptor dimerization, thus displaying agonistic activity. This 

agonistic activity has been prevented by producing a monovalent human IgG1 antibody with 

murine variable domains (99) (100). The resulting monoclonal antibody, onartuzumab, is the 

only anti -MET monovalent antibody that has been tested in clinical studies to date. A 

randomized phase II trial comparing onartuzumab/erlotinib to erlotinib treatment in second- or 

third-line NSCLC (101) has given encouraging results in term of progression free survival (PSF) 

and overall survival (OS) in MET positive NSCLC (102). A phase III trial was stopped due to 

lack of clinical efficacy. At this time, further development of ornatuzumab has been halted. 

Another anti-MET antibody tested in humans is Emibetuzumab, a bivalent humanized anti-

cMET IgG4 mAb that blocks HGF binding to cMET. Binding of Emibetuzumab to cMET 

promotes internalization and degradation of cMET, in contrast to Onartuzumab, which does not 

induce cMET degradation. Recently, a first-in-human phase I clinical study testing single-agent 

Emibetuzumab in patients with solid tumors and Emibetuzumab in combination with Erlotinib in 

patients with NSCLC (NCT01287546) (103) showed no dose-limiting toxicities and adverse 

events. Phase II clinical studies (NCT01897480 and NCT02082210) are ongoing.  

The MET pathway can also be inhibited through the use of MET kinase inhibitors, which 

target the intracellular portion of MET. Various small-molecule inhibitors of the MET receptor 

tyrosine kinase have been evaluated in the preclinical setting and several anti-MET TKIs have 

reached the clinic. Some inhibitors are selective, while others inhibit a panel of kinases. Selective 
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MET inhibitors share a common structure (an indolin-2-one-core) and have been refined over 

time in terms of specificity, based on co-crystal structure and early inhibitors with MET kinase 

domain (100). Among the selective MET kinase small molecules there are JNJ-38877605 

(Johnson and Johnson), PHA-665752 (Tocris Bioscience) and AMG-337 (Amgen Inc). JNJ-

38877605 is a small-molecule, ATP-competitive inhibitor of the catalytic activity of c-Met, able 

to potently inhibit HGF-stimulated and constitutively activated MET phosphorylation; however, 

renal toxicity has been detected in treated patients (100). Similarly, PHA-665752 has a powerful 

inhibitory effect in MET-addicted cancer cells in vitro by blocking MET activation, but it cannot 

be used in vivo in preclinical models due to its high toxicity (104). The drug AMG-337, is 

another cMET selective inhibitor, that demonstrated very promising results in terms of activity 

when tested in a multi-center Phase II study (NCT02016534) in patients with MET amplified 

gastroesophageal adenocarcinoma. However, this study was closed because of the low safety and 

tolerability of AMG-337 (105). 

Other types of MET inhibitors in clinical development include non-selective, multikinase 

inhibitors. For example, Crizotinib, has been developed and marketed as an ALK inhibitor and it 

is recently being evaluated for its MET inhibitory activity. Crizotinib earned accelerated 

approval by United States Food and Drug Administration (US FDA) in 2011 due to its 

superiority of PSF and ORR compared with chemotherapy in ALK rearranged lung cancer 

patients (106). Recent analysis of previously unreported results has shown that Crizotinib 

produced either disease stabilization or tumor response in patients with NSCLC and high MET 

amplification, suggesting that Crizotinib can eventually be a potential agent for the treatment of 

MET-amplified NSCLC (107). Moreover, Crizotinib showed marked antitumor activity in 

patients with advanced NSCLC tumors carrying ROS-1 rearrangements (108) as well as clinical 

improvement and radiographic regression in patients with MET-amplified gastro-esophageal 

adenocarcinoma (109). Another TKI, Cabozantinib is a US FDA approved drug for treating 

patients with medullary thyroid cancer. This multikinase inhibitor of MET, VEGFR2, AXL, 

TIE2, KIT, FLT3 and RET is currently undergoing multiple phase III trials in a variety of 

indications, including castration-resistant prostate cancer, metastatic renal cell carcinoma, and 

HCC (127). Similar to Cabozantinib, Foretinib, Golvatinib and MGCD265 are dual 

MET/VEGFR2 inhibitors while BMS-777607 inhibits MET and RON. Clinical evaluations of 

the therapeutic benefit of these agents are currently ongoing. 

Among the various MET alterations, MET exon 14 splicing abnormalities, causing the 

loss of the MET juxtamembrane (JM) domain, recently emerged as a new potential oncogenic 

driver and have been identified and validated among different tumors and histology subtypes. 
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Research in gastrointestinal malignancies demonstrated for the first time the existence of MET 

exon 14 deletion in gastric cancer. A recent study reported that MET exon 14 skipping mutations 

occur mutually exclusively with other validated drivers, supporting its oncogenic implication and 

defining a distinct molecular subgroup of gastrointestinal malignancies (110) (111). Aside from 

two independent preclinical studies that reported the presence of MET exon 14 deletion in gastric 

cancer cell lines (112) (113), other preclinical studies demonstrated that patient-derived tumor 

cell lines harboring MET exon 14 deletion were strongly inhibited by both MET TKIs and an 

anti-Met monoclonal antibody (110). These results suggest preliminary evidence that MET exon 

14 skipping alterations might act as drivers in some gastrointestinal malignancies, indicating the 

clinical benefit of MET TKIs observed in NSCLC can potentially be expanded to gastric 

malignancies. 

 

 
Figure 6 - Main signaling pathways activated through c-Met, interactions between c-Met and other membrane receptors, 

and c-Met signaling inhibition strategies. HGF binding results in c-Met autophosphorylation of tyrosines Y1234 and Y1235 

leading to the activation loop of the kinase domain and subsequent phosphorylation of tyrosines Y1349 and Y1356 next to -

COOH terminus. Adapter proteins and direct kinase substrates activated downstream in the c-Met pathway account for growth 

factor receptor-bound protein 2 (GRB2), Grb2-associated adaptor protein 1 (GAB1), phosphatidylinositol 3-kinase (PI3K), son of 

sevenless (SOS), rat sarcoma oncogene homolog (RAS), mitogen-activated protein kinase (MAPK), signal transducer and 

activator of transcription 3/5 (STAT 3/5), SRC, SRC homology protein tyrosine phosphatase 2 (SHP2), SRC homology domain 

c-terminal adaptor homolog (SHC), phospholipase c-γ (PLC), Ras-related C3 botulinum toxin substrate 1 (RAC1), p21-activated 

kinase (PAK), focal adhesion kinase (FAK), AKT, and mammalian target of rapamycin (mTOR). c-Met can crosstalk with some 

membrane protein partners, such as the epidermal growth factor receptor (EGFR), the plexin B family, α6β4 integrin, and CD44, 

resulting in additional signaling response modulation. Adapted from Eder et al., 2009 (114). 
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1.3.5 - Other targets  

The Fibroblast Growth Factor 2 receptor tyrosine kinase (FGFR-2) is also considered as a 

target in gastric cancer since it is amplified in approximately 10% of cases (47) that are 

associated with lymphatic invasion and worse prognosis (115). Clinical trials involving FGFR2 

TKIs were performed and while AZD4547 did not demonstrate clinical activity in the SHINE 

phase II trial (116), another small phase IIa trial showed response in 3 out of 9 patients with 

promising durability in FGFR2-amplified patients; these result show that high and homogeneous 

gene amplification may better predict therapeutic benefit (117).  

Another pathway that is frequently altered and active in gastric cancer is the PI3K-AKT-

mTOR pathway, determining resistance to target therapies (35). MTOR is an intracellular 

serine/threonine protein kinase that regulates cell growth and proliferation, cellular metabolism 

and angiogenesis, and is mainly activated via the PI3K pathway (84). PIK3CA (the PI3K 

encoding gene) activating mutations are present in 24% of gastric cancers, in particular in the 

EBV and the MSI subtypes (72% and 42%, respectively) (47). Moreover, genetic or functional 

loss of PTEN, a negative controller of the PI3K/AKT pathway, is present in 11% of tumors, 

especially in the MSI subtype (35). For these reasons, the mTOR orally available inhibitor 

Everolimus has been tested in a phase III study (GRANITE-1): despite positive results in an 

early study, Everolimus did not show any clinical improvements in unselected second-line or 

third-line patients (118) (119). Preclinical studies have been performed in order to evaluate PI3K 

inhibitors, which include drugs like BEZ235 and BKM120 (54). AZD5363 and Ipatasertib, AKT 

inhibitors, have been studied in combination, respectively, with paclitaxel in second-line therapy 

(NCT02451956/NCT02449655), and with FOLFOX in the first-line JAGUAR trial 

(NCT01896531). MK-2206, another inhibitor of AKT, has been tested in a phase II study but 

gave negative results (120).  

In the last decade immune therapy provided an important step forward in cancer 

treatment. Studies demonstrated that reactivating the immune system against tumor cells can 

significantly increase patients survival (121). PD-L1 is the principal immunotherapy target. It 

normally binds to receptors on T lymphocytes, thereby inhibiting T-cell proliferation and 

inducing apoptosis (53). In gastric cancer the overexpression of PD-L1 and PD-L2 is mostly 

present in EBV-associated gastric tumors, mainly due to 9p24 amplification (122). MSI-high 

tumors are also good candidates for immunotherapy agents as they are associated with intense 

immune infiltration (47) (123). Since immunotherapy showed promising results in multiple types 

of cancer, it has been explored in gastric cancer as well. The human monoclonal antibodies 
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against PDL1 Pembrolizumab (124), Nivolumab (125), Avelumab (126), as well as Ipilimumab 

(127), and Tremelimumab (128), antibodies specific against CTLA-4 are examples of 

immunotherapeutic drugs that have been used and tested in phase I, II and III clinical trials, 

respectively. Indeed, a multicenter phase IB/II study evaluated and confirmed the antitumor 

activity and safety of Pembrolizumab in combination with anti-HER2 agents in patients with 

HER2 positive gastric cancer (NCT02901301 and NCT02689284), being now an approved 

therapies for GC. 

 

1.4- KRAS  

KRAS (chromosome 12p12.1) is a member of the canonical RAS family of genes that also 

includes HRAS (chromosome 11p15.5) and NRAS (chromosome 1p13.1). The importance of RAS 

in cancer pathogenesis was found for the first time more than thirty years ago when it was 

discovered that mutated versions of KRAS and HRAS are responsible for the transforming 

activities of sarcoma-inducing retroviruses. Nowadays it is known that somatic activating 

mutations in the cellular homologs of all three RAS family members occur in a multiplicity of 

human cancers.  

The three RAS genes are highly conserved across different species and all RAS genes 

encode for 21-kDa monomeric GTPases that function to transduce extracellular signals to 

intracellular signal transduction cascades. These monomeric GTPases cycle between active 

(GTP-bound) and inactive (GDP-bound) state in response to extracellular stimuli. Unlike HRAS 

and NRAS, KRAS undergoes alternative splicing, giving rise to two proteins (KRAS4A and 

KRAS4B) that differ for their carboxyl termini. RAS proteins are 188/189 amino acids in length, 

and the sequence of the first 165 amino acids is almost identical. This region contains highly 

conserved domains that are responsible for GTP binding and hydrolysis, as well as functional 

interactions with regulators and downstream effectors. 

1.4.1 - KRAS activation and Signaling 

RAS signaling initiates upon the activation of a vast array of upstream receptors 

including receptor tyrosine kinases (RTKs) (Figure 7). Adaptor proteins (e.g. Grb2) interact with 

the intracellular domain of activated TK receptors and recruit guanine nucleotide exchange 

factors (GEFs) such as Son of Sevenless (SOS) to the cellular membrane where they can bind 

RAS and promote the exchange of GDP for GTP. RAS signaling ends upon the hydrolysis of 

GTP to GDP by the intrinsic GTPase activity of RAS through the interaction with GTPase-
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activating proteins (GAPs). However, cancer-causing mutations in RAS drastically impair the 

GTPase activity, resulting in RAS proteins that are blocked in the active GTP-bound 

conformation, despite of upstream signals. In their active, GTP-bound conformations, the four 

RAS proteins engage and activate a large number of downstream signaling pathways which 

regulate several cellular responses, such as proliferation, survival, and differentiation. One of 

these pathways is the canonical RAS/RAF/MEK/ERK pathway, that controls cellular 

proliferation by modulating the levels of many cell cycle regulators and is frequently 

hyperactivated in tumors (129). RAS signaling also contributes to cell survival by activating 

PI3K/PDK1/AKT signaling, a pathway that is also often deregulated in numerous cancer types 

(130). Less usual proteins, such as RALGDS and RALGDS-like proteins and tumor invasion and 

metastasis-inducing protein 1 (TIAM1) can also be activated by RAS to control vesicle 

trafficking and cytoskeletal organization, respectively (131) (132). Both RalGDS and Tiam1 

have been demonstrated to be required for Ras-dependent tumor formation in a mouse skin 

cancer model (133) (134). Many of these downstream signaling pathways are involved in 

feedback regulation and crosstalk that together further contribute to the complexity of the RAS 

signaling network.  

 

Figure 7 - Ras activation signaling. Activation of Receptrs Tyrosine Kinases (RTKs) lead to the recruitment of guanine 

nucleotide exchange factors (GEFs) that can bind RAS and promote the exchange of GDP for GTP. RAS signaling ends upon the 

hydrolysis of GTP to GDP by the intrinsic GTPase activity of RAS through the interaction with GTPase-activating proteins 

(GAPs). RAS signaling activates pathways crucial for cell proliferation, survival, and differentiation, such as the canonical 

RAS/RAF/MEK/ERK pathway, PI3K/PDK1/AKT signaling as well as less usual proteins like RalGEF and tumor invasion and 

metastasis-inducing protein 1 (Tiam1). Modified from Mitin et al., 2005 (135).  
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1.4.2 - KRAS mutations    

The structural conformation of KRAS, and therefore its biological activity, is governed 

by its nucleotide binding state. The most common KRAS-activating mutations are localized in 

codons 12, 13, 61, 117, and 146, and they cluster around the nucleotide-binding pocket. 

Mutations in G12 and G13 are located the P loop, which is needed to stabilize the nucleotide in 

the active site; however, they have distinct effects in the biochemistry of KRAS (136) (137). Q61 

is located at the N terminus of switch II, where it participates in the conformational changes 

associated with this region during the interconversion between structural states (136) (138). The 

K117N mutation enhances nucleotide exchange (139). Finally, the A146 mutation seems to play 

a role in nucleotide specificity, as this residue is present in a tightly packed space near the 

guanine base of the nucleotide (140). Mutations at A146 promote nucleotide exchange (1000-

fold increase over WT) in the absence of GEF, but do not affect intrinsic GTPase activity (141). 

This indicates that KRAS can be activated by alleles that have large or subtle effects on 

hydrolysis or nucleotide exchange. This concept is demonstrated even more effectively by the 

mutations that arise in the RASopathies (e.g. neurofibromatosis type 1 (NF1)) that results from 

germ line mutations in genes of the mitogen-activated protein kinase pathway, such as KRAS. 

KRAS mutations are more common in pancreatic ductal adenocarcinoma (PDAC), colorectal 

cancer (CRC), and NSCLC, in particular those at codon 12, accounting for approximately 90% 

of all KRAS mutations. The frequency of mutations at the diverse codons is dependent on the 

cancer type. For example, mutations in codons 13, 146, and 117 are more common in CRC 

relative to NSCLC and PDAC (142) (143).  

KRAS mutations are genetic events that occur early in tumors progression. Multiple 

genetically engineered mouse models of RAS-driven cancers have demonstrated the potent 

cancer-inducing activity of RAS mutations. However, an enhancement of tumor formation and 

progression was observed when RAS activation was associated with the loss of tumor suppressor 

function (loss of tumor protein p53 (TP53), LKB1 or adenomatous polyposis coli (APC)), 

suggesting that additional genetic alterations are needed to cooperate with mutant RAS to fully 

transform cells (144) (145) (146). In spite of the early onset of RAS mutations, several data 

suggest that continued expression of mutant RAS is necessary for tumor maintenance. It was 

observed in both in vitro and in vivo models (mouse models driven by inducible mutant RAS), 

that withdrawal of RAS expression leads to tumor regression (147) (148) (149) (150) (151). 

One issue that cannot be neglected when regarding the oncogenic KRAS mutants is the 

function of the WT allele. Recent data, from genetically engineered mouse models suggest that 

loss of the WT KRAS allele enhances tumorigenesis induced by the mutants (152) (153). It is not 
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clear if the WT allele is not a fictitious tumor suppressor, or if the ratio of WT and mutant alleles 

is the most critical factor, but allelic imbalance due to loss of WT KRAS or amplification of 

mutant KRAS is frequently seen in tumors from mice and humans and seems to influence tumor 

response to therapy (154) (155).  

1.4.3 - KRAS THERAPIES  

During the last decades experimental compounds were identified with the challenging 

purpose of directly bind RAS and disrupt its signaling. The fact that RAS isoforms play a crucial 

role also in normal cell growth makes it even more difficult to develop a compound that directly 

binds RAS to selectively inhibit the oncogenic functions of RAS proteins. To date, no drug that 

can inhibit oncogenic RAS has been approved by FDA, so that RAS proteins continue to be 

called "undruggable”.  

However, the need to develop RAS-inhibitory molecules motivates the search for 

effective pharmacological strategies, and recent studies have renewed the hope of targeting RAS 

proteins.  

The main promising strategies attempting RAS inhibition account for i) the use of direct 

inhibitors of RAS; ii) blocking RAS membrane association; iii) targeting RAS downstream 

effectors, which seems to be the most favorable current strategy; iv) search for synthetic lethal 

interactors of mutant RAS; and finally more recently, v) targeting RAS-mediated changes in cell 

metabolism.  

Direct targeting of RAS was explored when some potential binding sites were identified 

using computational approaches (156) (157). Low affinity inhibitors, such as SCH-54292 or 

Sulindac analogues, were designed to compete with GDP for the nucleotide binding site of RAS 

(158) (159) (160), and even if they were able to inhibit nucleotide exchange and RAS-dependent 

cell growth, these compounds lack potency and metabolic stability, as well as own high toxicity. 

GEF inhibitors were also thought to be a very promising strategy, since RAS GTP-GDP cycle is 

negatively regulated by GAPs and positively regulated by GEFs, which facilitates the 

dissociation of GDP and consequently promote binding of the more abundant GTP portion (161). 

But as it was seen with RAF1 binding inhibitors, like Kobe 0065, GEF inhibitors demonstrated 

weak potency (162). A recent study reporting an attempt to direct targeting RAS demonstrated 

that is possible to design a molecule that covalently and selectively binds to the G12C form of 

KRAS. This small molecule was capable of blocking SOS-1 mediated nucleotide exchange, 

decreasing the binding of RAS to both BRAF and RAF1, and selectively killing cancer cells 

carrying the G12C mutation (163). Even though the mutation G12C is relatively less frequent 
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compared to the G12D mutation, this study demonstrates that it is possible to selectively target 

KRAS-G12C and this could result in the development of similar compounds (163).  

The most encouraging small molecule which demonstrated to interact with several RAS 

effector proteins (including A-, B-, and c-RAF, the Ras- binding domains of RALGDS, PI3K-α, 

β and γ) is the Polo-like kinase inhibitor, Rigosertib. This compound is able to inhibit the 

interactions of both mutants and wild-type isoforms of K- or N-RAS with the downstream 

effectors (164). Rigosertib showed to be effective in inhibiting RAS-mediated activation of 

ERK1/2 and PI3K signaling pathways. Several clinical trials of Rigosertib treatment for 

hematologic and solid malignancies are ongoing. 

The use of Farnesyltransferase Inhibitors (FTIs) was one of the early approaches 

developed in order to block the RAS membrane association. But, despite the promising activity 

in preclinical tumor models mutated for HRAS, FTIs inhibitors were ineffective in clinical trials 

(165). Since the response to these molecules can differ according to the RAS isoform, recent 

efforts have focused on the noncatalytic δ-subunit of the cyclic GMP phosphodiesterase (PDE) 6 

isozyme, which functions as a chaperone, binding the prenyl group and shuttling RAS to the 

plasma membrane. A small-molecule inhibitor of PDEδ (deltarasin) inhibited KRAS signaling 

and pancreatic tumor cell growth in vitro and in vivo (166). However, its clinical utility has not 

been evaluated yet.  

An encouraging strategy against KRAS activation has been targeting the downstream 

components of RAS signaling with inhibitors of the RAF/MEK/ERK kinase or the 

PI3K/AKT/mTOR pathway that demonstrated some effects in the context of different mutations 

of K-, N-, or HRAS isoforms, even if a complex feedback system gives rise to resistance 

mechanisms (165). For instance, at least 4 pharmaceutical inhibitors of RAF kinase were 

approved by the US FDA. Sorafenib, vemurafenib and dabrafenib are some examples. The last 

two inhibitors are ATP-competitive RAF inhibitors, approved for BRAF-mutant metastatic 

melanoma (167) (168). However, when tested in RAS-mutant cancer cells, activation, rather than 

inactivation, of ERK was reported (169) (170) (171). Better results were observed using 

Trametinib, a MEK inhibitor, another FDA approved drug for BRAF-mutant metastatic 

melanoma. This inhibitor seems to be more selective as it functions via allosteric regulation as a 

non-ATP competitive inhibitor of MEK-1 and MEK-2. But, despite its high efficacy in BRAF-

mutant melanoma, this MEKi has only been partially effective in RAS-mutant cancers as well as 

in human cells lines and RAS-mutant mouse models (172).  The MEK inhibitors GDC-0623 and 

G-573 are more efficient in RAS-mutant cancers and block MEK feedback phosphorylation by 

RAF. Primary or secondary resistance to MEKi by RAS-mutant cancer cells can occur due to 
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activation of RTKs or by amplification of upstream activators that consequently activate ERK 

(173). These data suggests that a combination of RAF+MEK+ERK inhibitors might provide an 

efficient inhibition of RAS constitutively active pathway. On another hand, the advantage of 

PI3K/AKT/mTOR inhibition in RAS-mutants is contradictory. There are evidences that PI3K 

activity can be modulated by RAS activation (174), but it is also known that PI3K is not always a 

key RAS effector, since the pharmaceutical inhibition of this pathway in RAS-driven models did 

not effectively block tumor growth (175). Furthermore, KRAS silencing in KRAS-mutant 

colorectal cancer cell lines did not reduce activation of the PI3K effector AKT, while effectively 

reduced ERK activation (174). Nevertheless, taking into consideration the complex feedback 

system of resistance upon inhibition of some RAS downstream effectors, targeting Pi3K-AKT 

signaling in RAS-mutant cancers, especially in combination with other pathways inhibition may 

have a clinical therapeutic value. Until now, inhibition of PI3K/AKT/mTOR alone did not show 

satisfactory results either in RAS-mutant tumors in preclinical trials or in clinical evaluations; 

however, in mouse models, encouraging synergistic activity with ERK and MAPK inhibitors has 

been seen (175).  

As in other types of cancer, one possible approach to increase the therapeutic selectivity 

for RAS-mutant cancer cells would be the identification of targets that have synthetic lethal 

interactions with the RAS oncogene. These targets would be genes whose loss of function would 

have a lethal effect only in the presence of mutated RAS. In order to identify synthetic lethal 

interactors with RAS an initial screen is crucial and the synthetic lethal genes must encode 

proteins that function in different pathways of those involved in RAS pathway. These screenings 

were performed by short interfering RNAs (siRNA) (176), by the use of pool-based short hairpin 

RNAs (shRNA) or by chemicals (177). The last type of screening identified genes whose 

inhibition could sensitize KRAS mutant cancer models to one or more FDA-approved drug (e.g., 

Trametinib). In the last ten years multiple screenings have identify synthetic lethal genes that 

encode proteins involved in several cellular processes: i) associated with the cell cycle and 

mitosis (surviving (BIRC5)); ii) rho-associated kinase (ROCK) (178) (177), iii) targeting protein 

for XKLP2 (TPX2) (179), PLK1, and anaphase promoting complex, (180); iv) those associated 

with cell survival (Wilms’ tumour protein homologue 1 (WT1) and BCL-XL) (181) (182); v) 

associated with collaborative transcriptional programs (GATA-binding protein 2 (GATA2) and 

SNAIL2 (also known as SNAI2)) (183) (184); vi) associated with parallel growth and survival 

signals (FGFR1, TBK1 and TAK1 (also known as NR2C2)) (185) (186) (187); vii) involved in 

nuclear export (exportin 1 (XPO1)) (176). However from the results obtained until now, it is 

clear that the existence of a universal mutant RAS synthetic lethal target that comes anywhere 
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close to the targeting of RAS proteins themselves among all the spectrum of RAS-mutant 

cancers is unlikely.  

 The most recent strategy against RAS-mutated tumors is the exploration of RAS 

mediated changes in cell metabolism. Recognized as one of the cancer hallmarks, neoplastic 

cells change their metabolism, consuming more glucose and producing more lactate even in the 

presence of oxygen (188) (180). Evidences have been shown that many metabolic changes 

driven by oncogenic RAS become crucial for tumor maintenance. Some of the metabolic 

changes that occur in RAS-mutated tumors and are required for their maintenance and 

aggressiveness are autophagy (189) (190), macropinocytosis (191), increase glucose uptake 

(192) and a shift in glutamine metabolism (193) (194) (195). This last type of metabolism switch 

was described mainly in KRAS mutated pancreatic tumors (193) but the inhibition of the 

aspartate aminotransferase in a breast cancer in vitro model with KRAS mutation also 

demonstrated antitumor effects (196). The strategy of targeting the altered metabolism of RAS-

mutated tumors is potentially attractive, considering that normal cells do not experience the same 

reliance on these altered pathways. Thus, an encouraging therapeutic window is currently open.  

1.4.4 - KRAS in gastric cancer  

The first report of a KRAS mutation in gastric cancer was published in 1986. Researchers 

described the presence of a mutated KRAS allele (Gly-12 to Ser) together with an amplification 

of 30-50 fold of the other KRAS allele (197). Since this first publication, more than 50 studies 

reported the incidence of KRAS mutations in GC, with the majority of studies (61%) originating 

from Asia (198).  

To date, a multiplicity of studies has investigated the status of KRAS gene mutations in 

gastric adenocarcinoma, with the frequency varying from 0 to 21% (199) (200) (201). Yet, it was 

evident that the frequency of mutations in the KRAS gene in different studies was markedly 

variable. Attempting to better understand the status of KRAS mutations in gastric cancer, a large 

international multi-center study, including 712 patients with gastric cancer, was performed in 

2013 (202). The results of this study, which is the largest to date, demonstrated that the overall 

frequency of mutations in the KRAS gene was 4%, statistically not different between the different 

GC cohorts. Interestingly, in this study, KRAS mutation was not associated with clinicopatho-

logical features, including ethnicity, gender and stage of tumor differentiation (202). While it is 

still unclear if there is a relationship between KRAS mutation status and survival (203), this study 

reported a trend towards better survival in patients with a KRAS mutant GC. The disparity 

between previous studies and the multi-center study may be due to the different population size. 
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Data collected from eleven studies involving molecular characterization of 

gastroesophageal tumors, demonstrated that the most frequent mutations in gastric cancer were 

found at codons 12 (G12A/C/D/R/S/V) and 13 (G13D) accounting, respectively, for 2% and 

1.62% of all KRAS mutations found in the gastric tumors studied. Less frequently detected 

mutations were Q61H, K117N, A59T, P121H, R135H, R135T and A146T, with a frequency that 

goes from 0.07 to 0.28 % (http://cbioportal.org) (204). 

Gene amplification of KRAS, with or without mutation, has been evaluated in a limited 

number of cases (205) (206) (207). While the amplification of KRAS is rare in colon and 

pancreatic cancers, the incidence of KRAS gene amplification (greater than 4-fold) is higher in 

gastric cancer, and seems to be responsible for KRAS activation (208). A study involving 86 

primary gastric tumors demonstrated that approximately 5% of them bear KRAS amplification 

(208), which is statistically similar to the frequency described in other studies 

(http://cbioportal.org) (204). The same study also showed that gene amplification coincided with 

intense KRAS immunoreactivity in the same tumor samples, potentially suggesting that gene 

amplification results in the overexpression of KRAS in primary gastric cancer. This was the first 

work reporting a potential relationship between gene amplification of WT KRAS, activation of 

KRAS signaling pathways, and cell growth in gastric cancer. While KRAS amplification had 

been described as a cause of resistance to EGFR target therapy in colorectal cancer (209) (210), 

its role in gastric cancer therapy is still unclear. 

1.5- Translational cancer research  

Translational research is an important bridge between basic research and clinics. 

Translational cancer research is mainly based on the biologic understanding of the disease with 

the aim of developing new treatments; consequently, preclinical models are required to 

investigate biological mechanisms and features. Murine models and cancer cell lines have been 

the most exploited models for preclinical testing of anticancer molecules both in vivo and in vitro 

(211) (212). Cancer cell lines have been characterized and collected all over the world since they 

are an essential tool for early drug screening and development (213). In spite of their advantages, 

cancer cell lines have important limitations (214). First of all they lack predictive value (gain and 

loss of genetic information, alteration of growth and acquisition of invasive properties) (215); 

second, they are representative of a subset of tumors but miss the ability to represent neoplastic 

heterogeneity (214); and, third, studies performed in cell lines miss the regulatory role of tumor 

microenvironment. To overcome these disadvantages, other preclinical cancer models have been 

http://cbioportal.org/
http://cbioportal.org/
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explored, such as patient-derived tumor xenografts that represent recent promising new tools in 

translational research (Figure 8) (214).  

 

Figure 8 - Personalized medicine strategy. This figure shows a strategy for individualizing medicine that integrates genomic analysis of a 
patient tumor with testing in PDX models. Molecular analysis of a patient tumor can lead to the identification of potential therapeutically 

targetable alterations. Mining of genomic–drug response databases could result in several potential therapeutic regimens for a given patient. 

PDXs can be exploited to test and rank these potential treatments to be administered to the patient. A post hoc analysis of this information can be 
added to existing data to amplify the available databases. Adapted from Hidalgo M et al., 2014 

 

1.5.1 - Patient-derived cancer xenografts (PDX) 

Patient-derived cancer xenografts can be originated by implanting patients’ tumors as 

pieces (tumors resections or biopsies) or single-cell suspensions on the dorsal region of 

immunodeficient mice (subcutaneous implantation), or in the organ in which the original tumor 

developed (orthotopic implantation) (214). Metastases implantation are also performed and for 

some types of lesions the engraftment rate is higher (216) (217). The murine models with highest 

engraftment rates are NOD/SCID or NOD/SCID/IL2λ- receptor null due to their severe 

immunosuppression (214). 
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Even though the subcutaneous method is more frequently exploited, because of the lower 

complexity of the implantation technique, the orthotopic tumor implantation provides a 

translational advantage, as the tumor develops in its original anatomic microenvironment (214). 

Advances in imaging tools made it possible to increase the number of trials performed in 

orthotopic PDXs. 

1.5.2 - Outstanding characteristic of PDX models  

 PDX models are very important tools mainly due to their ability to retain the principal 

characteristics of the donor tumors, including tissue histology and molecular features, making 

them predictive of human cancer biology and patient response to treatments. Multiple studies, 

involving different types of tumors (214) which compared PDXs and the donor tumors 

demonstrated that PDX models show the same specific tissue structure and subtle microscopic 

details, per example gland architecture, mucin production, or cyst development of the original 

specimen. Additionally, gene expression profile analysis of donor tumors and the corresponding 

PDXs are mostly coincident, except for genes expressed in the stromal compartment and 

immune function, as the human stroma is replaced by murine elements. Regarding molecular 

features, an extraordinary concordance between PDXs and donor tumors was also observed. 

Studies evaluating copy-number alterations and exome sequencing report an even higher 

frequency of genomic alterations in the PDX model, as PDXs do not contain the normal DNA 

from the human stromal tissue (214). The functional features of the grafted tumor remain stable 

during mouse-to-mouse propagation; indeed, drug treatments of PDX models from different 

passages show the same effects across generation (218) (219). Very importantly, several studies 

emphasized the similarity between the activity of drugs in PDX models and in the corresponding 

clinical trials (214); in addition, recent studies in which human patients have been treated with 

drugs previously tested in their PDX analogue demonstrated a high predictive value. For these 

reasons PDXs are effective models with good correlation with clinical outcome (220).  

1.5.3 - Limitations of PDX models  

Despite the numerous advantages of PDX models, some critical issues are not settled. 

Concerning the size of the specimen to generate the PDX there is no consensus, since on one 

hand large surgical samples are preferred, yet on the other hand smaller ones may possess 

enhanced characteristics. Also the best strategy of implantation (subcutaneous vs. orthotopic) has 

to be assessed for different cancers, as well as the time that the tumor requires to engraft and to 

start to grow: these factors may negatively affect further evaluation of personalized treatments 

(214). Furthermore, it is also unclear if the patient-derived tumor is the expression of a selected 
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subpopulation (e.g. more aggressive) of cells existing in donor tumors that in some cases can 

change the drug response (214). It should also be taken in consideration that after the implant, 

human stroma is rapidly replaced by the murine one (214), possibly resulting in changes of 

microenvironment signals and limiting the testing of drugs targeting tumor stroma (221) (222). 

Lastly, the use of immunodeficient mice is a limitation, because it cannot be used for the 

screening of immune-mediating agents (214), even though recent studies have been initiated 

involving the development of humanized mouse tumor models (223). 

1.6-  Patients –derived cell models as preclinical tools  

In some types of cancer the time for PDX establishment (that usually takes more than 4 

months) is too long to bring therapeutic advantages to the patient, so faster alternative preclinical 

models are required. Generation of primary cell cultures in monolayer or in threedimensional 

matrices (3D, such as spheroids and organoids) have been used as a prediction tool for 

preclinical drug sensitivity (224). Several studies have demonstrated that also these models can 

recapitulate the histological and genomic features of primary patient tumors and show the same 

drug sensitivity compared with real-life clinical treatment outcomes (224).  

Recently developed 3D models can overcome some PDX deficiencies. 3D models can not 

only be established directly from patients in a shorter period but can also be much cheaper than 

PDX models. These three dimensional models are also able to better replicate natural tissue 

mechanical stresses and provide a more representative pathophysiological condition than the 

classic monolayer cultures (225). 3D culture models in cancer can be divided in 4 types: 

organotypic multicellular spheroids, multicellular tumor spheroids, tumor-derived organoids and 

tumor-derived spheroids (TS) (226). 

Tumor-derived organoids were recently generated by Sato et al. (227) and rapidly spread 

as a powerful ex vivo model of organogenesis and in vitro tool for drug screening (228) (227). 

Produced upon specific growth conditions, such as basement membrane matrix (Matrigel), 

tyrosine kinase receptor agonists, Wnt agonists and bone morphogenetic protein/transforming 

growth factor- inhibitors, a diversity of tissues were reconstituted in vitro in the absence of non-

tumor cells (228). Afterwards, identical culture protocols were developed also from malignant 

tissues of pancreas (229) (230), stomach (231), prostate (232) (233), and liver (234) (235). The 

capacity to culture patient-derived healthy and diseased organoids was widely recognized as a 

major improvement for the shift of biomedical research into more patient-focused approaches. 

After the setting of organoid culture protocols, many key papers have been published in which 

organoids have been used as a tool to augment the basic understanding of cancer (236) (237) 
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(238). These studies extensively suggest that organoid cultures have the ability to promote drug 

development and clinical practice (224).  

Contrarily to the other 3D models that are mainly derived to study the heterogeneity 

within tumors as well as to provide a more representative platform for the testing of therapeutic 

strategies (239), the TS model does not seek to mimic cancer tissues but rather to study cancer 

stem cells (CSC) properties. These spheres are formed from clonal expansion of single cells 

suspended in non-adherent conditions supplemented with a specific cocktail of growth factors in 

the culture media (240). TS culture represents a selective population of cells known to be 

aggressive and likely to contribute to tumor regrowth (240) (226). Accordingly, TS may differ in 

drug response and growth kinetics relative to multicellular tumor spheroids owing to the 

enrichment of the CSC population. The investigation of tumor-derived spheroids may provide 

invaluable clues on the eradication of CSCs and it is likely to be of clinical importance due to 

their association with tumorigenicity or chemoresistance (226). 

1.6.1 - Cancer stem cells  

The theory of cancer stem cells was first mentioned in 1937 when Furth and Kahn (241), 

demonstrated that a single leukemic cell is capable of transmitting systemic disease in mice. But 

it was just sixty years later that Bonnet and Dick (242) first identified and isolated leukemic stem 

cells of acute myeloid leukemia (AML) using the surface markers CD34 and CD38. Here, for the 

first time, selected CD34+/CD38− leukemic cells from AML patients led to strong enhancement 

of tumorigenicity after serial xenografting into NOD/SCID mice. Since then, CSCs have been 

discovered in many solid tumors, including breast (243), brain (187), and prostate cancers (244), 

melanoma (245), liver (246), pancreatic (247) (248), colon (249) (250) and head and neck 

cancers (251). 

Some years ago (2006), to enable researchers working in the same or different systems to 

compare cells exhibiting analogous sets of properties, a common recognition of the accurate 

definition for CSCs was proposed by the American Association for Cancer Research workshop. 

According to this definition a stem cell is “a cell within a tumor that possesses the capacity to 

self-renew and to cause the heterogeneous lineages of cancer cells that comprises the tumor” 

(252). In addition to the fundamental traits of normal stem cells, such as self-renewal by 

asymmetric division, proliferation, and differentiation into their progeny, CSCs have the 

potential to metastasize (253) (254). CSCs are a rare population within cancers, and highly 

tumorigenic in nude mice xenografts. This small population is often associated with therapy 

resistance (such as chemotherapy and radiation) because of activation of prosurvival and 
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antiapoptotic pathways, overexpression of drug efflux pumps, and increased DNA repair 

capacity. These cells may remain viable after treatment and may be responsible for relapse (255). 

For many cancers, CSCs represent a distinct population that can be prospectively isolated from 

the remainder of the tumor cells (252) (256). However, in some cancer types it has not been 

possible to distinguish CSCs from non-CSCs because most cells have CSC function. This kind of 

tumors seems to be homogeneous or possess a very superficial hierarchy. In the same way, some 

evidence is emerging that certain cancer cells exhibit plasticity by reversibly transitioning 

between a stem and non-stem-cell state (257). This hypothesis suggests that the tumor cell is a 

dynamic state with greatly adaptable CSCs and non-CSCs that are capable of transient evolution 

and plasticity (258). Nevertheless, the definition of CSCs remains dependent of operational and 

based on functional assays that evaluate their self-renewal and tumorigenic properties, mainly 

assessed by the formation of tumorspheres in restricted culture conditions in vitro, and the 

formation of differentiated tumors upon xenograft in vivo (259) (Figure 9). 

 

 
 

Figure 9 - Models of tumor heterogeneity and the role of CSCs. The clonal evolution theory was the first model to hypothesize a 

way in which cancer cells with diverse phenotypes could arise inside a tumor. In this model, different cancer cell populations 

evolve during tumorigenesis due to heritable genetic and epigenetic changes. A second model is described by the classical CSC 

theory, which proposes that tumor heterogeneity arises when cancer cells within a given tumor reside in different states of 

stemness or differentiation. While in this model the CSC-to–non-CSC conversion is a unidirectional process, in the plastic cancer 

stem cell model it is hypothesized that bidirectional conversions exist between non-CSCs and CSCs. This model is based on the 

fact that non-CSCs can continually create CSC populations throughout tumorigenesis. Adapted from Marjanovic et al., 2013. 
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1.6.2 - Origin of Gastric Cancer Stem Cells (GCSCs) 

In the stomach, the existence of GCSCs has been under debate. A theory suggests that 

gastric cancer stem cells may be closely associated with gastric stem cells. This hypothesis is 

based on the fact that gastric epithelial cells are constantly replacing the dead or injured cells, in 

order to maintain their own hemostasis (260). When an injury takes place, the epithelium renews 

faster, and it is here where stem cells play an essential role. In this process, the transformation of 

a stem cell that suffers genetic alterations will cause the development of gastric cancer (261). 

Another theory stands on the belief that GCSCs are originated from bone marrow-derived 

mesenchymal stem cells (BM-MSCs). BM-MSCS are adult stem cells that can migrate, 

regenerate and differentiate in several types of tissues and cells. When there is gastric injury 

caused by Helicobacter felis and pylori infection, the BM-MSCs migrate from the bone marrow 

to the epithelium and participate in the repair of injured tissues (262) (263). During the 

regeneration and repair process the development of gastric cancer can occur as a result of 

abnormal differentiation of BM-stem cells. A study performed by Varon et al., demonstrated that 

green fluorescent protein (GFP)-labeled bone marrow-derived cells, upon H. pylori–induced 

chronic and atrophic gastritis and gastric cancer, were present in 90% of the mice, and 25% of 

tumor cells were derived from bone marrow-derived cells, proving that these cells participate in 

the development of gastric cancer and that BM-MSCs are a source of GCSCs (264). It is 

believed that bone-marrow-derived cells differentiate in the gastric mucosa by cell-cell fusion 

with local gastric epithelial cells and induce CSCs. However, the majority of dysplastic lesions 

do not arise from BMDCs (265). Overall, the issue is still debated and more studies are needed to 

fully understand the origin of GCSCs. 

1.6.3 - Gastric cancer stem cells markers 

Similar to the tumor bulk, CSCs may display endogenous heterogeneity, not only 

phenotypic but also genetic, so markers allowing their identification have been explored in 

different organs. Among the classic markers there are cluster of differentiation 44 (CD44), 

CD133, and CD24 (266) (249) (250) (243) (247) (244) (267). The activity and expression of 

aldehyde dehydrogenases (ALDH), which are enzymes involved in oxidation of aldehydes and 

retinoic acid signaling, were proposed to be a stemness marker in some tumors, like ovarian 

(230), breast (268), lung (269) or even colon (270). Concerning gastric tumors, several potential 

gastric CSC markers have been identified. These include CD44 and its variants; CD24/CD44; 

CD54/CD44; CXCR4; the epithelial cell adhesion molecule (EpCAM)/CD44; aldehyde 
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dehydrogenase 1 (ALDH1); sex-determining region Y-box 2 (Sox2); Oct4; CD90; CD71-

negative; CD133; CD166 and leucine-rich, repeat-containing, G-protein– coupled receptor 5 

(LGR5) (271). Recently, Nguyen and colleagues reported that CD44 and ALDH are the most 

specific biomarkers for isolation and detection of tumorigenic and chemoresistant gastric CSCs, 

independently from the histology of the tumor (271). CD133-positive CSCs have demonstrated 

resistance to standard chemotherapies (272) and qPCR analyses indicated that high CD133 

expression is a marker for poor prognosis (273). Additionally, CD44 is expressed in up to 80% 

of primary gastric cancer resection specimens and is associated with advanced clinicopathologic 

features and also poorer prognosis (274). CD44 expression also denotes a subpopulation of 

gastric cancer cells in which Hedgehog signaling pathway proteins are up-regulated and also 

promote chemotherapy resistance, related with a poorer prognosis (274) (275).  

1.6.4 - Gastric cancer stem cells and therapies 

Standard therapies against gastric cancer, such as chemo and radiotherapy, have multiple 

limitations that lead to treatment failure and tumor recurrence. These drugs do not only cause 

high toxicity in the patients, but cannot kill all the tumor cells. It is believed that tumor relapse is 

due to the small population of CSCs that for their intrinsic characteristics are drug resistant and 

capable of reform again a tumor bulk. The identification of surface markers and the 

understanding of the molecular feature associated with GCSC phenotype are crucial for the 

design of effective treatments. 

To date there is no solid consensus regarding specific gastric cancer stem cells markers. 

Several preclinical studies have indicated that targeting markers of CSCs, such as CD90 (276), 

LGR5 (277), CD44 and ALDH (271), may also be an effective approach to treat gastric cancer. 

For instance, cells expressing high levels of CD90 could be targeted by Trastuzumab, leading to 

significant reduction of the CD90+ population in tumor size and growth when combined with 

traditional chemotherapy. The finding that Trastuzumab targets the CSC population in gastric 

tumors suggests that HER2 signaling has a role in maintaining CSC populations, contributing to 

carcinogenesis and tumor invasion (276). Targeting CSCs with anti‐LGR5 antibody‐drug 

conjugates also demonstrated to be an effective strategy. The treatment with two anti-LGR5 

antibodies induced cytotoxicity in LGR5‐high gastrointestinal cancer cells, but not in LGR5- or 

LGR4‐knockdown cancer cell lines (277). Metabolism modulating drugs, such as metformin 

(278) or all-trans retinoic acid (279) were as well successfully tested in GCSCs in in vivo and in 

vitro models with higher levels of CD44 and ALDH activity. Additionally, a clinical study has 

demonstrated the potential for targeting CSC markers in gastric cancer (280). A variant form of 
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CD44 (CD44v) was reported to interact with xCT, a cysteine-glutamate transporter subunit that 

maintains high levels of intracellular-reduced glutathione (GSH), which helps to defend the cell 

against oxidative stress. So, upon good results of Sulfasalazine (SSZ), an inhibitor of xCT that 

can suppress the survival of CD44v-positive stem-like cancer cells both in vitro (281) and in vivo 

(282), a clinical trial was performed. Half of the patients in that study which presented CD44v+ 

cells in their pretreatment biopsies, showed a reduction on the CD44v+ cancer cell population in 

the post-treatment biopsies. Intratumoral GSH levels were also decreased, consistent with the 

mode of action of this drug in CSCs. These data generate the hypothesis that SSZ may be a 

promising treatment for targeting CSCs in GC (280). Taking into consideration the emerging 

importance of gastric cancer stem cells it becomes urgent to identify and further validate 

biomarkers that better identify patients who have upregulated CSC pathways as well as specific 

markers as well as prioritize this evaluation during clinical development. 
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2- Aim of the work  

As an alternative to standard therapies, targeted therapies represent a new perspective for 

cancer treatment. However, the efficacy of these therapies requires an accurate patient selection, 

on the basis of the molecular characteristics of the tumor, and the identification of the best drug 

combination effective in the different tumors. PDX platforms have provided important 

information on the activity of molecular drugs in the different tumor contexts and have shown to 

be endowed with translational activity. 

In this work we took advantage of the gastro-esophageal tumor PDX platform that we 

have generated, to: 

i) Investigate whether CSC share the genetic alterations identified in patient’s 

tumors. As CSCs are believed to play a critical role in sustaining resistance to standard therapies, 

we explored if these cells respond to the targeted drugs as PDXs or PDX-derived cells; 

ii) Study, in a PDX cohort characterized by MET gene amplification and addiction 

(SG16 PDX), the response to MET inhbibition. MET, the tyrosine kinase receptor for HGF, is 

amplified in 2-4% of gastric tumors, characterized by a particularly aggressive disease. Even if 

in vitro and preclinical studies have shown the efficacy of MET inhibition in gastric cancer, 

clinical trials have provided negative results. In this study, we aimed at investigating the 

response to MET tyrosine kinase inhibitors and the mechanisms of resistance to the treatment.  

iii) Identify and characterize KRAS amplified and mutated PDX, as well as to derive 

in vitro models. KRAS mutations and amplification have been poorly studied in gastric cancer, so 

in this work we explored whether KRAS could be targeted in gastric cancer, and if the presence 

of either KRAS amplification or mutation could have relevance for the treatment. KRAS pathway 

inhibition was explored in vitro and in vivo using KRAS downstream effectors inhibitors (MEK, 

AKT, and mTOR) and PARP inhibitors, alone or in combination. 
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3- Material and methods  

3.1- Patient and tumor samples 

Gastric tumor and matched normal samples were obtained from patients undergoing surgery 

at the following Italian Hospitals: Candiolo Cancer institute- FPO, IRCCS; Ordine Mauriziano 

Hospital; San Giovanni Battista Hospital (Torino); Humanitas-IRCCS; San Raffaele Hospital 

(Milano); Treviglio-Caravaggio Hospital (Bergamo); Brescia Hospital, Borgo-Trento Hospital 

(Verona); Santa Maria delle Scotte Hospital (Siena); Forli’ Hospital; Fondazione Macchi 

Hospital (Varese); Pisa Hospital. All the tumor samples were obtained through the ‘Profiling 

protocol’ approved by the Ethical Committee (Candiolo, Italy, Prot.5141, TitII Cat02 classe 01, 

9 March 2011) and through the Gastroesophageal Annotated platform protocol (Candiolo, Italy, 

006-IRCC-00II5-14; prat. nº 140/2014). All patients provided informed consent; samples were 

obtained and the study was conducted under the approval of the Review Boards of all the 

institutions. Clinical and pathologic data were entered and maintained in our prospective 

database.  

3.2 - Animals 

NOD (non-obese diabetic)/SCID (severe combined immunodeficient) mice were purchased 

by Charles River (Milan, Italy). Guidelines for Care and Use of Laboratory Animals were 

followed during the investigation. All animal procedures were approved by Ethical Commission 

of the IRCC in Candiolo and the Italian Ministry of Health.  

3.3 - Xenograft transplantation 

Tumor material not required for histopathologic analysis was collected and placed in 

medium 199 supplemented with 100 μg/mL levofloxacin. The surgical sample was cut into 25- 

to 30mm
3
 pieces in antibiotic-containing medium; some of the pieces were incubated overnight 

in RNAlater (Invitrogen, California, USA) and then frozen at −80°C for molecular analyses; two 

additional pieces were coated in Matrigel (BD Biosciences, Franklin Lakes, New Jersey, USA) 

and subcutaneously implanted in two different 4/6-week-old NOD/SCID female mice. After 

mass formation, tumors were analyzed for genetic identity with the original tumor (by short 

tandem repeat profiling, Cell ID) and for maintenance of MET amplification in the case of the 

PDX named SG16, and of KRAS mutations/amplifications in GTR10, GTR60A, GTR164, 

GTR165, GTR213, GTR245, GTR249 and GTR424.  



CHAPTER III- Material and methods  

 

49 | P a g e  
 

3.4 - Drugs  

Crizotinib and Lapatinib were purchased from Sequoia Research Products (Pangbourne, 

UK). Cetuximab was obtained from the Hospital Pharmacy. The MET inhibitor JNJ-38877605 

(JNJ-605) was provided by Janssen Pharmaceutica NV (Beerse, Belgium). OSI-027 was 

purchased from Selleckchem (Munich, Germany) and Trametinib, MK-2206, Everolimus and 

Olaparib were purchased from Carbosynth (Berkshire, UK). 

3.5 - Primary Cell culture  

SG16, GTR10, GTR60A, GTR164, GTR165, GTR213, GTR245, GTR249 and GTR424 

were derived from a chopped piece (aprox. 3mm
3
) of the respective PDX after collagenase I 

digestion (Sigma-Aldrich, St Louis, MO, USA). After 1 h incubation at 37° in a shaking 

incubator, cells were centrifuged (1200 rpm for 10 min.) and the pellet was resuspended in L-15 

medium (Sigma-Aldrich), supplemented with 100 units/ml penicillin and 100 μg/ml 

streptomycin (Sigma- Aldrich). After centrifugation (1200 rpm, for 5 min), cells were incubated 

for 5 min with DNAse. Cells were washed in L-15 medium, centrifuged and the pellet was 

resuspended in 5 ml red blood lysis buffer. After 5 min incubation, cells were centrifuged and 

plated in a cell culture collagen coated dish. All the cells were cultured in ISCOVE medium 

(Sigma-Aldrich) supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 

μg/ml streptomycin.  

Genetic identity between tumors and generated cells has been identified by short tandem 

repeat profiling (Cell ID, Promega, Madison, WI, USA). Maintenance of MET and KRAS 

amplification was evaluated by qRT-PCR as described above. 293T cells were obtained from 

ATCC.  

3.6 - Sphere isolation  

Cells dissociated from SG16, GTR10 and GTR165 PDXs were grown in suspension 

using T75 and T25 ultra low attachment flasks (Sigma-Aldrich) in stem-cell medium: DMEM/F-

12 (Sigma-Aldrich) supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin (Sigma -

Aldrich), human recombinant EGF (20 ng/mL; Sigma-Aldrich), basic fibroblast growth factor 

(bFGF; 10 ng/mL; Peprotech) and insulin (2.5 mg/mL; Sigma-Aldrich); this medium was diluted 

1:1 in LWRN medium (a conditioned medium from L-WRN cell line) (283).  
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3.7 - Anchorage-independent cell growth assay  

For soft agar assays, 0.4% seaplaque soft agar (Lonza) was diluted with stem cell 

medium and was covered by a second 0.3% soft agar layer in which SG16 cells/spheres, GTR10 

cells/spheres and GTR165 cells/spheres were embedded. After 20 days, colonies were counted 

using an optical microscope.  

3.8 - Cell viability  

For in vitro viability assays, GTR165, GTR213, GTR245 and GTR424 were seeded 

(5000 cells/well, three technical replicates) in the presence of Trametinib 5nM, MK-2206 

500nM; OSI-027 250nM; Everolimus 25nM, Olaparib 3µM or vehicle (dimethyl sulphoxide) for 

96h. After the end of treatment, cell medium was discarded and the CellTiter-Glo reagent 

(Promega Inc, Madison, WI, USA) was added and the plate was incubated for 10 min at room 

temperature. Luminescence was measured in a Multilabel Reader (PerkinElmer, Waltham, MT, 

USA). SG16 spheres (5000 cells/well, three technical replicates) and cells (2000/well; four 

technical replicates) were seeded in 96-well plastic culture plates, in the presence of the indicated 

drugs (JNJ-605 50 nM; LAP 500 nM; CmAb 1 μg/ml) or vehicle (dimethyl sulphoxide) for 6 

days. Cell viability was evaluated by CellTiter-Glo.  

3.9 - Gene copy number and gene expression analysis by real-time PCR 

mRNA and genomic DNA analyses were performed with standard techniques. mRNA 

was extracted using miRNeasy Mini Kit (Qiagen, Venlo, the Netherlands) and reverse 

transcribed into complementary DNA using the High Capacity complementary DNA Reverse 

Transcription Kit (Applied Biosystems, Carlsbad, CA, USA) and random primers, according to 

the manufacturer’s protocol. Complementary DNA (500 ng) was amplified by Real-time qPCR 

using the TaqMan Universal PCR Master Mix, according to the manufacturer’s protocol. Real-

time qPCR was performed in triplicates using the following primers: ACTB (assay ID: 

Hs99999903_m1); HPRT (assay ID: Hs02800695_m1); MET (assay ID Hs01565584_m1); 

KRAS (assay ID Hs00364283_g1); ALDH (forward, 5’-CTGCTGGCGACAATGGAGT-3’; 

reverse, 3’-GTCAGCCCAACCTGCACAG-5’); NANOG (forward -5’-

TGTTTGCCTTTGGGACTG-3’ , reverse, 3’-ATACCTCAGCCTCCAGCAGA-5’); OCT4 

(forward, 5’-GGGGTTCTATTTGGGAAGGT- 3’; reverse, 3’-CTGGTTCGCTTTCTCTTTCG-

5’); SOX2 (forward 5’- TGGGTTCGGTGGTCAAGTC- 3’; reverse 3’-

GCTCTGGTAGTGCTGGGACA-5’) (Syber).Genomic DNA samples were extracted by Wizard 

SV Genomic DNA Purification System (Promega). Quantitative PCR experiments for estimation 
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of MET and KRAS copy number variations were performed in triplicates using a Human TaqMan 

Copy Number Assay for MET (assay ID: hs01277655_cn), a Human TaqMan Copy Number 

Assay for KRAS (assay ID: Hs06936191_cn) and the TaqMan Copy Number Reference Assay 

RNase P (Applied Biosystems, Foster City, CA, USA). PCR runs were performed in triplicates 

with ABI Prism 7900HT (Applied Biosystems) using 2 ng total genomic DNA as a template. 

3.10 - Sanger sequencing  

Exon sequencing of KRAS (2, 3, 4) was performed by automated sequencing by ABI 

Prism 3730 (Applied Biosystems). 

3.11 - Gene silencing  

For KRAS transduction in GTR245 and GTR213 cells, viruses were produced as 

described elsewhere (284). 200 ng of concentrated virus was used to transduce the cells with 

shKRAS or the pLKO empty vector. Twenty-four hours after transfection, cells were seeded at 

the appropriate density for biochemical or biological assays. For transient transfection GTR60A, 

GTR165 and GTR424 cells at 70% confluence were transfected using Lipofectamine 2000 

(Invitrogen) with 0,1 μmol/mL of synthetic KRAS/Ctrl siRNAs (Applied Biosystem) overnight. 

Then the following morning the medium was changed and 72h after RNA was extracted and cell 

viability was evaluated by CellTiter Glo (Promega Inc, Madison, WI, USA). CellTiter-Glo 

luminescence was measured in a Multilabel Reader (PerkinElmer, Waltham, MT, USA). 

3.12 - Western blot analysis 

Whole-protein extracts were prepared using LB buffer (½ vol. H2O, ¼ vol. Tris HCl pH 

6.8, ¼ vol. sodium dodecyl sulphate 10%) and quantified using the BCA Protein Assay kit 

(Pierce, Rockford, lL, USA). Primary antibodies: anti-EGFR (1005:sc-03), MCT4 (H90) and 

anti-MET (clone C28) were from Santa Cruz Biotechnology; antibodies against phosphorylated 

MET (Tyr1234/1235) (Clone D26), phosphorylated ERK (Thr202/Tyr204), GLUT1 (ab15309), 

HKII (C64G5), PKM2 (Tyr105) phosphorylated AKT (Ser473) (Clone D9E), total AKT, and 

ERK were from Cell Signaling; antibody against phosphorylated EGFR (Tyr1068) (ab5644) was 

from Abcam (Cambridge, UK) and antibodies against KRAS (3B10-2F2), Vinculin (1931) and 

Actin (A3854) from Sigma. Secondary antibodies were from Amersham. Detection was 

performed with ECL system (Amersham, UK).  
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3.13 - Pull-down assay for RAS 

Pull-down assays were performed using the active Ras pull-down and detection Kit 

(#1611; Thermo Scientific, Rockford, USA). Briefly, cells were lysed with 100 μL ice-cold lysis 

buffer together with protease inhibitors. Lysates were kept ice cold, briefly sonicated, and then 

centrifuged at 14,000 rpm for 10 min to clear the lysate of any unlysed materials and DNA. For 

standardization purposes, a fraction of the supernatant was collected to measure protein 

concentrations using the BCA Protein Assay kit (Pierce, Rockford, lL, USA). For each sample, 

500µg of protein lysate were passed in a spin cup containing 80µg of GST-Raf1-RBD bounded 

to the glutathione resin. The beads and lysates were allowed to incubate for 1 h at 4°C. After 

incubation, the beads were washed and eluted in loading buffer. 10 ug of the remaining total 

protein lysate were run on SDS-PAGE, together with the eluted RAS-GTP. Western blots were 

probed using anti-RAS primary antibody provided by the kit. GTL16 not treated and treated with 

JNJ-605 were used as internal controls. 

3.14 - Lactate uptake  

Lactate uptake was evaluated in a buffered solution (140 mM NaCl, 20 mM Hepes/Na, 

2.5 mM MgSO4, 1 mMCaCl2, and 5 mM KCl, pH 7.4) containing 0.5 μCi/ml [U-14C] lactate 

for 15 minutes at 37°C. Cells were subsequently washed with cold PBS and lysed with 0.1 M 

NaOH. Incorporated radioactive was assayed by liquid scintillation counting (Perkim Elmer, Tri 

Carb 2800 TR) and normalized on protein content.  

3.15 - Lactate production  

Lactate was measured in the cultured media with Lactate Assay kit (Source Bioscience 

Life Sciences) according to the manufacturer's instruction. Briefly, cells supernatant was 

collected from GTR245, GTR249, GTR164, GTR213, GTR424, GTR165 cells following 48 h of 

culture. The plated cells were lysed and the protein was extracted and quantified. The collected 

medium was centrifuged at 1200 rpm for 5 min. Then, 10 μl of each supernatant sample was 

added to 50 μl of lactate reagent solution for 10 min, after which the absorbance was measured at 

540 nm in a Multilaber Reader and the values of the absorbance were normalized on protein 

content. 

3.16 - Xenotrials  

 

For the SG16 and GTR245 trials, tumors were passaged and expanded until production of 

a cohort of mice bearing homogeneous tumors. Mice with established tumors (average volume 
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250/300 mm3) were randomized to allow the same average volume in each experimental group 

(n=6) (Figure 10). For the SG16 trial, each experimental group was treated for the indicated days 

with the following regimens (either single agent or combination): Lapatinib 100 mg/kg, daily, os: 

Cetuximab 20 mg/Kg, twice weekly ip; Crizotinib 25 mg/kg, daily, os; JNJ-38877605 50mg/kg, 

daily, os (Table 1). For the GTR245 trial the following drugs were used: Trametinib 1 mg, daily, 

os; MK-2206 2 mg, 3 times per week, os; Everolimus 0.12 mg, daily, os; Olaparib 1 mg, daily, 

os (Table 1). Tumor size was evaluated once-weekly by caliper measurements and approximate 

volume of the mass was calculated using the formula 4/3π(D/2)(d/2)2, where d is the minor 

tumor axis and D is the major tumor axis. Experiments were not performed in blind. 

SG16, GTR10 and GTR165 spheres (1000 and 10000 cells), obtained as described below 

in 3.6, were injected s.c. into the right posterior flanks of 5-week-old female NOD-SCID mice. 

Four animals were used for each condition. Tumor volume was monitored for 7-14 weeks. 

 

Figure 10 – Xenograft transplantation and expansion. Gastro-esophageal tumors were collected from 16 Italian hospitals and 

have been used to generate a platform of gastro-esophageal patient-derived xenografs. All the process begins with the collection 

of patients fresh tumor surgical specimens that are posteriorly transferred in immunocompromissed mice. Upon engraftment, the 

tumors can be divided and re-implanted in several mice allowing a genetic characterization, the generation of in vitro models and 

the realization of xeno-trials. 
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Table 1 – Drug treatments performed in the xenotrials using the SG16 and GTR245 PDXs. os=by mouth; ip=intraperitonial. 

PDX Genetic lesion Single treatments Doses 
Combinational 

Treatments 

SG16 
MET 

amplification 
JNJ-38877605 50mg/kg, daily, os JNJ + Cetuximab 

  Cetuximab 20 mg/Kg, twice weekly ip JNJ + Lapatinib 

  Lapatinib 100 mg/kg, daily, os  

GTR245 
KRAS  

mutation 
Trametinib 1 mg, daily, os Trametinib + MK-2206 

  MK-2206 2 mg, 3 times per week; os Trametinib + Everolimus 

  Everolimus 0.12 mg, daily, os Trametinib + Olaparib 

  Olaparib 1 mg, daily, os  

3.17 - Immunohistochemistry 

Two hours following drug treatments, tumor xenografts were harvested and fixed in 

formalin for 16h, and then paraffin embedded. Sections were cut (5 µm) and 

immunohistochemical analysis was carried out. Briefly, sections were deparaffinized and 

hydrated. Antigen retrieval was performed using EDTA or Cytrate buffer solution, at 95 ˚C for 

40 min. Endogenous peroxidases were quenched using Metanol-0.3 % H2O2. Primary antibodies 

included MET (C28) antibody from Santa Cruz Biotechnology Inc., Dallas, Texas, USA; P-MET 

(Tyr1234/1235) antibody AF2480 from R&D Systems (Minneapolis, MN, USA); KRAS 

antibody (415700) from Invitrogen (Massachusetts, USA); EGFR antibody D38B1, P-EGFR 

antibody Tyr1173 (53A5); and the P-S6 (Ser235/236) (D57.2.2E) from Cell Signalling (Danvers, 

MA, USA). Diluted antibodies were applied to the sections overnight and then detected using 

anti-rabbit reagent and DAB Substrate (Thermo Fisher). Tissues were counterstained with 

Harris’ hematoxylin, dehydrated, cleared, and coverslipped. Agar cytoincluded spheres were 

fixed, and paraffin embedded. Slices of 5µm were cuted, deparafined, hydrated and stained with, 

hematoxylin and eosin. Images were captured with the AxiovisionLe software (Zeiss, Gottingen, 

Germany) using an Axio Zeiss Imager 2 microscope (Zeiss). 

3.18 - Statistical Analysis 

Statistical significance was performed using the two tailed Student’s t-test and an 

unpaired one tailed MannWhitney test or one-way ANOVA analysis of variance followed 

Bonferroni’s post hoc to compare differences between experimental conditions. Error bars 

represent the S.D., as indicated in each figure legend. Figures show one representative 

experiment, reporting the average of the technical replicates. Statistical significance: *p value 

<0.05; p value **<0.01; p value ***<0.001; p value ****<0.0001.  
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4- Results  

4.1 - The “GEA PLATFORM” project 

The work in this thesis is based on the availability of a large collection of gastro-

oesophageal tumors implanted in immunocompromised mice (Patient-derived Xenografts, PDX). 

The GEA Platform (Gastro-Esophageal cancer Annotated Platform) project was generated with 

the objective of collecting and characterizing at molecular level a wide number of gastro-

esophageal cancers. This platform includes tumors obtained from 16 different Italian hospitals 

between the end of 2011 and today. The GEA collection was established by processing ad hoc 

surgically removed tumor tissue specimens for pathologic and molecular characterization, by 

engrafting small fragments (approx. 4mm x 4mm) of the same samples into 

immunocompromised mice (NOD/SCID), in order to obtain a complete molecular 

characterization of the original tumor and, at the same time, to generate material to perform 

preclinical studies.  

Samples from 500 gastro-oesophageal cancer patients are included in this platform. Men 

and women are represented in a 2:1 ratio; patients’ median is 68 years. Sixteen per cent of total 

tumors are classified as gastro-oesophageal junction cancer, 5%, 23% and 48% as cancer of the 

fundus, body and antrum/pylorus respectively. According to Lauren’s classification, intestinal 

subtype is the most represented (39%), whereas diffuse and mixed types are present in 24% and 

9% of cases. 22% of patients were diagnosed at I/II stages and 39% at III/IV sages.  

4.1.1 - Establishment of PDX models  

Samples included in this platform (n=500) were divided in a variable number of small 

fragments according to their dimensions and each fragment was implanted in a different mouse. 

The remaining material was stored for molecular analyses and, when possible, conserved in the 

vital tumor bank. Success rate of engraftment was 30%. The mean latency period of tumor 

growth (from implant to the appearance of a palpable tumor) was 73 days (ranging from 31 to 

200), but the latency period became progressively shorter along serial passages (a mean of 3 

weeks). Histological analysis of tumors grown in mouse models revealed features comparable to 

their corresponding original tumors.  
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4.1.2 - Factors influencing PDX generation  

Statistical analysis did not show any significant correlation between engraftment and 

patient characteristics (such as age, gender or neoadjuvant chemotherapy). However, tumors 

classified as intestinal showed a better grafting (38% of primary tumors were of this subtype 

versus 57% of PDXs) than those of diffuse type (23% versus 9%; p=0,002) or the ones with 

signet ring morphology (28% versus 15%; p=0,617), demonstrating that tumor histological 

characteristics were associated with success of engraftment, and this can be due to the fact that 

these tumors display a more aggressive behavior, in absence of proper immune surveillance. The 

same was true for the MSI status: 15% of primary tumors were MSI+, whereas 28% of PDXs 

were MSI+ (p=0,006). Conversely, tumor location, TNM stage and EBV status did not correlate 

with engraftment.  

Receptor Tyrosine Kinases (RTKs) (specifically HER2, EGFR, MET and FGFR2) and 

KRAS amplifications had a relevant role in tumor engraftment: indeed, 22% of PDXs presented 

RTK amplifications, observed in only 12.5% of primary tumors (p=0,197). In particular, 4% of 

primary cancers were HER2 amplified compared to 9% of PDXs (p=0,072). 7.4% of collected 

samples carried EGFR amplification, but this value increased in engrafted tumors (16%; 

p=0,079).  

Concerning KRAS, a positive correlation exists between KRAS alterations and 

engraftment rate, since 3.5 % of the tumors are KRAS amplified vs 5.5% of PDX (p=0,389). 

Concerning KRAS mutations, G12D and G13D are the most frequent in our analyzed PDX (4% 

and 5%, respectively) however the A146T is present at a frequency much higher than in other 

studies (3% vs 0.2 %) regarding gastro-esophageal tumors (http://cbioportal.org) (204). 

4.1.3 - PDX characterization 

PDX histological analyses were routinely performed and demonstrated a good correlation 

with their corresponding original tumors regarding Lauren histological classification. Also, MSI 

and EBV status remained stable between primary and PDX samples. RT-PCR analyses were 

performed for each specimen, in order to test and confirm gene amplifications in PDXs tumors. 

A panel of 243 “gastric cancer specific genes” (as defined by the TCGA consortium) was 

sequenced to identify DNA alterations. As expected, the sequencing analysis demonstrated that 

high mutational rates correlate with microsatellite instability. 

http://cbioportal.org/
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4.2 - PDX-derived in vitro models  

A smaller cohort of PDX present in our platform, selected according their molecular 

characteristics, was used in order to generate in vitro models. From this group we established and 

characterized 31 primary cell lines, 28 organoids and 3 spheres (Table 2). All of our in vitro 

models maintained the molecular (gene amplification or mutations) and histological features 

(tubular, mucinous or mixed features) of the PDX of origin, demonstrating that they can be 

successfully used as pre-clinical models to explore and identify target mechanisms in gastric 

cancer as well as to elucidate mechanisms of response to targeted therapies, as a complement to 

the respective xenopatients.  

Table 2 - Percentage and number of PDX- derived in vitro models from the GEA platform. 

 Established (nº) Total (%) 

PDX derived cell lines 31 40 

PDX derived organoids 28 36 

PDX derived stem cells 3 0,4 

 

4.2.1 - Xenospheres characterization  

It is described that gastric cancer stem cells can have a role in the response to gastric 

cancer therapies (285). We aimed at isolating stem cells from our PDX cohort in order to explore 

if they share the genetic alterations identified in patient tumors and if they respond to targeted 

therapies as the original tumor.  

Three gastric stem-like cell lines were obtained from PDXs: SG16 sph, GTR10 sph and 

GTR165 sph. These cells were able to grow in serum free medium, in suspension and were able 

to form spheres (Figure 11) that reformed upon dissociation. Since these spheres have been 

isolated from PDXs they can be named “xenospheres”. 
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Figure 11 - SG16, GTR10 and GTR165 sphere morphology. Representative images of the spheres observed by phase-contrast 

light microscopy (upper pictures) and stained with H&E (lower pictures).Amplification 40x.  

To date no consensus has been achieved regarding GCSC markers. So, to verify if the 

isolated spheres display stem features, levels of classical stem markers (ALDH, NANOG, SOX2, 

OCT4) were explored, in comparison with the respective tumor-derived cells growing in 

adhesion (indicated as “cells”). Quantitative real time PCR evidenced that SG16 sph, GTR10 sph 

and GTR165 sph showed higher levels of stem markers in comparison with cells grown in 

adhesion (Figure 12). As observed in Figure 12, the levels of expression were quite different in 

the different xenospheres, ALDH level were significantly higher in SG16 and GTR165 spheres 

compared with GTR10, while SOX2 was more expressed in GTR10 compared to the other two 

xenospheres. 
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Figure 12- SG16, GTR10 and GTR165 spheres present significantly higher expression of the stem markers ALDH, 

NANOG, OCT4 and SOX2 compared to the respective cells grown in adhesion. qPCR performed using RNA extracted from 

SG16, GTR10 and GTR165 spheres and cells Results are shown as fold change of mRNA expression relative to that of SG16 , 

GTR10 or GTR165 cells. Real time RT-PCR data were obtained using the ΔΔCt method, with normalization to the reference 

Actin mRNA. Statistical significance is indicated *<0,5; **<0,01; ***<0,001. 

Anchorage-independent growth is another feature of CSCs. The clonogenic potential of 

xenosphere-derived cells was assessed by evaluating their ability to grow in soft agar. After 20 

days, in all of the 3 cases, we observed an increased clonal ability for the cells derived from the 

spheres that for those derived from grown in adhesion (Figure 13).  
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Figure 13 - SG16, GTR10 and GTR165 spheres showed a higher anchorage-independent growth ability compared to the corresponding 

cells growing in adhesion. The advantageous growth was demonstrated by the increased number of colonies formed in soft agar after 20 days of 

growth. Statistical significance is indicated ***<0.001. 

 

Further, the three models of xenospheres were capable of forming tumors starting from a 

limited number of cells. When 10000 and 1000 cells were s.c. inoculated in NOD/SCID mice 

both SG16 (Figure 14A) and GTR165 (Figure 14C) spheres were able to form tumors, while 

GTR10 spheres formed tumors only starting from 10000 cells (Figure 14C). 

 
Figure 14 - SG16, GTR10 and GTR165 spheres form tumors when injected in limited number in immunocompromised 

mice. Spheres were desegregated and 1000 and 10000 cells were s.c. inoculated in NOD-SCID mice. Tumors were monitored 

and measured with caliper. 4 mice were used per group. Error bars represent SD. 

It was previously described that xenospheres are able to faithfully retain the genetic 

make-up of patients’ tumors (286). Indeed, in our group of gastric xenospheres two out of three 

maintained the genetic molecular alterations of the original tumor. SG16 spheres were derived 
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from a gastro-esophageal tumor bearing MET gene amplification; we observed that spheres, 

similarly to PDX and cells, maintained MET amplification, even though with a lower copy 

number (Figure 15A). GTR165 spheres were isolated from a tumor bearing KRAS amplification 

that was maintained both in 2D cultured cells and spheres (Figure 15C). On the contrary, GTR10 

spheres did not maintain the HER2 overexpression detected in the gastric tumor from which they 

derived (Figure 15B). On the bases of these results, at least SG16 and GTR165 stem-like cells 

can be used as additional in vitro models to explore the response to target therapies in gastric 

cancer.  

 
Figure 15 - SG16 and GTR165 spheres maintained MET and KRAS amplification, respectively, observed in the original 

tumor. qRT-PCR (performed on gDNA in A and C or on RNA in B) was used to evaluate if SG16, GTR10 and GTR165 

xenospheres shared the same molecular alterations observed in the original tumors and PDXs. Contrary to what was seen in 

SG16 and GTR165 spheres, GTR10 did not show HER2 overexpression observed in the tumor. 293T cells represent a diploid 

control. 

4.3 - MET amplified PDX model  

4.3.1 - MET amplified PDX model characterization  

Among the previously described PDXs available in our platform, we identified one case 

(named SG16 PDX) bearing a 13-fold amplification of the MET gene (Figure 16B). When MET 

amplification was analyzed by quantitative Real Time in the original tumor, the number of MET 
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copies was lower (16 copies) than that found in the PDX (26 copies). This difference between 

the parental tumor and the PDX can be justified by the lack of dilution with stromal cells derived 

DNA as the probe used for PCR analysis is human-specific and it does not recognize the murine 

MET gene of stromal cells. MET amplification was confirmed also by FISH analysis (Figure 

16C) and by Nanostring technology (data not shown). MET gene amplification was paralleled by 

an increase in MET mRNA and protein and in MET constitutive tyrosine phosphorylation 

(Figure 16E). 

In order to perform biochemical studies, a primary cell line (SG16 cells) was derived 

from the SG16 PDX. This cell line maintained the molecular features of the original tumor, 

including MET amplification, overexpression and constitutive activation (Figure 16B;D).  
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Figure 16 - SG16 tumor and xenopatient (PDX) show amplification and constitutive activation of the MET receptor. A) 

H&E staining of the primary tumor (left) and PDX (right) demonstrates that xenografted tumors retained the histopathologic 

characteristics of the original sample Hematoxylin and eosin stain shows clusters of cancer cells infiltrating the muscular layer 

(left panel). Cells display large eosinophilic cytoplasm and pleomorphic nuclei, with some evident nucleoli. Mitotic figures are 

frequent. B) qRT-PCR analysis of MET gene amplification in the original tumor (SG16), in the PDX and in tumor-derived cells 

compared to the diploid cell line 293T; C) FISH analysis of the original tumor (left) and of the PDX tumor (right) performed 

using MET (red) and chromosome 7 (green) specific probes; D) qRT-PCR analysis of MET expression in the original tumor, in 

the PDX and in tumor-derived cells in culture compared to the matched normal tissue; E) IHC for MET (left panels) and P-MET 

(right panels) in the original tumor and in the PDX. Lower pictures represent enlargement of the framed areas. 

4.3.2 - MET amplified PDX- derived cells response to MET inhibition  

Since oncogene amplification, overexpression and constitutive activation are typical 

characteristics of oncogene addiction, we investigated whether SG16 cells were sensitive to 

MET inhibitors. SG16 cells were treated with JNJ-605, a specific MET inhibitor; we observed 

that SG16 cells were partially resistant to MET TKIs as 50% of them were still vital after six 

days of treatment (Figure 17A). Additionally, western blot analysis in SG16 cells showed that 



CHAPTER IV- Results 

65 | P a g e  
 

MET inhibition resulted in abrogation of MET and AKT activation, but only in a partial decrease 

of MAPK phosphorylation (Figure 17B). In SG16 spheres, inhibition of the AKT and MAPK 

pathways was not observed upon treatment with MET monotherapy (Figure 17D). 

Upon these results we explored if EGFR activation could be the cause of partial response 

to MET inhibition, since it is described in the literature that MET and EGFR can crosstalk, 

leading to resistance to their respective inhibitors (287). As shown in Figure 17B, EGFR 

phosphorylation decreased after treatment with JNJ-605, suggesting that it was mainly due to 

MET trans-phosphorylation. However, a residual EGFR phosphorylation persisted upon MET 

inhibition. We thus analyzed the effect of EGFR inhibition in these cells, alone or in combination 

with MET inhibitor JNJ-605. Single treatment with Lapatinib or Cetuximab only partially 

decreased EGFR phosphorylation (further sustaining the role of MET transphosphorylation) and 

did not affect P-MAPK levels. On the other side, the concomitant treatment with EGFR and 

MET inhibitors resulted in complete inactivation of both EGFR and MAPK (Figure 17B). While 

single treatment with either Lapatinib or Cetuximab was ineffective, the concomitant inhibition 

of both MET and EGFR in SG16 cells resulted in a cell viability decrease which was 

significantly higher compared to that induced by MET inhibition (Figure 17A). 

In order to evaluate if the stem-like spheres isolated from the SG16 PDX responded in a 

way similar to the cells grown in adhesion, the same treatments were performed in the SG16 

spheres. In spite of the fact that these cells were enriched in stem features and grew as spheroids, 

SG16 spheres showed the same biological behavior (Figure 17C). However, in these cells the 

activation of AKT was not abrogated upon the combinational treatments while MAPK and MET 

activation was completely inactive (Figure 17D). 
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Figure 17 - SG16 Tumor-derived cells and spheres are partially resistant to MET inhibitors and display high sensitivity to 

combined anti-MET/EGFR treatment. A,C) cell viability assays performed on tumor-derived cells and spheres, upon treatment 

with the indicated drugs for 6 days. Cell viability was evaluated using Celltiter Glo. B,D) Western blot analysis of tumor-derived 

cells and spheres, untreated or treated with the indicated drugs. Blots were probed with the indicated antibodies. Actin and 

vinculin were used as loading controls. SG16 cells display high sensitivity to combined anti-MET/EGFR treatment. NT= 

untreated; JNJ-605=JNJ-38877605; LAP= lapatinib; CmAb = cetuximab. Statistical significance is indicated *<0.5; **<0.01; 

***<0.001. 

4.3.3 - MET amplified PDX response to MET inhibition in vivo 

The results obtained in vitro were validated in vivo, by a preclinical trial in PDXs. The 

original SG16 tumor was serially passaged in vivo until 6 tumor-bearing animals were produced 

per experimental group. When xenografts reached an average volume of approximately 250 

mm
3
, mice were randomized into 6 independent treatment cohorts: (i) vehicle (placebo); (ii) the 

MET inhibitor JNJ-605; (iii) the EGFR mAb Cetuximab, (iv) the dual HER2/EGFR kinase 
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inhibitor Lapatinib (v) JNJ-605 and Cetuximab; and (vi) JNJ-605 and Lapatinib. As shown in 

Figure 18A while monotherapy treatment with the MET inhibitor resulted only in a partial 

response, thus showing a partial primary resistance, the combined use of JNJ-605 and an anti-

EGFR drug (either cetuximab or lapatinib) led to a complete and durable response. Intriguingly, 

treatment with anti-EGFR alone was totally ineffective, thus completely recapitulating the in 

vitro results (Figure 17). Immunoistochemical analysis performed on the tumors showed that, 

indeed, only the combination was able to completely abrogate tyrosine phosphorylation of both 

MET and EGFR, as well as the activation of downstream effectors Figure 18B. 
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Figure 18- SG16 PDXs show a partial response to MET inhibitors, but a complete response to the combined anti-

MET/EGFR treatments. A) SG16 tumors were subcoutaneously implanted in NOD SCID mice; when the tumor reached a 

volume of approximately 250 mm3 the treatment was initiated with the following drugs: the anti-MET inhibitor JNJ-38877605 

(JNJ-605); the anti-EGFR drugs Lapatinib (LAP) and Cetuximab (CmAb), alone or in combination, as indicated. The line 

indicates the day when treatment was started. N = 6 mice for each treatment arm. B) IHC analysis of tumors derived from the 

mice shown in A. The combined treatment with anti-MET and anti-EGFR drugs completely switched off MET, EGFR and the 

downstream transducers. 
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4.3.4 In vivo generation of a MET amplified xenopatient model resistant to 

the MET inhibitor JNJ-605. 

After evaluating that the SG16 primary resistance to MET inhibition was due to EGFR 

activation, we further decided to generate in vivo models to study acquired resistance to MET 

inhibitors. We subcutaneously implanted SG16 tumors in NOD SCID mice and when the tumor 

reached the approximate volume of 250 mm
3
, we started a prolonged treatment with JNJ-605 or 

with a combination of the anti-MET drug and Cetuximab or Lapatinib. After three months we 

obtained three tumors resistant to JNJ-605 (SG16 RES JNJ), but no tumors resistant to the 

combination of anti-MET and anti-EGFR drugs (Figure 19). This demonstrates that the 

combined treatment was more effective not only in inducing a complete (as shown in figure18), 

but also a durable response. 

 

Figure 19 - Generation of SG16 tumors resistant to JNJ-605. Mice were subcutaneously implanted with SG16 tumors and 

when the tumor reached the approximate volume of 250 mm3 (red line) were treated for three months with the specific anti-MET 

inhibitor JNJ-38877605 (JNJ-605), alone or in combination with the anti-EGFR drugs cetuximab (CmAb) or lapatinib (LAP), as 

indicated. As shown, combined anti-MET/EGFR treatment prevented development of resistance. 

We then analyzed the SG16 RES JNJ tumors. Since we demonstrated that in SG16 

parental cells and tumor EGFR was involved in the primary resistance, we started analyzing if there 

were alteration in the copy number or expression level of the EGFR gene in resistant tumors. We 

performed a quantitative real time PCR and observed that EGFR was overexpressed (Figure 20A), 

but not amplified (data not shown) in resistant tumors, compared to parental ones. We confirmed the 

EGFR overexpression by IHC analysis in resistant SG16 tumors, suggesting that EGFR could be 

involved not only in the primary resistance, but also in acquired resistance to MET TKIs (Figure 

20B). To investigate if the observed EGFR overexpression was involved in sustaining secondary 

resistance to JNJ-605, we treated SG16 RES JNJ tumors with Cetuximab to evaluate if it could 
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rescue the sensitivity to the anti-MET drug. Indeed, as shown in Figure 20C, we observed that the 

resistant tumors underwent a rapid and intense regression when the anti-EGFR mAb was added to 

the treatment with the MET inhibitor. The immunoistochemical analysis of SG16 RES JNJ tumors 

revealed that, in presence of JNJ-605, the residual phosphorylation of EGFR was higher in resistant 

tumors compared to parental tumors. Phosphorylation of EGFR and of its dowstream effectors was 

completely abrogated only upon the combined treatment (Figure 20D). 

 

Figure 20 - EGFR is overexpressed and more phosphorylated in SG16 RES JNJ PDX than in the non-resistant parental 

cells. A) qRT-PCR analysis of EGFR expression in the JNJ-605-resistant PDX, compared to the original PDX. B) IHC analysis 

of EGFR expression. The analysis was performed after 100 days of treatment on the SG16 PDX and on the SG16 RES JNJ-605. 

C) Tumor growth curves of the 3 mice (mouse #0;#1;#3) that became resistant to JNJ-605 treatment (shown in Fig.19-Red line). 

The line indicates the treatment start. The dashed line indicates the day when combined treatment (COMBO= JNJ-605 + 
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cetuximab) of mice #0 and #1 was started. D) IHC analysis of tumors derived from the mice: SG16 parental PDX treated with 

vehicle and JNJ-605(SG16 PDX) and the SG16 PDX resistant to JNJ-605 (SG16 RES JNJ-605), treated with the anti-MET drug 

and with the combined treatment (COMBO= JNJ-605 + Cetuximab). 

 

4.4 - KRAS PDX models  

4.4.1 - KRAS amplified and mutated gastric tumors  

The molecular characterization of our platform allowed us to identify PDX with KRAS 

alterations. From our routinely RT-PCR analyses performed on the 500 tumors, we identified 

KRAS amplification   in 9 of them. Only 6 of these tumors engrafted, originating PDXs. (Table 

3).To identify KRAS mutations, we performed next generation sequencing  on DNA obtained by 

100 PDXs;  12 of them presented KRAS mutations (Table 4). The presence of these mutations 

was then confirmed in the original tumors by Sanger sequencing (as mentioned in the Material 

and method section, due to economic reasons, only PDX DNAs underwent NGS analysis) . In 

this way, KRAS mutations account for 12% of our analyzed gastric PDXs, while KRAS gene 

amplifications 6%. The percentage of KRAS amplified and mutated models in the platform is 

quite similar to the one described in literature from studies performed in tumor patients, where 

the frequency of KRAS amplification in gastric tumors is around 5% and the highest percentage 

of KRAS mutations in studied cohorts is 21% (http://cbioportal.org) (204) . 

 

http://cbioportal.org/
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Table 3 - KRAS mutated patients present in our PDX platform. The highlighted red tumors correspond to the models 

that were used in this work. N.A. = Not Available; heteroz= mutation in heretozigosis; homoz= mutation in homozygosis. 

 

 

Table 4 - KRAS amplified patients present in our PDX platform. The highlighted blue tumors correspond to the models that 

were used in this work. N.A. = Not Available. 

 

4.4.2 Characterization of KRAS mutated and amplified models  

One of the main objectives of the GEA platform is to explore new targets for gastric 

cancer therapies. The existence of such a high amount of KRAS altered models in this platform 

prompted us to explore if KRAS amplification and mutation can drive the same type of biological 

responses. 

Code Sex Diagnosis 
Age of 

diagnosis 
Site Subtype STAGE 

Tumor mutations 

(COSMIC or 

Frameshift (Fs); 

AF>0.3) 

Tumor 

amplifications 
PDX 

KRAS 

mutation 

GTR0060 F 10/02/2015 76 
Antrum/ 

pylorus 
Diffuse IIIB TP53 KRAS (50 copies) YES NO 

GTR0165 M 11/06/2015 76 

Gastro 

esophageal 

junction 

Intestinal IIIB FBXW7;SMAD4;TP53 KRAS (54 copies) YES NO 

GTR0424 M 10/01/2017 69 

Gastro 

esophageal 

junction 

N.A. IIB N.A. KRAS (90 copies) YES NO 

GTR0004 M 01/10/2014 62 
Antrum/ 

pylorus 
N.A. IV N.A. KRAS (45 copies) NO NO 

GTR0232 N.A. N.A. N.A. N.A. N.A. N.A. N.A. KRAS (9 copies) NO NO 

GTR0237 M 02/03/2016 77 Gastric stump Intestinal IIA N.A. 
KRAS (22 copies); 

MET (4 copies) 
NO NO 

GTR0244 M 04/2016 80 
Antrum/pylor

us 
Diffuse IIIB N.A. KRAS (36 copies) YES NO 

SG12 M 2011 73 
Antrum/pylor

us 
Intestinal IIIA ARID1A KRAS (24 copies) YES NO 

SG63 M 22/05/2014 77 
Antrum/pylor

us 

Intestinal 

and diffuse 
IIIC 

CIC;ARID1A;  PTEN 

(splice region) 
KRAS (12 copies) YES NO 
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From our cohort of 6 KRAS PDXs we also generated cells and organoids, to use them as 

in vitro models for pre-clinical trials. Among the twelve KRAS-mutated PDXs available in the 

platform, we selected 4 of them to be used in this work. Next generation sequencing (NGS) 

performed in our cohort of PDXs demonstrated that GTR245, GTR249, GTR213 and GTR164 

presented mutations in the KRAS gene: i) in GTR245 PDX we detected a G12D mutation, with 

an allelic frequency of 0.99, indicating that it is present either in homozygosis;or in hemizygosis 

ii) GTR249 PDX presented the same G12D mutation, but with an allelic frequency of 0.46, thus 

in heterozygosis; iii) GTR164 PDX displayed the G13D mutation with an allelic frequency of 

0.52 (heterozygosis); iv) GTR213 PDX presented the A146T mutation with an allelic frequency 

of 0.47 (heterozygosis). This last mutation is quite rare in different cancer types but in our gastric 

cancer platform represents 3 % percent of KRAS mutations. All these mutations were confirmed 

by Sanger sequencing in the original tumor and in the PDX-derived cells. Interestingly, the 

sequencing performed in the original GTR245 tumor showed that the G12D mutation was not in 

homozygosis as in the PDX and in the cells but in heterozygosis. This fact can be due either to 

the contamination of human stroma that mislaid the amount of cells with the mutation or to the 

selection during PDX generation of more aggressive cells characterized by homozygous mutated 

KRAS in the tumor. 

 From the 6 models of PDX bearing KRAS amplification, we were able to generate three 

primary cell cultures: GTR60A, GTR165 and GTR424. KRAS overexpression/amplification was 

evaluated by immunohistochemistry on the PDX, and by quantitative real time PCR in the 

original tumor, PDX and PDX-derived cells (Figure 21B, D and F). Immunohistochemistry 

performed on the PDX demonstrated elevated levels of KRAS expression which correlated with 

the results obtained by qRT-PCR. As seen in the SG16 model, also in these models there was a 

significant difference of the levels of gene amplification observed by qPCR between the original 

tumor and PDXs; this can be explained either by the dilution of cancer DNA with normal DNA 

derived from human stromal cells or by a positive selection of cells bearing KRAS amplification. 

The first KRAS amplified model - GTR60 - is an interesting case within our platform. Similar to 

what happened for all the other tumors, two immunocompromised mice were implanted with 

tumor fragments derived from the original specimen and both engrafted. Surprisingly, the 

analysis of the genomic DNA extracted from each PDX revealed that the two mice developed 

two tumors different from the molecular point of view: GTR60A PDX carried KRAS 

amplification (50 copies; Figure 21B), while GTR60B showed EGFR amplification (100 copies). 

This can be explained on the basis of tumor heterogeneity, by hypothesizing the presence of two 

subpopulations of cells carrying the two different amplifications. This was indeed shown by a 
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double IHC staining of the original tumors that evidenced cells displaying either KRAS or EGFR 

overexpression/amplification. These two subclones could have been differentially selected in the 

two mice. For the purpose of our study, only GTR60A tumors were used for in vitro and in vivo 

experiments. Moreover, qRT-PCR analysis, demonstrated that PDX-derived cells maintained the 

KRAS amplification (Figure 21B). Regarding the GTR165 PDX, we detected 54 KRAS copies. 

The level of KRAS amplification slightly decreased in the derived cells (40 copies; Figure 21D). 

The PDX bearing the highest number of KRAS copies was GTR424, which presented 56 KRAS 

copies in the original tumor (Figure 21F). The passage in mouse and lately in culture, positively 

selected the cells with KRAS amplification as the number of copies was 90 and 160, respectively.  

 
Figure 21 - KRAS amplification present in the original tumor was maintained in the PDX and PDX-derived cells. A, C, E) 

Immunohistochemistry analysis demonstrated high levels of KRAS expression in tumors derived from PDX. B, D, F) 

Quantitative real time PCR analysis performed using DNA extracted from the original tumor, PDX and PDX-derived cells 

demonstrated that KRAS gene amplification was maintained during the different passages. DNA extracted from 293T diploid 

cells was used as a control. RNAseP and GREB1 were used as housekeeping genes. These two genes are located in different 

chromosses.Error bars represent SD. 

 

4.4.3 - RAS activation state in KRAS mutated and amplified cells 

In order to evaluate the activation state of RAS in KRAS amplified and mutated cells we 

have performed a RAS-GTP pull down, that is based on the use of a GST fusion protein 

containing the isolated Raf-1 RAS-binding domain (GST-Raf-RBD). The Raf-RBD sequence 

binds preferentially to activated, GTP-bound RAS. We observed that in the mutated cells, the 

RAS-GTP/RAS ratio (evaluating the specific activity of RAS), was higher than in KRAS 
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amplified cells. Interestingly, we observed that in the GTR245 cells, where a homozygous G12D 

mutation is present, KRAS was more active than in GTR249 cells that carry the same mutation 

in heterozygosis. This suggests that the existence of two mutated alleles leads to a higher specific 

KRAS activity (Figure 22A,B). KRAS activation state of GTR213 cells, mutated for A146T in 

heterozygosis, was very similar to that of cells mutated for G12D. This is very interesting as not 

much is known about this mutated form of KRAS which is quite rare in other tumors. 

Unexpectedly, mutated RAS protein is generally more active compared to the amplified cells, 

with the exception of the GTR164 model (bearing a mutation in G13D in heterozygosis) which 

showed a lower level of activation. As expected, the specific KRAS activity in the KRAS 

amplified cells was inferior to that of the mutated cells.  

In order to explore which is the total amount of active KRAS in mutated vs amplified cell 

lines, the level of RAS-GTP was normalized to the total amount of protein loaded. Since we are 

comparing different cells, from completely different tumors, three housekeepers (HSP70, β-actin 

and vinculin) were evaluated and quantified, in order to avoid major errors. Interestingly, the 

total amount of active KRAS present in the cells was greater in KRAS amplified cells compared 

to KRAS mutated ones, with the exception of GTR245 that demonstrated levels of activation 

similar to amplified models. These results demonstrate that, in spite of the fact that RAS per se is 

less active in KRAS amplified cells, the enormous KRAS expression (due to gene copy number 

amplification) renders the KRAS pathway more active (Figure 22C). This observation suggests 

that amplified KRAS can play a driving role in these tumors. 



CHAPTER IV- Results 

76 | P a g e  
 

 
Figure 22 - KRAS mutated models display higher RAS specific activity while KRAS amplified models show more total 

active RAS. A) Western blot analysis, B) quantification of RAS specific activity and C) RAS total activity was performed in 

GTR245, GTR249, GTR164, GTR213. Western blot quantification of RAS-GTP, RAS total and housekeepers (HSP70, β-actin 

and vinculin) was performed. GTL16 was used as positive control and GTL16 treated with JNJ-605 was used as negative control. 

Blots have been probed with the indicated antibodies. Protein quantification was performed using Image J software. 
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4.4.4 – Changes in glycolytic metabolism in KRAS mutated and amplified in 

vitro models  

 Previous studies demonstrated that KRAS mutated tumors present specific metabolic 

changes that are required for their maintenance and aggressiveness. Some of these changes are 

related with increase glucose uptake (192) and a shift in glutamine metabolism (193) (194) 

(195). Additionally, more recently, it was described in lung cancer models that these changes can 

be inflated depending on the KRAS mutated allele copy number (288). To explore if these 

changes can also occur in gastric cancer KRAS mutated cell models as well as whether KRAS 

amplification is characterized by similar changes, the metabolic activity of GTR245, GTR249, 

GTR164, GTR213 and GTR165, GTR424 was evaluated.  

The glucose transporter 1 (GLUT1), monocarboxylate transporter 4 (MCT4), hexokinase 

II (HKII) and pyruvate kinase M2 (PKM2), are respectively transporters and glycolytic enzymes 

that are usually increased following the glycolytic shift. Western blot analysis of our KRAS 

mutated and amplified cells demonstrated that the glycolytic markers were significantly 

increased in the GTR245 model when compared with the cell line bearing the same mutation, 

G12D, but in heterozygosis, as well as when compared with other KRAS mutated and amplified 

models (Figure 23A). Additional experiments are required including cells without KRAS 

amplification or mutation, as controls. 

In an aerobical metabolism, the final product of glycolysis is pyruvate, however when 

glycolisis is not followed by Krebs cycle (for example in anoxic conditions), lactate is the final 

product. In this way, lactate production is an indicator that cells are not performing oxidative 

metabolism but instead are regenerating the NAD+ pool through lactate dehydrogenase. In order 

to evaluate the glycolytic state of the cells, lactate production and uptake was evaluated. After 

48h of culture, cell supernatant was collected and upon lactate quantification it was observed that 

the GTR245 present higher levels of lactate in the medium compared with the other models 

(Figure 23B), while the lactate uptake was inversely proportional (Figure 23C). The KRAS 

amplified models showed similar level of glycolytic markers and lactate production/uptake 

relatively to the KRAS mutated cells in heterozygosis.  
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Figure 23 - GTR245 cells show increased levels of glycolytic markers as well as major release of lactate in the medium. A) 

Glucose transporters 1 (GLUT1), monocarboxylate transporter 4 (MCT4), hexokinase II (HKII) and pyruvate kinase M2 (PKM2) 

protein expression was evaluated by western blot in GTR245, GTR249, GTR164, GTR213, GTR424 and GTR165 cells. B) The 

quantity of lactate present in the cell medium was quantified after 48h of cell culture; C) Lactate uptake was also evaluated using 

radioactive [U-14C] lactate. Western blots were probed with the indicated antibodies. Vinculin was used as loading control 

4.4.5 - KRAS mutated and amplified models are addicted to KRAS  

 Cancer cells growth and survival can often be impaired by the inactivation of a single 

oncogene. In order to explore if KRAS can be a target in gastric cancer KRAS altered models, we 

evaluated if cells presenting KRAS mutation or amplification were addicted to KRAS. For this 

purpose, two of our mutated cell models, GTR245 and GTR213 were transduced with a short 

hairpin RNA (shRNA) to silence KRAS. After overnight transduction, cells were harvested and 

plated for evaluation of cell viability, protein and RNA expression. After 72h, cell viability was 

measured and a significant decrease in cell viability was observed in all the cells lines used 

(Figure 24A,D). To control silencing efficacy, KRAS gene and protein expression was evaluated 

by qPCR and western blot, respectively. As it can be observed in the graphics below (Figure 

24B, C, E,F) KRAS expression was effectively abrogated upon KRAS gene silencing. These 

results indicate that, as expected, the growth and survival of GTR245 and GTR213 mutated 

KRAS cells is dependent on KRAS expression, indicating that cells are addicted to this gene and 

that its inhibition could lead to a therapeutic response.  
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Figure 24 - GTR245 and GTR213 cells are addicted to the KRAS oncogene. A, D) Upon transfection GTR245 and GTR213 

cell viability was measured using CellTiter Glo after 72h. B, E) KRAS gene expression was quantified by qRT-PCR, after 72h; C, 

F) Western blot analysis was performed to evaluate KRAS protein expression. Blots have been probed with the indicated 

antibodies. Vinculin was used as loading control. shPLKO was used as negative control. Statistical significance is indicated 

**<0.01; ***<0.001. Error bars represent SD. 

 Not much is known about the role of amplified WT KRAS in tumor cells. To explore if 

GTR60A, GTR165 and GTR424 are also addicted to KRAS, these cells were transfected using a 

small interfering RNA (siRNA) specific for KRAS. Cells were transfected overnight and after 

72h cell viability was evaluated. In all the three cell lines KRAS gene expression was 

significantly decreased, compared with control (SicC) and cell viability was decreased as well 

(Figure 25). These results demonstrate that KRAS amplified cells are addicted to the KRAS gene. 
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Figure 25 - GTR60A, GTR165 and GTR424 KRAS amplified cells are addicted to KRAS. A, C, E) 72h upon KRAS 

silencing GTR60A, GTR165 and GTR424 viability was measured using cellTiter Glo . B, D, F) KRAS gene expression was 

quantified by qPCR, 72h after silencing. Sic3 (siRNA control) was used as negative control. Statistical significance is indicated 

**<0,01; ***<0,001; ****<0,0001. Error bars represent SD.  

 

4.4.6 - In vitro response to KRAS downstream inhibitors of KRAS mutated 

and amplified models  

To date, no drug that can inhibit oncogenic KRAS has been approved by FDA. KRAS 

activation drives downstream pathways, such as RAF/MEK/ERK and PI3K/AKT/mTOR 

pathways, which play an important role in cell proliferation and survival (129) (130). Taking into 

consideration the fact that both KRAS mutated and amplified cells are addicted to KRAS, we 

explored if they were sensible to inhibitors of the KRAS pathway (MEK, AKT and mTOR 

inhbitors). In addition to these inhibitors, in our experiments we also used Olaparib –a PARP 

inhibitor- , based on the evidences that PARP and MEK inhibitors can synergize in RAS mutant 

tumors (289). GTR165 and GTR424 (KRAS amplified), GTR245 and GTR213 (KRAS mutated) 

cells were treated with i) Trametinib, a dual MEK inhibitor; ii) MK-2206, an AKT inhibitor; 

Everolimus, a mTOR inhibitor; OSI-027, a dual mTORC1/2 inhibitor; olaparib, a PARP 

inhibitor. After 96 hours of treatment, cell viability was evaluated. While treatment with 

Trametinib alone led to a significant decrease in cell viability in both amplified (Figure 26A,B) 
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and mutated models (Figure 26C,D), AKT and mTOR inhibitors determined only a small 

impairment of cell growth, Moreover, the combo treatment with Trametinib + AKT or mTOR 

inhibitors resulted in significant reduction in cell viability of KRAS altered cells. These data 

suggest that KRAS mutated and amplified cells similarly depend on KRAS pathway activation. 
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Figure 26 - KRAS amplified and mutated cells respond to KRAS downstream pathway inhibition. A) GTR165, B) 

GTR424, C) GTR245 and D) GTR213 cell viability was evaluated by CellTiter Glo after 96h of treatment with Trametinib 

(TRAM=5 nM); MK-2206 (MK=1 µM); OSI-027 (OSI=250 nM); Everolimus (Everol=25 nM) and Olaparib (Olap=3µM). 

Statistical significance is indicated NS: not significative; *<0,05; **<0,01; ***<0,001. 
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On the same cells we also performed biochemical analyses after 96h treatment with the 

Trametinib, MK-2206, OSI-027, Everolimus and Olaparib. Regarding the GTR424 (KRAS 

amplified) model, single treatments with AKT, mTOR and PARP inhibitors did not change the 

MAPK phosphorylation , but led to a decrease in AKT phosphorylation. On the other side, single 

treatment with Trametinib showed a significant decrease in MAPK phosphorylation, but not of 

AKT. AKT activation was decreased to the untreated basal levels when cells were treated with 

the combo Trametinib + MK-2206 or Trametinib + Everolimus (Figure 27A). In turn, in the 

GTR245 (KRAS mutated) model, treatment with Trametinib alone or in combination with the 

other inhibitors only partially inhibited MAPK activation (Figure 27B). Similar to what was 

observed in the GTR424 cells, also in the GTR245 mutated model Trametinib (alone or in 

combination with MK-2206) did not inhibit AKT activation.  

 

Figure 27 - MEK inhibition together with AKT or mTOR inhibition decreases MAPK activation in KRAS amplified and 

mutated cells. Western blot analysis was performed in GTR424 and GTR245 cells after 96h of treatment with the indicated 

drugs. Western blots were probed with the indicated antibodies. Vinculin was used as loading control. 

4.4.7 - KRAS mutated model in vivo response to KRAS downstream 

inhibitors  

To validate the results obtained in vitro, we performed an in vivo preclinical trial on 

PDXs. GTR245 tumors were randomized in 8 independent treatment cohorts: (i) vehicle 

(placebo); (ii) Trametinib (1 mg, daily, os); (iii) MK-2206 (2 mg, 3 times per week), (iv) 
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Everolimus (0.12 mg, daily, os), (v) Olaparib; (vi) Trametinib and MK, (vii) Trametinib and 

Everolimus, and (viii) Trametinib and Olaparib (1 mg, daily, os). As shown in Figure 28A, the 

single treatment with Trametinib and Everolimus and their combinations led to a delay in tumor 

growth while single treatments with MK-2206 and Olaparib were ineffective. The effects of the 

single in vivo treatments thus recapitulated those obtained in vitro; however, the combos in vitro 

induced a stronger inhibitory effect.  

At the end of the trial the mice were sacrificed and the blood was collected for analysis, 

in order to evaluated possible toxic effects of the above indicated treatments. Results from blood 

analysis (Table 5) demonstrated that both the single treatments and the combinations did not 

induce hepatic damage, since in general, the levels of aspartate aminotransferase and total 

bilirubin detected in the blood of treated mice were not statistically higher from the levels of the 

vehicles.  

 
Figure 28 - GTR245: response to KRAS downstream inhibitors in vivo. A) GTR245 tumors were subcutaneously implanted 

in NOD SCID mice; when the tumor reached a volume of approximately 250 mm3 the treatment was started with the indicated 

drugs: the MEK1/2 inhibitor Trametinib (Tram; 1 mg, daily, os); the AKT1/2 inhibitor MK-2206 (MK; 2 mg, 3 times per week, 

os); the mTOR inhibitor Everolimus (Everol; 0.12 mg, daily, os) and the PARP inhibitor Olaparib (1 mg, daily, os), alone or in 

combination, The line indicates the day when treatments were started. N = 6 mice for each treatment arm. Error bars represent 

SD 
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Table 5 – Evaluation of Liver function following drug treatments. Blood was collected from the animals submitted to the 

treatments and aspartate aminotransferase and total bilirubin, two biomarkers of liver function were evaluated. Results are 

presented as mean ± SD. Statistical significance is indicated NS: not significative; *<0,05, comparing the different treatment 

values with the vehicle values. 

Exerimental 

group (n=6) 

Aspartate 

aminotransferase 

(U/L) 

Bilirubin total (mg/dl) 
 

Vehicle 18,6 (±4,028) 0,013 (±0,01) mean ± SD 

 
1 1 P 

Trametinib 24 (± 7) 0,023 (±0,012) mean ± SD 

 
0,33 NS 0,17 NS P 

MK-2206 16,8 (± 1,72) 0,012 (±0,004) mean ± SD 

 
0,41 NS 0,75 NS P 

Everolimus 19 (± 3) 0,016 (± 0,001) mean ± SD 

 
0,90 NS 0,44 NS P 

Olaparib 19,5 (± 6) 0,026 (± 0,007) mean ± SD 

 
0,84 NS 0,04 * P 

Tram + MK 17 (± 2) 0,018 (± 0,0075) mean ± SD 

 
0,47 NS 0,37 NS P 

Tram + Everol 16,8 (± 3,2) 0,015 (± 0,0077) mean ± SD 

 
0,44 0,73 P 

Tram + Olap 18,8 (± 4) 0,022 (± 0,009) mean ± SD 

 
0,95 0,14 P 
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Immunohistochemical analysis performed on the tumors showed that all the single 

treatments were able to decrease the phosphorylation of the downstream effector S6K. This 

effect was more accentuated in tumors treated with the combinations (Figure 29) . However, 

even if the S6K pathway was inactive, tumor growth was just partially slowed down, which 

suggests that other pathways responsible for cell survival were still active.  

 

Figure 29 - Combinational drug treatment in GTR245 tumors led to  inactivation of the downstream effector P-S6. IHC 

analysis of tumors treated for two days with the following drugs: the MEK1/2 inhibitor Trametinib (Tram); the AKT1/2 inhibitor 

MK-2206 (MK); the mTOR inhibitor Everolimus (Everol) and PARP inhibitor Olaparib, alone or in combination, as indicated. 

While the single treatments led to a decrease in phosphorylation of the downstream effector P-S6, only the combinational 

treatment was able to switch off the pathway. 6 mice were used per group. 
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5- Discussion 

In this study we aimed to isolate and characterize in vivo and in vitro preclinical models 

of gastroesohageal cancer as well as to explore their response to potential target therapies, taking 

advantage of the gastroesophageal annotated platform generated in our lab. 

In the last decade, the use of PDX platforms has been widely exploited in the field of 

cancer research (290). In fact, PDX models usually retain the histologic and genetic features of 

the original tumor and have been shown to be predictive of clinical outcome (214). These 

features made PDXs a widely successful tool to be used in preclinical trials to evaluate drug 

response and to identify biomarkers and novel therapeutic targets. In our PDX platform 30% of 

gastroesophageal tumors received from several hospitals of north Italy and subcutaneously 

transplanted into NOD/SCID mice, were successfully established. The percentage of successful 

engraftment as well as the period of latency of engraftment, that in our case was 73 days, were 

consistent with previous studies of PDX models using surgical tissues of gastric cancer (291) 

(292), where the success rate was between 24 and 34% and the period of latency was of 65 – 94 

days. After establishment, our PDX models could be serially passaged to maintain tumors in vivo 

and could be frozen and thawed maintaining all their growth characteristics.  

The generation of the PDX platform made possible to evaluate specific parameters that 

can influence gastro-esophageal tumor engraftment in NOD/SCID mice. Patients characteristics 

such as age, gender or neoadjuvant chemotherapy did not correlate with the engraftment success. 

However, Lauren classification was shown to be related with a different grafting, since tumors 

classified as intestinal experimented a better engraftment than those of diffuse type or the ones 

with signet ring morphology. The diffuse type of gastric cancer was also correlated with low 

success rate in another report involving a platform of gastro-esophageal PDXs (292). The low 

engraftment of these types of tumors can be explained by the limited number of tumor cells per 

unit area, since tumor cells are dispersed into the stromal tissue, making it a detrimental factor 

for successful engraftment. MSI, EBV status and gene amplifications remained stable between 

primary and PDX samples. The maintenance of the molecular characteristics was also reported 

in other studies involving gastro-esophageal PDX platforms (291) (292) though it has been 

described that some molecular lesions, such as HER2 positivity, can be lost during the passage in 

mice (291). The conservation of the architecture of original tumors as well as of their molecular 

lesions is essential for evaluation of drugs response in these preclinical models. Few studies have 

evaluated the relationship between preclinical models and clinical outcomes in gastric cancer 

(291). Nevertheless, when five gastro-esophageal PDX were treated with the same drugs as the 
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paired patients, the results demonstrated that four out of five PDX models had comparable 

therapeutic responses. The failure of the fifth case seemed to be explained by the change in 

Lauren classification during the passage in mice.  

The generation of PDX-derived primary cell cultures and organoids within our platform 

presented a significant success rate. These models maintained the molecular and biological 

features of the PDX of origin, demonstrating that they can be successfully used as pre-clinical 

models. As an additional in vitro model, in this study, we aimed to identify, isolate and 

characterize the CSCs population based on functional selections in vivo and in vitro. While 

GCSCs isolation is mainly performed starting from already established gastric cancer cell lines 

(293), in this work we directly isolated cancer stem-like cell population from PDXs. In this way, 

we were able to mimic the native status of the patient tumor cells, having more heterogeneity of 

the tumor cell population. Moreover, since selecting the cells based on putative markers could be 

biased, since no consensus has yet been reached regarding specific gastric cancer stem cell 

markers (294), our GC stem cell populations were isolated and enriched by functional selection 

through sphere cultures in vitro and tumor growth in vivo. Indeed, we found that the stem-like 

cell populations grown under sphere conditions (SG16, GTR10 and GTR165) displayed 

upregulation of a panel of stem-cell related genes. This panel included ALDH, NANOG, OCT4 

and SOX2. NANOG, OCT4 and SOX2 are well known embryonic stem cell factors essential for 

pluripotency and self-renewal; similarly, they were also found overexpressed in many cancers, 

and correlated with histological grade and survival of the patients (295) (296) (297) (298). 

ALDH was recently identified as a potential marker for gastric cancer stem cells (271). 

Interestingly, two of the three isolated spheres maintained the molecular alterations present in the 

original tumor, such as KRAS and MET amplification. The fact that cells with stem-like features 

present the molecular lesions known to be responsible for tumorigenesis supports the hypothesis 

that targeting of these lesions can impact on tumor growth. The ability of xenospheres to retain 

the molecular and histological proprieties of the original tumor was previously described in 

xenospheres isolated from colorectal PDX-tumors (299). Additionally, in our study, MET 

amplified SG16 spheres, not only maintained the characteristics of the tumor and PDX but were 

also responsive to MET inhibition, as reported for CRC xenospheres harboring EGFR 

amplification which recapitulate the response to Cetuximab treatments observed in the patients 

from which they derived (299). 

The xenosphere model bearing MET amplification (SG16 spheres) was isolated from a 

PDX derived from a MET-amplified gastroesophageal cancer. This MET amplified model 

showed to be partially resistant to MET inhibition, since even in the presence of more than 26 
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MET gene copies (a condition that many experimental models have shown to be typical of 

oncogene addiction) (300) (301) (302), in the absence of amplification of other RTKs or of 

KRAS mutation/amplification, MET inhibition induced only a partial response, that was shortly 

followed by relapse. However, treatment with a combined anti-MET/anti-EGFR therapy resulted 

in a durable, complete response and prevented the onset of resistance, explained by the increased 

EGFR expression acquired by the resistant tumors. As already described in the literature, the 

activation of EGFR is particularly frequent in acquired resistance to MET inhibitors (108) (287) 

(303), and it usually results in maintenance of downstream PI3K-AKT and MEK-ERK signaling 

in the presence of the MET inhibitor (287) (304). Several studies have shown the presence of a 

biochemical and functional interaction between MET and the HER family of RTKs (305) (306) 

(307) (308). In EGFR-mutant, non-small cell lung cancer patients, MET amplification is 

involved in both de novo and acquired resistance to Gefitinib, and pharmacologic inhibition of 

MET was proven to be able to restore sensitivity to Gefitinib (309) (310). Additionally, our 

laboratory and collaborators have shown that in MET-addicted gastric cancer cell lines, 

activation of HER family members contributes to overwhelm MET inhibition (287) (304), 

demonstrating an increased cell viability in vitro, and recovering tumorigenicity in vivo. Since 

MET and HER family share some of their downstream signaling pathways (311) (312), it is 

plausible that the effect of MET inhibition could potentially be neutralized or attenuated by the 

parallel activation of receptors of the HER family, reinforcing that combinatorial inhibition of 

both MET and HER could likely improve the therapeutic effect. 

In our PDX platform we have also identified PDX models with KRAS genetic alterations. 

Indeed we e have generated both KRAS mutated and amplified models.  

Apart from common mutations in codon 12 and 13, we have surprisingly found that the 

rare A146T mutation is present in around 30% of our KRAS mutated PDXs. It is interesting to 

note that this mutation was described to be present just in 0.2% of gastro-esophageal studied 

cases (http://cbioportal.org) (204). 

KRAS alterations have been extensively studied in several types of tumors (142) (143) 

especially the gain of function mutations that are more commonly observed. In general, KRAS 

activating mutations lead to constitutive RAS activation, blocking it in a GTP-bound state that 

render the protein insensitive to the activity of GTPase-activating proteins. KRAS gene 

amplification has been described in a limited number of primary tumors, including gastric, lung, 

pancreatic and colorectal cancers (205) (206) (207).  

Recent studies involving gastric cancer samples provided evidences that KRAS gene 

amplification (greater than 4 fold) leads to KRAS activation. Usually, less than 10% of wild-type 

http://cbioportal.org/
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and over 50% of mutant KRAS is in the GTP-bound state in cells (208). It can be potentially 

hypothesized that amplification and overexpression of wild-type KRAS could induce biological 

effects similar to those of KRAS mutated alleles. Studies involving KRAS amplified gastric 

cancer cell lines demonstrated that serum stimulation could increase the activation of KRAS 

overexpressing cells, while the KRAS mutated ones were constitutively active (208), suggesting 

that KRAS amplification can provide a growth advantage to cancer cells by conferring 

adaptability to changes in microenvironment. 

In our study we observed that KRAS amplified cells not only demonstrated high levels of 

KRAS activation but were also addicted to KRAS and responded to in vitro KRAS downstream 

inhibition as the KRAS mutated cells. Although, in vitro studies conducted in KRAS mutated and 

amplified established gastric cancer cell lines had demonstrated that KRAS mutated cells were 

more sensitive to MEK inhibition compared with amplified ones (313), we found that 

Trametinib, a potent MEK inhibitor, led to a significant impairment in cell viability in both 

mutated and amplified models.  

Inhibiting KRAS downstream pathways is the most explored strategy to target KRAS 

oncogenic activation, yet it is not very effective. In line, single MEK inhibition in our KRAS 

mutated and amplified models was not totally effective either in vitro or in vivo. The presence of 

residual activation of the downstream effectors S6K and of AKT demonstrated that our KRAS 

mutated and amplified models were partially resistant to Trametinib. Resistance to MEK 

inhibitors can be mediated by many mechanisms, such as reactivation of RAS/RAF/MEK/ERK 

signals, increases in the RAS or RAF protein levels, as well as increased signals through 

alternative pathways, including the PI3K/AKT pathways (314). Indeed, it was described that 

KRAS amplified and mutated gastric cancer cell lines treated with MEK inhibitors demonstrate a 

decrease in the activation of MAPK but not in AKT phosphorylation (313). MEK inhibition can 

also lead to ERK activation by upregulation of receptor tyrosine kinase activity (161) or by 

amplification of upstream activators that enhance flux through the pathway to elevate ERK 

activity (161). A deeper mechanistic evaluation of the reasons of this partial resistance is 

planned. 

Extensive studies of PI3K-AKT-mTOR inhibitors, used in monotherapy, have shown 

disappointing activity against RAS-mutant cancers, both in preclinical and clinical settings (161). 

Nevertheless, combined inhibition of MEK and AKT/PI3K/mTOR pathways, attempting to 

overcome the resistance to MEK inhibitors, has been tested in preclinical trials (315) (316) as 

well as in humans, in advanced solid tumors (317). KRAS mutations are known to significantly 

contribute to resistance to mTOR and AKT inhibitors (315) (318), but no data are available in 
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tumors presenting KRAS amplification. In our experiments, the effect of both AKT inhibitor 

(MK-2206) and mTOR inhibitors (Osi-027 and Everolimus) alone was significantly lower than 

that obtained with Trametinib. Combined MEK/mTOR or MEK/AKT inhibition potentiated the 

effect of Trametinib, as it decreased Trametinib-triggered AKT activation and led to P-S6K 

abrogation and slower tumor growth. However the fact that a complete regression was not 

observed can be due to feedback loops in alternative pathways. A recent study involving KRAS 

mutant cell lines from different tumors, demonstrated that PTEN loss plays an important role in 

the synergistic interactions between MAPK and PI3K pathway inhibitors (315). An increase in 

PTEN activation, which lies at the intersection of MAPK and PI3K pathways, could justify the 

poor results obtained with the association of Trametinib+Everolimus.  

Synthetic lethality strategies have been extensively explored in KRAS mutated tumors 

(176) (177) (178) (183). In this study we explored whether inhibiting cell damage repair could be 

lethal for KRAS mutated and amplified cells treated with MEK inhibitors. Small molecule 

inhibitors of polyADP-ribose polymerase (PARP) are thought to mediate their antitumor effects 

as catalytic inhibitors that block repair of DNA single strand breaks. KRAS mutations can 

contribute to PARP inhibitor resistance, that can be reversed following MEK inhibition, since it 

leads to an increase in apoptotic sensitivity and DNA damage, and a decrease in homologous 

recombination DNA repair capacity (289). In spite of the described synergistic effect of MEK 

and PARP inhibitors in KRAS mutated tumors (ovarian, pancreatic and breast cancer models 

without BRCA1/2 mutations), the same effect was not observed in our KRAS mutated and 

amplified models. Nonetheless, cell viability in vitro and tumor growth in vivo, as well as S6K 

activation was decreased with the combination of Trametinib and Olaparib, compared with the 

single treatment with Trametinib, but no synergic effect was seen. This lack of synergy could be 

due to the fact that the ability of PARP and MEK inhibitors combinations to synergize is 

dependent on the amount of PARP1. This aspect will be carefully investigated. 

Overall, the inhibition of cell viability (or tumor growth) observed in the in vivo xenotrial 

was less effective than that observed in vitro. This could be due to several reasons. First, the in 

vivo investigated PDX model (GTR245) is characterized by a G12D mutation in homozygosis. 

Tumors with both alleles mutated have been recently described as more aggressive (288). In fact, 

inside our group of mutated cells, GTR245, the only one with the mutation in homozygosis, was 

the cell model with highest levels of RAS activation. This agrees with what was recently 

reported for cell lines harboring G13D mutation in homozygosis (155). Additionally, KRAS 

mutant tumors in homozygosis have been demonstrated to go through metabolic changes that 

include upregulation and reprogramming of glucose metabolism and enhanced ROS production 
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that lead to increased metastatic potential and resistance to inhibition (288). Actually, we have 

showed in this study that the GTR245 cells express higher levels of the glucose transporter 1 

(GLUT1), monocarboxylate transporter 4 (MCT4), hexokinase II (HKII) and pyruvate kinase 

M2 (PKM2), a well as an increased lactate production, demonstrating that also in KRAS mutated 

gastric cancer models the existence of two mutated alleles can increase the glycolytic phenotype 

of the cells. 

While in some cases tumor resistance can be overcome with a double combination of 

target therapy, as we demonstrated in the xenopatient SG16, in other cases the use of double 

target combination therapies is not enough. In the case of KRAS altered tumors, the inhibition of 

all the effector pathways is hard due to compensatory mechanisms, necessitating inhibition at 

multiple points. Several research groups are beginning to prove that the use of triple target drug 

combinations could be potentially more effective than double combinations, in tumors like 

melanoma (319). However, cell toxicity can be too heavy for normal cells and may cause loss of 

the therapeutic window. Nevertheless, given the increasing evidences in the metabolic changes 

of KRAS mutated tumors, the use metabolism-targeting drugs, such as metformin (320), known 

to be less aggressive for the patients, can be an encouraging strategy for targeting KRAS 

oncogenic pathway. 
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6- Conclusions  

In conclusion this work sustains the importance of the use of tumor derived xenografts to 

better study possible mechanisms of resistance to targeted therapies which could exist or develop 

in patients. On one side, our model of MET addicted gastric-xenopatients demonstrated the need 

of preclinical studies to better understand the molecular features of each single patient, in order 

to give the right molecule to the right patient. On the other side, the preclinical evaluation of 

KRAS altered models suggests that a precise and systematic analysis of tumor characteristics 

may identify patients who could benefit from MEK, AKT or mTOR targeted therapy. Further, in 

this study it was shown that a restricted stem like population of cells within the tumor, can share 

the molecular lesions of original tumor, and be targeted. 

6.1 - Future perspectives  

The results of this work pose the basis for a deeper and more detailed research.  

Concerning the gastric xenospheres, it is important to confirm the in vitro results and to 

understand whether targeted therapies can be efficient also on gastric stem cells enriched tumors. 

For this purpose, in vivo experiments involving targeted drugs will be performed in tumors 

originated from gastric stem cells.  

The preliminary study of KRAS alterations in gastric cancer had just opened a window 

on future research aimed at: 1)  exploring if  KRAS amplified gastric cancer models are addicted 

to this oncogene and how the microenvironment (providing ligands and cytokines) can influence 

KRAS activation; 2)  studying how the different KRAS mutations and their allelic frequency 

(hemi or heterozygous) in cancer cells as well as the WT KRAS copy number, can influence 

tumor metabolism and  response to KRAS downstream  inhibitors in vivo; 3) investigating the 

response of KRAS amplified models to MEK, AKT and/or mTOR  inhibitors in vivo.  
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