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ABSTRACT 

Gastric cancer remains a serious health problem worldwide, with few 

therapeutic options. It is an extremely heterogeneous disease that presents 

diverse histopathological characteristics and molecular signatures. Cancer stem 

cells (CSCs) are believed to be involved in tumor initiation, progression, 

metastasis, recurrence, and therapy resistance, making them essential 

therapeutic targets. Still, the molecular circuits of CSCs that link stemness to 

therapy resistance and patient prognosis are not well understood. CSCs are 

generally identified by a combination of cell-surface markers that often differ 

between tumor types and whose robustness in distinguishing tumorigenic from 

non-tumorigenic cells is debatable. Therefore, ideal CSC markers are those that 

are required to maintain their stem-like characteristics, e.g., transcription factors 

(TFs). As several important stem cell TFs have been shown to be overexpressed 

in CSCs, fluorescence reporter systems activated by portions of promoters 

where these proteins bind have been developed to mark and track CSCs in 

various cancer types. SOX2 is recognized as a key pluripotency factor in multiple 

tissues and developmental stages. In cancer, SOX2 has been increasingly 

associated with the CSC phenotype and poor outcome of gastric cancer patients. 

Thus, the main objective of this thesis was to identify the transcriptional 

regulatory network in gastric CSCs, in order to harness it for therapeutic 

strategies and biomarker identification. 

In this thesis, using the SORE6-GFP reporter system, which depends on 

SOX2 and/or OCT4 to drive GFP expression, we isolated and characterized a 

cancer stem-like cell subpopulation (SORE6+) from gastric cancer cell lines. 

Unlike SORE6- (non-CSCs), SORE6+ cells were enriched in several TFs, 

including SOX2, C-MYC, KLF4 and HMGA1, and exhibited characteristics of 

CSCs, such as asymmetric division (giving rise to GFP+ and GFP- cells), drug 

resistance, improved proliferation capacity and gastrosphere formation, and 

increased tumorigenic capacity in vivo. Through high-throughput drug screening, 

we discovered that monensin, a polyether ionophore antibiotic, can selectively 

target gastric CSCs, which may represent a valuable therapeutic weapon against 

gastric cancer. With our SORE6 cell model, we also sought to identify 
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compounds capable of converting SORE6- into SORE6+ cells in order to 

disclose the molecular mechanisms involved in the characteristics of gastric 

CSCs. Thus, using the activation of the SORE6-GFP reporter system as a 

readout of successful cellular reprogramming, and a high-throughput drug 

screening, we uncovered that the iron chelator ciclopirox (CPX) can reprogram 

gastric non-CSCs into CSCs by inducing SOX2 expression. This ability of CPX 

appears to be comparable to that of the hypoxic mimetic agent CoCl2 and seems 

to be associated with an increase in the expression of SOX2, C-MYC, HMGA1, 

KLF4 and HIF-1a. Additionally, treatment with CPX or CoCl2 induces a metabolic 

shift from OXPHOS to glycolysis, a potential pathway used by gastric CSCs to 

obtain energy, and also leads to cellular senescence, which has been associated 

with the properties of CSCs. We also discovered that a second exposure of cells 

to CPX increased the conversion efficiency of GFP- cells into GFP+, showing 

that these cells, recovered from a first treatment, present greater cellular 

plasticity and resistance to CPX. We also observed that overexpression of 

HMGA1 in SORE6- cells was able to generate some GFP+ cells by inducing 

SOX2 expression. We next compared SORE6- HMGA1 GFP- and SORE6- 

HMGA1 GFP+ sorted cells and found that HMGA1 GFP+ cells exhibited stem-

like characteristics and were enriched in stemness-related TFs. We also 

disclosed that HMGA1 expression facilitates CPX-mediated cellular 

reprogramming of gastric non-CSCs into CSCs. Finally, we evaluated the 

relevance of HMGA1 expression in gastric cancer and found that gastric cancer 

patients with high HMGA1 expression in the tumor benefit more from 

chemotherapy treatment than those with low expression.  

Overall, the results presented in this thesis provided new information for a 

better understanding of the characteristics, behavior and impact of gastric CSCs 

on the development and treatment of gastric cancer. It also presented new 

gastric CSCs biomarkers and potential therapeutic agents. 

 

 

 

 

 

 

 



 

Page 16 of 232 
 

 

 
 

RESUMO 
 

O cancro do estômago continua a ser um grave problema de saúde em todo 

o mundo, com poucas opções terapêuticas. É uma doença extremamente 

heterogénea que apresenta diversas características histopatológicas e 

assinaturas moleculares. Acredita-se que as células estaminais de cancro 

(CSCs) estejam envolvidas na iniciação, progressão, metastização, recorrência 

e resistência à terapia do tumor, tornando-as alvos terapêuticos essenciais. No 

entanto, os circuitos moleculares das CSCs que ligam a estaminalidade à 

resistência à terapia e ao prognóstico do paciente não são bem compreendidos. 

As CSCs são geralmente identificadas através da combinação de marcadores 

de superfície celular que, muitas vezes, diferem entre os tipos de tumor e cuja 

robustez na distinção de células cancerígenas de não-cancerígenas é 

discutível. Assim, os marcadores ideais de CSC são aqueles que são 

necessários para a manutenção das características estaminais destas células, 

por exemplo, os fatores de transcrição (TFs). Como já foi demonstrado que 

vários TFs importantes de células estaminais estão sobreexpressos em CSCs, 

sistemas repórteres ativados por porções de promotores onde estas proteínas 

se ligam foram desenvolvidos para marcar e rastrear as CSCs em vários tipos 

de cancro. O SOX2 é um importante fator associado à pluripotência em vários 

tecidos e etapas de desenvolvimento. Em cancro, o SOX2 tem sido cada vez 

mais associado ao fenótipo de CSC e ao mau prognóstico de pacientes com 

cancro do estômago. Assim, o objetivo principal desta tese foi identificar a rede 

transcricional que regula as CSCs de estômago, de modo a usá-la para 

estratégias terapêuticas e identificação de biomarcadores. 

Nesta tese, utilizando o sistema repórter SORE6-GFP, que depende da 

expressão de SOX2 e/ou OCT4 para conduzir a expressão de GFP, isolamos e 

caracterizamos uma subpopulação de CSCs (SORE6+) de linhas celulares de 

cancro do estômago. Ao contrário do SORE6- (não-CSCs), as células SORE6+ 

estão enriquecidas em vários TFs, incluindo SOX2, C-MYC, KLF4 e HMGA1, e 

exibem características de CSCs, tais como divisão assimétrica (dando origem a 

células GFP+ e GFP-), resistência a fármacos, melhor capacidade de 

proliferação e formação de gastroesfera e maior capacidade tumorigénica in 

vivo. Através da realização de uma triagem de alto rendimento de pequenas 
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moléculas descobrimos que a monensina, um antibiótico ionóforo poliéter, 

consegue atacar seletivamente as CSCs do estômago, o que pode representar 

uma valiosa arma terapêutica contra o cancro do estômago. Com o nosso 

modelo de células SORE6, também procuramos identificar compostos capazes 

de converter SORE6- em células SORE6+ de modo a revelar os mecanismos 

moleculares envolvidos nas características das CSCs do estômago. Assim, 

usando a ativação do sistema repórter SORE6-GFP como um indicador de 

reprogramação celular bem-sucedida, e uma triagem de alto rendimento de 

pequenas moléculas, descobrimos que o quelante de ferro ciclopirox (CPX) 

pode reprogramar não-CSCs do estômago em CSCs, através da indução da 

expressão de SOX2. Esta capacidade do CPX parece ser comparável à do 

agente mimético de hipoxia CoCl2, e parece estar associada a um aumento na 

expressão de SOX2, C-MYC, HMGA1, KLF4 e HIF-1a. Além disso, o tratamento 

com CPX ou CoCl2 induz uma alteração metabólica de OXPHOS para glicólise, 

uma via utilizada pelas CSCs do estômago para obter energia, e também leva 

à senescência celular, que tem sido associada às propriedades das CSCs. 

Descobrimos também que uma segunda exposição das células ao CPX 

aumentou a eficiência de conversão das células GFP- em GFP+, mostrando que 

estas células, recuperadas de um primeiro tratamento, apresentam maior 

plasticidade celular e resistência ao CPX. Observamos também que a 

sobreexpressão de HMGA1 nas células SORE6- foi capaz de gerar algumas 

células GFP+, através da indução da expressão de SOX2. Seguidamente, 

comparamos as células SORE6- HMGA1 GFP- e as SORE6- HMGA1 GFP+ e 

descobrimos que as células HMGA1 GFP+ exibem características de CSCs e 

estão enriquecidas em TFs relacionados com a estaminalidade. Também 

divulgamos que a expressão de HMGA1 facilita a reprogramação celular 

mediada por CPX de não-CSCs do estômago em CSCs. Por último, avaliamos 

a relevância da expressão de HMGA1 em cancro do estômago e descobrimos 

que pacientes com cancro do estômago com alta expressão de HMGA1 no tumor 

beneficiam mais da quimioterapia do que aqueles com baixa expressão deste 

fator de transcrição. 

De forma geral, os resultados apresentados nesta tese fornecem novas 

informações para uma melhor compreensão das características, comportamento 

e impacto das CSCs no desenvolvimento e tratamento do cancro do estômago. 

Também apresenta novos biomarcadores de CSCs do estômago e potenciais 

agentes terapêuticos. 
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1. ANATOMY AND HISTOLOGY OF THE STOMACH 

 

The stomach is an extremely important J-shaped organ of the digestive system, 

responsible for temporarily storing and digesting food (1). To aid digestion, the stomach 

secretes gastric acid, an acidic liquid composed of hydrochloric acid, mucus, and the 

digestive enzymes pepsin, lipase, and rennin (2). In addition, the stomach's acidic 

environment (pH 1.5 to 3.5) acts as a first line of defense against harmful pathogens (e.g., 

yeasts, bacteria, and viruses) (3, 4). The stomach absorbs very few substances such as 

water, monosaccharides (fructose and galactose) and disaccharides (lactose and sucrose). 

It can also absorb fat-soluble compounds and ethyl alcohol that cause gastric irritation, 

leading to the development of gastritis and gastric ulcers (2, 5). 

Anatomically, the stomach has four main regions that can be distinguished through 

anatomical demarcations and histological differences (6). Cardia is the first region of the 

stomach; it is where food and liquids enter the stomach from the esophagus. Above and to 

the left of the cardia is the fundus, a dome-shaped region where the gases produced during 

digestion accumulate. Below the fundus is the body (corpus), the main and largest region 

of the stomach, where food is broken down and mixed. Following the body is the pylorus, 

the last region of the stomach that can be subdivided into two parts: the pyloric antrum 

which connects to the body and where digested food can be retained; and the pyloric canal 

which connects to the duodenum and from which stomach contents pass into the intestine 

(7). 

 
Figure 1 - Schematic representation of the regions of the stomach. A muscular sac-like 

organ divided into four main regions: cardia, fundus, body (corpus), and pylorus (pyloric antrum 
and pyloric canal). The Figure was partly generated using Servier Medical Art, provided by 

Servier, licensed under a Creative Commons Attribution 3.0 Unported License. 

 

Histologically, the stomach wall has four tissue layers: mucosa, submucosa, muscularis 

and serosa (Figure 2) (7, 8). The mucosa, the inner layer, is formed by a layer of surface 
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epithelium and an underlying lamina propria and muscularis mucosae. The surface 

epithelium forms numerous small invaginations, also known as gastric pits, which are 

connected to the gastric glands, a branched tubular structures that extend through the 

lamina propria (Figure 2) (7). The cellular composition of the gastric glands differs according 

to their location and function. However, they contain highly proliferative gastric stem cells 

that are essential for the stomach epithelium regeneration and repair (Figure 2) (9). 

Separating the lamina propria from the submucosa layer is the muscularis mucosae, which 

consists of two thin sections of smooth muscle. The submucosa is a thick layer of loose 

connective tissue that contains blood and lymphatic vessels, and nerves. The muscularis 

layer is formed by smooth muscle and can be divided into three sublayers: oblique, circular 

and longitudinal (Figure 2). The serosa, the external layer, is composed of a thin 

mesothelium and connective tissues (7). 
 

 
 

Figure 2 - Schematic representation of the histology of the stomach. Layers of the stomach 

wall; the mucosa (consists of loose connective tissue), the submucosa (consists of fibrous 
connective tissue), the muscularis (smooth muscle), the subserosa and serosa (consist of layers 

of connective tissue). Followed by the schematic illustration of the gastric glands and cell types 
from the pyloric antrum and body. The Figure was partly generated using Servier Medical Art, 

provided by Servier, licensed under a Creative Commons Attribution 3.0 Unported License and 
an image created by Collectivedogs, licensed under the Creative Commons Attribution-Share 

Alike 4.0 International license. 

 

Overall, the stomach is a crucial organ of the digestive system responsible for digesting 

food and subsequently delivering the digested food to the duodenum. Although it is possible 

to survive without a stomach, this complex organ is essential for obtaining nutrients and 

energy from the food consumed, thus it is important to keep the stomach healthy (10, 11). 

However, hereditary and non-hereditary conditions and diseases can affect this organ, such 
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as gastritis, gastroparesis, gastroenteritis, peptic ulcers, non-ulcer dyspepsia and cancer 

(12). Stomach lesions and precancerous conditions such as metaplasia (when one cell type 

changes into another normal cell type as an adaptation to adverse environmental conditions 

(e.g., inflammation)) and dysplasia (early stage of neoplastic process), if not treated, confer 

a considerable risk for the development of gastric cancer (12, 13).  

2. GASTRIC CANCER 

 

Gastric cancer is a complex disease in which malignant cells arise in any region and 

layer of the stomach. If it arises in the cardia, it is called cardia gastric cancer, while if it 

arises in other regions of the stomach, it is called non-cardia gastric cancer (14). 

 

2.1. Epidemiology and Risk Factors 

           

Gastric cancer continues to represent a serious health problem and clinical challenge. 

It is the fifth most common cancer and the fourth leading cause of cancer-related deaths 

worldwide (15). Additionally, non-cardia gastric cancer is diagnosed twice as often as cardia 

gastric cancer (16). The incidence and mortality of gastric cancer vary significantly by 

geographic location and between women and men. East Asia, Eastern Europe and South 

America have the highest gastric cancer incidence and mortality rates, while South Asia, 

North and East Africa, North America, Australia and New Zealand have the lowest incidence 

and mortality rates (Figure 3) (15). Furthermore, age-standardized incidence and mortality 

rates are twice as high in men than in women (Figure 3) (15). Several studies suggest, 

among other factors, that exposure to estrogen reduces the risk of developing gastric 

cancer and therefore, as women have higher estrogen levels than men, they have greater 

protection against the disease (17-19). Focusing on Portugal, although the trend in 

incidence and mortality rates between men and women is the same as that observed 

worldwide, the death rate from gastric cancer is remarkably high (Figure 3) (15). 

Furthermore, there is great variation within the country, with incidence and mortality being 

much higher in the North of Portugal (20).  
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Figure 3 - Worldwide gastric cancer incidence and mortality rates (age-adjusted according 
to the world standard population (age-standardized rate (ASR)), per 100 000). A) Maps showing 

the worldwide distribution of gastric cancer incidence (blue) and mortality (red) in 2020. B) 
Comparison of gastric cancer incidence and mortality rates in men and women in Portugal and 

worldwide in 2020. Data source and Maps: GLOBOCAN 2020, international agency for research 
on cancer (IARC) (http://gco.iarc.fr/today), World Health Organization. 

 

Gastric cancer is a multifactorial disease, resulting from a combination of environmental 

and behavioral factors, and genetic changes (21, 22). The main environmental factor that 

contributes to the onset of gastric cancer is, without a doubt, infection with the gram-

negative bacteria Helicobacter pylori (classified as type I carcinogen by the IARC and WHO, 

since 1994) (23). H. pylori infection is the most common chronic bacterial infection in the 

world (Portugal has a high prevalence of H. pylori infection) and the leading cause of non-

cardia gastric cancer (24-26). However, not all individuals infected with H. pylori develop 

gastric cancer, only 1 to 3% of infected individuals develop the disease (27). While it is not 

understood why this happens, it is believed to be related to the virulence of the strain, the 

susceptibility of the host, and the presence of other risk factors (28). Apart from H. pylori 

infection, gastric cancer has also been associated with the Epstein–Barr virus (EBV) (29, 

30).  

A 

B 
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Poor dietary pattern represents a behavioral risk factor for the development of gastric 

cancer. A diet rich in industrially processed foods, red meat, smoked meat and fish, foods 

rich in saturated fat, salt and/or sugar, combined with low consumption of fruits and 

vegetables increases the risk of gastric cancer (31). Additionally, obesity also poses a 

potential risk for developing gastric cancer. Meta-analysis revealed that being overweight 

or obese was associated with the risk of cardia gastric cancer (32, 33). Another behavioral 

factor that also contributes to gastric cancer is tobacco smoking. A large systematic review 

and meta-analysis of 42 studies revealed that the risk of developing gastric cancer is 60% 

and 20% higher in men and women, respectively, compared to those who never smoked 

(34). Although some studies have been inconclusive, alcohol consumption has also been 

identified as a potential risk factor (35, 36). A systematic meta-analysis of 10 studies 

supported the hypothesis that alcohol consumption may increase the risk of developing 

gastric cancer (37).  

Family history is another important risk factor for gastric cancer, although about 90% 

of cases of gastric cancer are sporadic and only around 10% are of familial origin (38). Of 

these 10%, approximately 3% result from hereditary diffuse gastric cancer (HDGC), whose 

main causes are germline mutations in the cadherin-1 (CDH1) gene (39). However, there 

are several cases in which no germline genetic abnormalities can be identified, making it 

impossible to implement the preventive measures that are recommended to patients with 

CDH1 mutation, such as prophylactic gastrectomy (40). Age is also a risk factor for gastric 

cancer, with most cases diagnosed after the age of 50 (41). However, in patients with 

hereditary or familial gastric cancer or HDGC, the disease appears at a relatively young age 

(< 40 years) (39).  

Other risk factors, such as gastrointestinal microbiota, gastric ulcer, gastroesophageal 

reflux disease, exposure to ionizing radiation, blood group A and previous gastric surgery 

can also increase the risk of developing gastric cancer (42-47). 

Thus, in some cases, gastric cancer can be prevented by reducing exposure to 

behavioral risk factors, through changes in lifestyle and dietary habits, while in other cases, 

especially in those of familial origin, a better knowledge of the disease is needed in order to 

reduce the incidence and mortality rates. 

 
2.2. Histological and Molecular Classification 

 

Gastric cancer exhibits marked histological heterogeneity both architecturally and 

cytologically. Most diagnosed cases of gastric cancer are adenocarcinomas (up to 95%) 

and, as mentioned earlier, they can be divided into cardia and non-cardia (48). Since 1965, 
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the Laurén classification of gastric cancer has been the most widely used and studied of all 

classification systems. Laurén classification divides gastric adenocarcinomas into two 

histological subtypes: diffuse and intestinal, in addition to the indeterminate type as an 

uncommon variant (49). Diffuse-type adenocarcinoma is poorly differentiated (cells do not 

look or behave like normal cells), with infiltration of non-cohesive tumor cells and 

metastasizes much more quickly than intestinal adenocarcinomas, leading to rapid disease 

progression and worse prognosis (48). It is more common in women and younger patients 

(50). Intestinal-type adenocarcinoma is the most frequent, generally occurs in men and at 

older ages (51). It is well differentiated (cells look and behave like normal cells), with 

cohesive neoplastic cells forming gland-like structures (48). Furthermore, some gastric 

cancers may have mixed features of diffuse and intestinal types (49). Although both types 

are associated with H. pylori infection, the intestinal type is the one with the greatest 

association with this infection and also with intestinal metaplasia of the gastric mucosa (52) 

while the diffuse type has been more associated with other risk factors (53). Another gastric 

cancer classification system was issued in 2010 by the World Health Organization (WHO) 

and updated in 2019 (54). The WHO classification is incredibly detailed and includes not 

only gastric adenocarcinoma, but also all other types of gastric neoplasms of lesser 

frequency. This classification subdivides gastric cancer into several histological patterns, 

including tubular, papillary, mucinous, mixed, and poorly cohesive (including signet ring cell 

carcinoma and non-signet ring cell carcinoma), as well as uncommon histological variants 

(54). It is also possible to draw parallels between the two classification systems. Tubular 

and papillary gastric adenocarcinoma of the WHO classification system corresponds to 

intestinal gastric adenocarcinoma of the Laurén classification (55). Diffuse gastric 

adenocarcinoma of the Laurén classification corresponds to poorly cohesive gastric 

adenocarcinoma (including signet ring cell carcinoma) (55). Briefly, gastric tubular 

adenocarcinoma is the most common and is characterized by prominent dilated or slit-like 

tubules that invade the muscle layer (56). Papillary gastric adenocarcinoma tends to affect 

older people and is characterized by elongated finger-like epithelial projections with cores 

of fibrovascular connective tissue. Poorly cohesive gastric adenocarcinoma, if it is signet 

ring cell type, it is composed mainly of signet ring cells, while poorly cohesive non-signet 

ring cells type is morphologically similar to histiocytes, lymphocytes, and plasma cells (57). 

In addition to being a histologically heterogeneous disease, gastric cancer also 

presents genetic and molecular heterogeneity. Throughout the carcinogenic process, there 

is an accumulation of several genetic and molecular abnormalities, including the activation 

of oncogenes and inactivation of tumor suppressor genes, point mutations, overexpression 

of growth factors and DNA repair genes (58, 59). Therefore, the molecular landscape of 

gastric cancer has also been explored and used to classify this pathology in order to improve 



CHAPTER I 
General Introduction 

Page 44 of 232 
 

targeted treatment. In 2013, Lei et al, when comparing patterns of gene expression among 

248 gastric malignant tumors, classified gastric cancer into three subtypes with distinct 

molecular and genetic characteristics and also different response to therapy: proliferative, 

metabolic and mesenchymal (60). However, in 2014, the Cancer Genome Atlas Research 

Network (TCGA) performed a broad molecular characterization of gastric cancer based on 

the evaluation of 295 primary gastric adenocarcinomas using sequencing data from six 

molecular platforms (61). The results of this analysis allowed classifying gastric cancer into 

four molecular subtypes: chromosomal instability subtypes (CIN), EBV-positive tumors, 

microsatellite instability-high status (MSI) and genomically stable (GS) (61). This study also 

had a significant impact on the development of guidelines for patient stratification and trials 

of targeted therapies (62). In addition, the Asian Cancer Research Group (ACRG) also 

proposed a gastric cancer molecular classification based on the analysis of 300 gastric 

cancer cases. The ACRG also proposed four molecular subtypes: MSI, microsatellite stable 

(MSS)/EMT, MSS/TP53 mutant (TP53+) and MSS/TP53 wild-type (TP53-) (63). 

 
2.3. Staging, Diagnosis and Treatment  

 

Cancer stage is the most significant prognostic factor for gastric cancer. It provides 

information about the size of the tumor, whether it has spread, and how far it has spread 

from where it formed (64). Thus, the stomach layers are essential for assessing the stage 

of the disease. As the cancer grows from the mucosa to the serosa, the stage becomes 

more advanced, and the prognosis becomes poorer. The Tumor Node Metastasis (TNM) 

system is the most widely used cancer staging system worldwide. It is based on the size 

and extent of the primary tumor (T), regional lymph nodes involvement (N) and the presence 

or absence of metastatic disease (M) (65). The initial stage corresponds to stage 0 

(carcinoma in situ) and then varies from stages I to IV (Table 1) (65). The lower the number, 

the less the cancer has spread and better the prognosis tends to be. 
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Table 1 - TNM staging system for gastric cancer. Each stage has a number from 0 to IV. 
Stage I is subdivided into IA and IB, stage II is subdivided into IIA and IIB and stage III is 
subdivided into IIIA, IIIB and IIIC. The higher the number, the more the cancer has spread. 

Adapted from the 8th edition of the American Joint Committee on Cancer tumor-node-metastasis 

staging system for gastric cancer (2018)	(65). 
	

 
 

Stage Subdivision Description and Stage grouping

0 ---

Carcinoma in situ.
- Abnormal cells found in the mucosa (high grade dysplasia) or cancer cells only present in the top layer of
cells of the mucosa (innermost layer of the stomach) that have not grown into deeper layers of tissue such as
the lamina propria (Tis); Cancer has not spread to nearby lymph nodes (N0); Cancer has not spread to distant
parts of the body (M0).

I

IA - The main tumor has grown from the top layer of cells of the mucosa to the next layers below (lamina
propria, the muscularis mucosa, or submucosa) (T1); N0; M0.

IB
- T1; Cancer has spread to 1 to 2 nearby lymph nodes (N1); M0.
OR
- The main tumor is growing into the muscularis propria layer (T2); N0; M0.

II

IIA

- T1; Cancer has spread to 3 to 6 nearby lymph nodes (N2); M0.
OR
- T2; N1; M0.
OR
- The main tumor is growing into the subserosa layer (T3); N0; M0.

IIB

- T1; Cancer has spread to 7 to 15 nearby lymph nodes (N3a); M0.
OR
- T2; N2; M0.
OR
- T3; N1; M0.
OR
- The main tumor has grown through the stomach wall into the serosa, but it hasn’t grown into any of the
nearby organs or structures (T4a); N0; M0.

III

IIIA

- T2; N3a; M0.
OR
- T3; N2; M0.
OR
- T4a; N1; M0.
OR
- T4a; N2; M0.
OR
- The main tumor has grown through the stomach wall and into nearby organs or structures (T4b); N0; M0.

IIIB

- T1; Cancer has spread to 16 or more nearby lymph nodes (N3b); M0.
OR
- T2; N3b; M0.
OR
- T3; N3a; M0.
OR
- T4a; N3a; M0.
OR
- T4b; N2; M0.

IIIC

- T3; N3b; M0.
OR
- T4a; N3b; M0.
OR
- T4b; N3a; M0.
OR
- T4b; N3b; M0.

IV ---
- Cancer might or might not have grown into any of the layers of the stomach wall (Any T); Cancer might or
might not have spread to nearby lymph nodes (Any N); Cancer has spread to distant organs such as the liver,
lungs, brain, or the peritoneum (the lining of the space around the digestive organs) (M1).
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Gastric cancer grows slowly over several years without causing noticeable symptoms. 

Thus, the diagnosis of gastric cancer is usually made at a later stage, a factor that 

contributes to the high mortality rate of the disease. The diagnosis of this pathology can be 

carried out through several tests, with endoscopic examination and forceps biopsy being 

the gold standard method (62). Multiple biopsies are performed to provide material of 

adequate size for histological and molecular analyses (62). To identify the stage of the 

disease, several procedures can be performed, including endoscopic ultrasound also called 

endosonography (allows identification of infiltrated regions of the gastric wall), endoscopic 

mucosal resection and endoscopic submucosal dissection (62). In addition, other 

procedures can be used, such as computed tomography (CT) of the chest, which may 

include the pelvis, laparoscopy plus washings and positron emission tomography (PET) – 

CT scan (62).  

Distinct types of treatments are available for gastric cancer. Many factors are 

considered, such as the stage of the cancer and the patient's overall health, when 

considering a specific treatment. Surgical resection is the best option for operable gastric 

cancer. It is potentially curative for stage I, however, some patients relapse, so combined 

therapies are standard for stage ≥ IB (62). Surgery can also be performed in stages II and 

III, but radiotherapy and chemotherapy (perioperative, neoadjuvant and/or adjuvant) are 

necessary to improve patients' overall survival. Chemotherapy for gastric cancer includes 

several drugs such as capecitabine (an antimetabolite used when the cancer is HER2 

positive), cisplatin (an alkylating agent that damages the DNA of dividing cells, leading to 

the cessation of tumor growth), docetaxel (a semisynthetic taxane that blocks cell division 

by interfering with microtubule polymerization dynamics), doxorubicin (an anthracycline that 

targets topoisomerase II), epirubicin (an anthracycline that is an inhibitor of topoisomerase 

II), irinotecan (an inhibitor of topoisomerase I), leucovorin (a folic acid analogue used in 

combination with other chemotherapy drugs to increase their cytotoxic effect and/or 

decrease their harmful side effects), oxaliplatin (an alkylating agent that causes DNA 

damage through DNA cross-linking), paclitaxel (a taxane that targets microtubules), the 

trifluridine/tipiracil combination (trifluridine stops cell division by incorporating itself into the 

DNA strain, while tipiracil slows the degradation rate of trifluridine) and 5-fluorouracil (5-FU) 

(62). In particular, the antimetabolite 5-FU is an uracil analogue with a fluorine atom at the 

C-5 position (66). The cytotoxic effect of 5-FU is induced through the inhibition of 

thymidylate synthase (TS) and the incorporation of its metabolites into DNA and RNA (67). 

Chemotherapy with 5-FU is the first treatment of choice for advanced gastric cancer. It is a 

key component of several chemotherapy regimens, including FOLFOX (leucoverin plus 5-

FU and oxaliplatin), one of the most commonly used regimens in the first-line treatment of 

metastatic gastric cancer, and the adjuvant chemotherapy regimen XELOX (capecitabine 
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(a 5-FU prodrug) plus oxaliplatin) (68). Thus, for stage IV, when the cancer cannot be 

removed and/or has metastasized, the main treatment option is chemotherapy with double 

or triple combinations of platinum/fluoropyrimidine or capecitabine as the main treatment 

(62, 69). Other forms and combinations of treatment have also been used as targeted 

therapy, including immunotherapy. This type of precision medicine can be used alone or in 

combination with chemotherapy in order to improve the ability of the body's immune system 

to recognize and eliminate cancer cells. However, not all patients can benefit from 

immunotherapy, only patients with specific molecular signatures, such as expression of 

programmed cell death protein 1 (PD-1) and HER2, will be suitable candidates. (70). Gastric 

cancer immunotherapy uses monoclonal antibodies (nivolumab and pembrolizumab) to 

target, and block programmed PD-1 (62). Nivolumab is used together with a 

fluoropyrimidine and platinum chemotherapy, while pembrolizumab is used with 

trastuzumab (a HER2 inhibitor) and fluoropyrimidine and platinum chemotherapy in patients 

whose cancer is HER2 positive and has spread or cannot be removed surgically (62). 

Targeted therapy with ramucirumab (an angiogenesis inhibitor), regorafenib (a kinase 

inhibitor), trastuzumab or trastuzumab deruxtecan (an antibody–drug conjugate that inhibits 

HER2 and blocks topoisomerase I) can also be applied in advanced gastric cancer or those 

with metastasis (62).  

However, cancer heterogeneity at molecular, histological and phenotypic levels plays 

a vital role in therapeutic resistance and tumor recurrence, with cancer stem cells (CSCs) 

being among the main factors causing cancer heterogeneity and treatment failure (71, 72). 

3. CANCER STEM CELLS 

 

The CSC model of tumor progression hypothesizes that a small subpopulation of 

cancer cells that display stem-like properties sustains tumor growth, metastasis, relapse 

and resistance to chemotherapy (71, 73). CSCs can undergo symmetric and asymmetric 

divisions, having the ability to give rise to all the distinct types of cancer cells within the 

tumor (74). However, the origin of CSCs is still unclear and controversial. Various 

hypotheses suggest that depending on the tumor type, CSCs might be derived from adult 

stem cells, adult progenitor cells that underwent mutations, or differentiated cells that gained 

stem-like properties through dedifferentiation (75). The first evidence for the existence of 

CSCs was reported in acute myeloid leukemia (AML), where a small population of 

CD34+/CD38- AML cells showed the ability to initiate tumor growth after transplantation into 

immunodeficient mice, establishing the hierarchical organization of AML (76). Following this 

study, others also reported the existence of CSCs in several types of cancer, including 
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gastric cancer (77, 78). Numerous studies have demonstrated that CSCs share biomarkers 

with normal stem cells, so specific markers for their identification have been explored over 

the years (79). 

 
 

Figure 4 – Cancer stem cells (CSCs) features. The Figure was partly generated using Servier 
Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 Unported 
License. 

 

3.1. Identification Challenges 

 

Identification of normal stem cells is now a straightforward process due to their well-

recognized set of biomarkers, whereas identification of CSCs is a challenging task resulting 

from their complex phenotype, which differs from one tumor to another (80). Furthermore, 

CSCs represent a small percentage of tumor cells within the total tumor mass, making their 

detection even more difficult in heterogeneous tumors. The use of different combinations of 

cell-surface markers has been the main strategy to identify CSCs in distinct types of tumors 

(81). Cell-surface markers are chosen according to their expression and relevance to  

particular tumor type, allowing the distinction of CSCs from non-CSCs (80). In addition to 

cell-surface markers the intracellular protein aldehyde dehydrogenase I (ALDH1) has also 

been utilized to pinpoint CSCs (82). In gastric cancer, the list of biomarkers capable of 

identifying CSCs is growing (Table 2). This means that interest in identifying and targeting 

gastric CSCs is increasing, but it also means that markers already in use are not uniformly 

advantageous for detecting CSCs. In particular, inconsistencies remain about which cell-

surface marker might be the ideal marker to identify gastric CSCs from cell lines and primary 

tumors.  
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Table 2 - Cancer stem cell (CSC) biomarkers for gastric cancer. The table contain the most 
reported gastric CSCs markers and the characteristics exhibited by CSCs identified based on 
these biomarkers. Adapted from (83). 
 

CSCs biomarkers Implication References 

CD44 Tumorigenicity, self-renewal and 
drug resistance (78, 84-86)  

CD44 combined with CD24 Tumorigenicity and self-renewal (87) 

CD44 combined with CD54 Tumorigenicity, self-renewal and 
hierarchical organization (88) 

CD44 combined with 
EpCAM 

Tumorigenicity, drug resistance 
and tumor heterogeneity (89) 

CD44 combined with 
CD24, CD54 and EpCAM Tumorigenicity (90) 

CD49f Tumorigenicity and drug 
resistance (91) 

CD71  Tumorigenicity, self-renewal, cell 
invasion and drug resistance (92) 

CD90 Tumorigenicity and self-renewal (93) 

CD133 Poorly differentiated; 
independent prognostic factor (85, 86, 94-96) 

CD133 combined with 
CD166 

Self-renewal, cell invasion and 
drug resistance (97) 

CD184 (CXCR4) Tumorigenicity and drug 
resistance (98) 

Lgr5 Tumorigenicity (99) 

ALDH 
Tumorigenicity, self-renewal, 
drug resistance and tumor 

heterogeneity 
(86, 100) 

 
 
3.2. Gastric Cancer Stem Cells 

 

Several biomarkers have emerged for gastric CSC identification. The transmembrane 

glycoprotein CD44 was the first described cell-surface marker used in gastric CSC 

identification. Takaishi et al. and his collaborators analyzed a panel of six gastric cancer cell 

lines and in three of them – NCI-N87, MKN-45 and MKN-74 – a small CD44+ cell 

subpopulation displayed CSC features such as self-renewal, asymmetric division, spheroid 

colony formation, and in vivo tumorigenic ability. They also observed that the CD44+ 

subpopulation had a higher resistance to anticancer drugs when compared to CD44– cells. 

However, in the other three cell lines – AGS, Kato III and MKN28 – the CD44 cell-surface 

marker was not able to mark cells with stem-like properties (78). Clinically, CD44+ cancer 
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cells at the invasive gastric cancer front are associated with poor patient survival (85, 101). 

Later, Zhang et al. combined CD44 with CD24, a signal transducer, and successfully 

detected a CD44+CD24+ cellular subpopulation with CSCs characteristics, such as the 

capability to self-renew and to originate differentiated progeny. Additionally, they showed 

that CD44+CD24+ cells had higher ability to form tumors when injected into 

immunodeficient mice, compared to the CD44–CD24– cells (87). The CD54 cell-surface 

marker, also known as ICAM-1 (intercellular adhesion molecule 1), was combined with 

CD44 to isolate gastric CSCs from tumor tissues and peripheral blood of patients with 

gastric cancer. The CD44+CD54+ cells exhibited in vitro and in vivo self-renewal ability, 

formed gastric tumorspheres and originated tumors similar to the original human tumor 

when injected into immunodeficient mice (88). The epithelial cell adhesion molecule 

(EpCAM) has also been used in combination with CD44 to mark gastric CSCs. The small 

EpCAM+/CD44+ subpopulation isolated from primary human gastric cancer tissues was 

more resistant to anticancer drugs including 5-FU, doxorubicin and paclitaxel, when 

compared with EpCAM+/CD44–, EpCAM–/CD44+ and EpCAM–/CD44– cells (89, 102). It 

also showed the capacity to form sphere-like structures in serum free conditions and greater 

ability to originate tumors in immunocompromised mice (89). The tumors formed after 

inoculation of the EpCAM+/CD44+ cells recapitulated the heterogeneous morphology and 

phenotype present in the original gastric tumor (89). Gómez-Gallegos et al. used CD44 

combined with CD24, CD54 and EpCAM to identify gastric CSCs. Their work suggested 

that CD44+/CD24+/CD54+/EpCAM+ cells from patient tissue samples were associated with 

metastatic disease (90). Fukamachi et al. identified another potential gastric CSC marker, 

the CD49f, an integrin α6 (ITGA6) that is a subunit of laminin receptors. Their work showed 

that CD49f+ gastric cancer cells originated tumors when subcutaneously injected into 

immunodeficient mice, while CD49f– cells did not. They also demonstrated that some of the 

CD49f+ sphere-forming cells were more resistant to doxorubicin, 5-FU and doxifluridine (a 

5-FU prodrug) than the other gastric cancer cells studied (91). Another cell-surface marker 

identified as a gastric CSC marker is the CD71 transferrin receptor. In this case, it was 

demonstrated that the CD71– subpopulation from the MKN-1 gastric cancer cell line 

displayed CSC features, contrary to CD71+ cells. The CD71– cells were more resistant to 

5-FU than CD71+, had higher tumorigenic ability and were mostly present in the invasive 

front of the tumor (92). The cell-surface glycoprotein CD90 (Thy-1) appeared as a potential 

gastric CSC marker since it was capable of identifying a small population with in vivo 

tumorigenic and self-renewal ability. Additionally, 25% of the gastric primary tumors 

possessed a higher expression of HER2, which was correlated with the higher expression 

of CD90 (93). CD133 (prominin-1), a pentaspan transmembrane glycoprotein, is described 

as a gastric CSC marker due to the fact that its expression is positively correlated with tumor 
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aggressiveness in gastric cancer patients (85, 86, 94, 95, 103). Zhao et al. showed that the 

frequency of CD133+ in gastric primary tumors samples was higher than CD133– cells and 

CD133 was associated with poor prognosis in gastric cancer (104). Also, spheroid cells 

from gastric cancer cell lines and primary gastric cancer tissues presented CD133 

expression and displayed several features of CSCs (105). Ni et al. combined CD133 with 

CD166 to mark gastric CSCs, showing that CD133+/CD166+ cell subpopulations from 

BGC-823 and SGC-790 gastric cancer cell lines have CSCs characteristics and are 

enriched in OCT4 and C-MYC (97). New markers have emerged in the study of gastric 

CSCs and demonstrated to be able to mark a small population with stem-like features, 

specifically CXCR4 (C-X-C chemokine receptor type 4) also known as CD184 and Lgr5 

(leucine-rich repeat-containing G-protein coupled receptor 5) (98, 99). Also, the intracellular 

enzyme aldehyde dehydrogenase (ALDH) has been used to identify gastric CSCs. Zhi et 

al. were able to divide NCI-N87 and SNU-1 gastric cancer cell lines into ALDH+ and ALDH– 

cells. The ALDH+ cells presented CSC features such as higher levels of SOX2, NANOG 

and Nestin, formed more sphere-like structures and had higher resistance to 5-FU and 

cisplatin (100).  

 
3.2.1.  Transcription Factors as Potential Biomarkers 

 

One of the challenges in targeting CSCs is identifying specific markers associated with 

their phenotype. It is known that normal stem cells and CSCs share core stemness signaling 

pathways such as Notch, Hedgehog, WNT/β-catenin and JAK/STAT, that have pivotal roles 

in maintaining stem cell properties and regulating their transcriptional program (106). SOX2, 

OCT4, KLF4, C-MYC, HMGA1, HIF-1a and NANOG are some of the key transcription 

factors (TFs) known to promote stemness by upregulating genes involved in self-renewal 

and pluripotency, while suppressing genes involved in differentiation (107-110). Key stem 

cell TFs like SOX2, OCT4, and NANOG have been proven to be overexpressed in CSCs 

(111-115). For that reason, fluorescence reporter systems driven by portions of promoters 

where these proteins bind have been developed to allow CSCs to be labeled and tracked 

in real-time. These reporter systems appear to be a powerful tool to identify and study CSCs 

more efficiently than cell-surface markers (116). Tang et al. developed a flexible lentiviral-

based reporter system (SORE6-GFP) that allows direct and in real-time visualization of 

CSCs based on SOX2/OCT4 expression (114). This reporter system consists of six tandem 

repeats of a composite SOX2/OCT4 response element (SORE6) coupled to a minimal 

cytomegalovirus promoter (mCMVp) that drives GFP expression (Figure 5A). Thus, GFP 

expression only occurs if cells express sufficient levels of SOX2 and/or OCT4 (Figure 5B). 

By using this reporter system, Tang et al. were able to isolate and characterize a small 



CHAPTER I 
General Introduction 

Page 52 of 232 
 

population of breast cancer cells with cancer stem-like properties, such as self-renewal, 

asymmetric division, drug resistance, and the ability to initiate tumors and metastasis in vivo 

(114). 
 

 
 

 

 
 
 

Figure 5 – The lentiviral SORE6-GFP reported system marks a small cell population 

enriched in SOX2 and/or OCT4 expression. A) Schematic representation of the lentiviral 

SORE6-GFP reporter system. SORE6 is the SOX2/OCT4 composite response element and 
drives the destabilized fluorescent protein (dsCopGFP) (114). B) If transduced cells express 

sufficient levels of SOX2 and/or OCT4, the SORE6-GFP reporter system will be activated, and 
the cells will become GFP-positive. The intensity of GFP expression is associated with the 
expression levels of SOX2 and/or OCT4. The Figure was partly generated using Servier Medical 

Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 Unported License. 

 

Using the same principle, other authors have been developing similar systems to 

identify and characterize CSCs in a variety of solid tumors. Buczek et al. established a 

method using a lentiviral construct carrying the promoter of NANOG to identify prostate 

CSCs and more recently, Ghanei et al. introduced a similar approach for the isolation of 

CSCs in a breast cancer cell line based on the single expression of OCT4 (115, 117). 

Although the use of cell-surface markers is the most trusted approach to detect these cells, 

several studies demonstrated that they lack specificity and cannot be used for real time 

assessment of CSCs behavior, which could give new insights about their properties and 

possible targets (114). Growing evidences support that specific TFs overexpressed in 

A 

B 
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normal gastrointestinal stem cells may contribute to the self-renewal characteristics of 

CSCs in gastric cancer and are related with patient prognosis (118, 119). This makes them 

a powerful tool in CSCs identification and study. 

 

3.2.1.1. SOX2 (SRY-Box Transcription Factor 2) 

 

SOX2 is a master regulator that belongs to the family of high-mobility group TFs. It 

plays many roles throughout development and cell differentiation in normal tissues, namely 

in mammalian embryogenesis, morphogenesis and homeostasis of the foregut-derived 

epithelia of the esophagus, lung and trachea (120, 121). SOX2’s role in stemness was 

strengthened with Takahashi and Yamanaka’s findings since they were able to reprogram 

mouse embryonic fibroblasts into induced pluripotent stem (iPS) cells, by introducing SOX2 

along with OCT3/4, C-MYC and KLF4 (122). In cancer, SOX2 has increasingly been 

associated with a CSC phenotype in several tumors (123-125). However, the role of SOX2 

in gastric cancer is controversial because some authors report that high SOX2 expression 

is linked to a better gastric cancer prognosis, while other authors associate high SOX2 

expression with a more aggressive phenotype, worse prognosis and worse response to 

therapy (105, 123, 126-133). Wang et al. reported that SOX2 expression inhibited gastric 

cancer cell proliferation and metastasis and promoted apoptosis (129). On the contrary, 

Hütz et al. observed that inhibition of SOX2 resulted in reduced cell proliferation and 

migration, increased apoptosis, changes in cell cycle and reduced tumorigenic potential of 

cells in vivo (126). Comparable results were observed in vivo, where suppression of SOX2 

resulted in reduced tumor growth, decreased tumorigenicity and chemoresistence (134). 

Taken together, these findings indicate that SOX2 has a critical role in several aspects of 

CSCs biology. 

 
3.2.1.2. OCT4 (POU Class 5 Homeobox 1) 

 

OCT4, a homeodomain TF of the Pit-Oct-Unc family, is expressed in embryonic stem 

cells, where it maintains stem cell-like properties, and in adult stem cells, being involved in 

their proliferation and differentiation (Loh et al., 2006; Han et al., 2014). Abnormal 

expression of OCT4 has been observed in different tumor types, including gastric cancer 

(132, 135). Studies have shown that its expression is positively correlated with more 

aggressive and metastatic tumors, as well as with poorer overall prognosis (105, 132). Chen 

and collaborators demonstrated that overexpression of OCT4 in gastric cancer cells led 

differentiated cancer cells to become undifferentiated and acquiring self-renewal capacity 
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and another study reported that downregulation of OCT4 induced differentiation in gastric 

cancer cells (136, 137). Additionally, Zhang X. et al. demonstrated a p-ERK mediated 

positive feedback loop between the cell surface marker CD44 and OCT4, which is 

responsible for sustaining gastric CSCs properties (105).  

 

3.2.1.3.  KLF4 (Krüppel Like Factor 4) 

 

KLF4, also known as the gut-enriched Krüppel like factor (GKLF), is strongly expressed 

in post-mitotic and terminally differentiated epithelial tissues, along with those of the 

gastrointestinal tract (138, 139). It is suggested that it may have an anticancer role in gastric 

cancer, being downregulated due to hypermethylation and loss of heterozygosity in gastric 

CSCs (138). Several studies have shown that low expression of KLF4 is negatively 

associated with patient overall survival and may be a useful prognostic marker in gastric 

cancer patients (140-144). It has been reported to be enriched in CSCs from breast tumors, 

however, little is known about gastric CSCs (145, 146). 

 
3.2.1.4. C-MYC (MYC Proto-Oncogene, bHLH Transcription Factor) 

 

C-MYC is an essential TF that regulates genes that take part in biological processes 

such as self-renewal, differentiation, growth and metabolism (147, 148). Although it is one 

of the most commonly activated oncogenes involved in the pathogenesis of cancer, its 

overexpression alone is unable to induce the transformation of normal cells into tumor cells 

(149). The role of C-MYC in gastric cancer is less studied than in other tumor types. It has 

been suggested as a CSC marker in some tumors such as small-cell lung cancer, prostate 

cancer, neuroblastoma, glioblastoma and hematopoietic malignancies, but the expression 

and relevance in gastric cancer has not yet been clarified (149). Some authors associate 

C-MYC deregulation with poor prognostic features (150-152). Additionally, C-MYC is 

positively correlated with pluripotency markers such as SOX2, OCT4, and NANOG (153). 

 
3.2.1.5. HMGA1 (high mobility group AT-hook 1) 

 

  HMGA1 is a non-histone chromatin structural protein involved in the regulation of gene 

expression. It can alter the structure of DNA by binding to the minor groove of AT-rich 

regions and promotes the interaction between transcription regulatory proteins. HMGA1 is 

highly expressed during embryogenesis and very poorly expressed in adults. However, its 

expression has been shown to be elevated in several types of cancer (154). In particular, 
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HMGA1 was first discovered in highly proliferative and widely metastatic HeLa cervical 

cancer cells (155). The relevance of HMGA1 expression in gastric cancer was little 

explored. Nam et al. showed that its expression is associated with the gastric malignant 

phenotype (156). Cao et al. also reported that highly expressed HMGA1 predicts a poor 

clinical outcome in gastric cancer patients (157). Furthermore, HMGA1 maintains cell 

proliferation, promoting the growth and metastasis of gastric cancer (158, 159). HMGA1 

has also been shown to be expressed in CSCs and promote the phenotype of CSCs. It 

positively regulates pluripotency genes, inducing the expression of important TFs, such as 

SOX2, OCT4 and NANOG (108). However, little is known about the role of HMGA1 in 

gastric CSCs. 

 

3.2.1.6. HIF-1a (hypoxia inducible factor 1 subunit alpha) 

 

  HIF-1α is a master transcriptional regulator of the adaptive response to hypoxia (a 

state of reduced partial pressure of oxygen in the cell). Under hypoxic conditions, enzymatic 

inhibition of prolyl hydroxylase (PHDs) occurs, therefore, there is no recognition of HIF-1α 

by the von Hippel-Lindau protein (VHL) or proteasomal degradation, leading to the 

consequent stabilization of HIF-1α (160). Thus, the HIF-1α protein undergoes translocation 

and accumulation in the nucleus, where it will dimerize with the HIF-1β subunits and 

subsequently form the HIF complex (161, 162). HIF-1α expression can also be induced 

through chemical hypoxia using the hypoxia mimetic mediator cobalt chloride (CoCl2) (163). 

HIF-1α is often overexpressed in gastric cancer and associated with drug resistance and 

poor overall survival in gastric cancer patients (164-166). In particular, 5-FU treatment may 

cause an increase of HIF-1α expression, which would eventually result in resistance to this 

drug (167). HIF-1α is differentially expressed between CSCs and non-CSCs (168). 

Furthermore, HIF induces the expression of several TFs including SOX2, OCT4, C-MYC, 

NANOG and KLF4 (169). Luo et al. and Miao et al. reported that HIF-1α promotes the 

stemness of gastric cancer cells (170, 171). However, more research is needed to evaluate 

the role of HIF-1α in gastric CSCs. 

 

3.2.1.7. NANOG (Nanog Homeobox) 

 

 NANOG was first discovered in embryonic stem cells and is a key TF involved in self-

renewal and pluripotency (172). It is typically silenced in normal somatic cells, although 

abnormal expression has been reported in malignant tumors such as gastric cancer (118, 

173). Previous studies demonstrate that NANOG is highly expressed in gastric cancer and 
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significantly associated with tumor size and grade, along with decreased overall survival 

(132, 174). Although studies indicate that NANOG is associated with a CSC phenotype, it 

remains unclear its role in gastric CSCs maintenance (146, 174). Recently, studies have 

shown that NANOGP8, one of the pseudogenes of the NANOG gene family, is a key 

regulator of gastric CSCs, being associated with cell proliferation, migration, invasion and 

drug resistance (175, 176). 
 
3.2.2. Interaction with the Tumor Microenvironment 

 

The close interaction between CSCs and their niche is fundamental for maintaining the 

stemness of CSCs and tumor progression. The CSC niche, a specific tumor 

microenvironment, which consists of stroma, micro-vessels, hypoxic regions, cancer-

associated fibroblasts (CAFs), cancer-associated mesenchymal stem cells (MSCs), tumor-

associated macrophages (TAMs) and extracellular matrix, secretes soluble factors (e.g., 

cytokines and growth factors) that are necessary for cancer cell survival (149, 177, 178). 

Growth factors and cytokines regulate Wnt, Notch, JAK-STAT3 and other signaling 

pathways thereby stimulating growth, epithelial-to-mesenchymal transition (EMT), invasion, 

angiogenesis, metastasis and inhibiting apoptosis (149). These pathways are required for 

the self-renewal and maintenance of CSCs. For instance, hypoxia, which also maintains a 

stem-like phenotype in gastric cancer through the increased expression of HIF-1α and HIF-

2α, maintains the Wnt/β-catenin signaling pathway and interacts/activats stemness-related 

TFs such as SOX2 and OCT4 (165, 179-183). Cancer cells also secrete growth factors and 

proteases to promote changes in their microenvironment (184). Additionally, cancer cells 

mediate the production of inflammatory cytokines with pro-tumorigenic roles or the inhibition 

of cytokines involved in immune surveillance, altering the composition of the immune cells 

in the tumor microenvironment (177, 185). Specifically, Rezalotfi et al. suggested that CSCs 

could alter the cytokines in the tumor microenvironment by demonstrating that the balance 

between suppressive regulatory T cells (Treg) and T helper cells producing IL17 (Th17) 

could be affected (186). Chaudhry et al. disclosed further that STAT3 is fundamental for the 

inhibition of Treg cells development and Th17 differentiation (187). In fact, STAT3 in 

collaboration with NFκB, regulates the expression of these genes encoding critical cancer-

promoting inflammatory mediators, establishing a crosstalk between cancer and immune 

cells of the microenvironment and perpetuating the effects of STAT3 activation in cancer 

cells (188, 189). However, despite the growing evidences showing the interaction of gastric 

CSCs with the tumor microenvironment, the specific molecules involved and their signaling 

pathways still need further investigation in order to give rise to safe therapies. 
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3.2.3.  Targeting Therapies 

 

In some cases of gastric cancer, after an intended efficacious treatment, the cancer 

reappears locally or in distant metastasis. It is believed this could result from the presence 

of CSCs that were able to resist the therapy applied, revealing that the existence of CSCs 

is one of the biggest roadblocks in cancer treatment (190). Thus, direct targeting of CSCs 

could be the key for tumor complete elimination. The therapy against CSCs using specific 

molecules should eradicate these cells while the conventional therapy eliminates the non-

CSCs present in the tumor bulk (Figure 6). Nevertheless, this type of treatment should be 

administrated in combination with the traditional therapy due to the possibility of cellular 

plasticity that facilitates the appearance of de novo CSCs from non-CSCs (191). Moreover, 

targeting specific TFs or signaling pathways responsible for maintaining the CSC phenotype 

could become novel therapies against gastric cancer. For that reason, several clinical trials 

are being undertaken to explore the efficacy of diverse compounds, that are capable of 

modulating or inactivating proteins that gastric CSCs use to grow and survive, allowing their 

elimination (83). Additionally, it is worth to mention that several studies have been 

conducted to evaluate the efficacy of small molecules in targeting CSCs in vitro and in vivo, 

compounds capable of eliminating or reducing the CSC population that could also be part 

of the path in cancer therapy targeting CSCs (192-196). In fact, in addition to the known 

chemotherapeutic drugs, several non-oncology compounds have been considered for 

repurposing in cancer treatment, especially to target CSCs. An interesting class of 

compounds are the polyether ionophore antibiotics, which include, for example, 

salinomycin, narasin and monensin (197). Ionophores are lipid-soluble molecules that 

monocovalently bind to ions and transport them across the lipid bilayer of the cell membrane 

(197, 198). Therefore, ionophores have a significant impact on maintaining cellular 

homeostasis and cell survival. Salinomycin (a K+ polyether ionophore antibiotic), narisin (a 

derivative of salinomycin with an additional methyl group) and monensin (a Na+ polyether 

ionophore antibiotic) have been shown to have antitumor effects (197). In particular, 

salinomycin has been implicated as a potential agent to attack CSCs (199). Zhi et al. 

showed that gastric cancer stem-like cells were more sensitive to salinomycin compared to 

gastric non-CSCs (100).  
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Figure 6 - Schematic representation of the cancer stem cell (CSC) model of drug 

resistance. Traditional therapy destroys most cancer cells, but the CSCs remain viable, and 

the tumor recurs and grows again. CSC Targeted therapy eradicates CSCs, and the tumor can 
no longer grow. And if combined with traditional therapy, the tumor will disappear faster. The 

Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a 
Creative Commons Attribution 3.0 Unported License. 

4. CELLULAR PLASTICITY AND CELLULAR REPROGRAMMING 

 

Cellular plasticity refers to the ability of cells to change their phenotypes without genetic 

mutations in response to environmental stimuli. Recently, Hanahan proposed cellular 

plasticity as a distinct hallmark capability that can be unlocked during cancer (200). Thus, 

cancer cells are able to rapidly adapt to tumor environment alterations. Cellular plasticity 

promotes cancer progression, heterogeneity, and resistance to therapy (201). CSCs also 

display cellular plasticity. They have the ability to switch between CSC and non-CSC 

phenotype when necessary (74, 191). The activation of TFs and/or epigenetic modifications 

have been shown to mediate this interconversion (202). Specially, studies have implied the 

importance of OCT3/4, SOX2, NANOG and KLF4 in modulating the generation of CSCs 

and regulation of cellular plasticity (203). Additionally, epigenetic regulation, such as 

bivalent chromatin state, DNA methylation and histone modifications have also been 

implicated in CSC plasticity (204). Cellular plasticity plays a relevant role in the ability of 

CSCs to resist therapy. It has been demonstrated that conventional cancer therapy can 

directly induce the de novo generation of CSC-like cells from non-CSCs, leading to the 

acquisition of resistance to therapy (205). Metabolic plasticity also plays a significant role in 

the generation, maintenance, and characteristics of CSCs. These cells can alter their 
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metabolism to adapt to the different conditions that the microenvironment may be subjected 

to (206). 

Typically, cellular reprogramming refers to the process of reverting specialized cells 

into iPS cells by rewiring the transcriptional and epigenetic network. During cellular 

reprogramming, cellular behavior, DNA methylation, histone modifications and gene 

expression profiles can undergo several modifications (207, 208). Restoring pluripotency 

by easily inducing cellular reprogramming would be a major advance in several areas, 

especially in regenerative medicine. In cancer, cellular reprogramming is an interesting 

approach to convert malignant cells into benign cells, but also to reprogram cancer cells 

into CSCs in order to generate a larger population of CSCs for experimental manipulation 

and evaluation of their biological properties, aiming to improve cancer diagnosis and 

treatment (209, 210). Reprogrammed CSCs appear to exhibit characteristics and genetic 

profiles comparable to CSCs, serving as a useful platform to investigate the origin and 

molecular functions of CSCs (211). However, as with somatic cell reprogramming, the 

efficiency of cancer cell reprogramming is still low due to genetic and epigenetic barriers 

(122).  

It is important to highlight that cellular reprogramming can be carried out both towards 

differentiation or stemness. In cancer, cellular reprogramming tends to be in the direction of 

differentiation, that is, in a way, cellular reprogramming attempts to disarm cancer cells from 

their malignant characteristics, facilitating their elimination through therapy. However, 

studies in the direction of stemness may contribute to new mechanisms to combat cancer, 

providing information about the molecular networks essential for malignant characteristics. 

 

4.1. Transcription Factors in Cellular Reprogramming 

 

TFs are proteins that bind to DNA and regulate gene transcription depending on 

different metabolic stimuli or microenvironmental conditions. Thus, they can stimulate or 

repress genetic expression (212). TF-mediated cellular reprogramming has diverse 

applications, including the study of the network of TF involved in cells phenotype and drug 

discovery (213, 214). Takahashi and Yamanaka described, for the first time, that mouse 

and human somatic cells can be reprogrammed into iPS cells by the ectopic expression of 

a combination of four TFs (SOX2, OCT3/4, C-MYC, and KLF4) (122, 215). Later, Shah et 

al. reported that HMGA1 enhances cellular reprogramming from a somatic cell to a 

pluripotent stem cell. Their study also showed that cellular reprogramming of somatic cells 

to iPSCs by using SOX2, OCT4, C-MYC, and KLF4 is enhanced by HMGA1 (216). It is also 

known that some TFs can be re-expressed or reactivated in cancer cells, playing a crucial 
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role in the reprogramming of these cells. Cellular transduction of human colon cancer cells 

with OCT3/4, NANOG and KLF4 promoted enhanced CSC characteristics (217). Suva et 

al. reported that the combination of POU3F2, SOX2, SALL2, and OLIG2 was sufficient to 

reprogram differentiated glioblastoma cells into CSCs (218).  

  

4.2. Metabolic Cellular Reprogramming 

 

The role of metabolism in cancer has been widely explored. Recent genomic and 

proteomic research has provided insights into the molecular mechanisms of cancer 

metabolism. Reprogramming cellular metabolism is considered as one of the core hallmarks 

of cancer and plays a fundamental role in regulating gene transcription and repairing DNA 

damage (219). Knowledge of the process through which cancer cells produce energy to 

survive and proliferate has proven useful in the discovery of new cancer biomarkers and 

therapeutic targets (220). In terms of energy production, Otto Warburg observed that cancer 

cells generally undergo glycolysis rather than oxidative phosphorylation (OXPHOS). This 

metabolic phenomenon is called aerobic glycolysis or “Warburg effect” (221). Glycolysis is 

a relatively inefficient way of producing ATP compared to OXPHOS. It converts glucose into 

pyruvate through a series of metabolic reactions, in an oxygen-independent manner (222). 

On the other hand, OXPHOS produces most of cellular energy in the form of ATP. It is a 

fundamental mitochondrial process, where all the energy produced during the oxidation of 

carbohydrates, lipids and amino acids, and tricarboxylic acid (TCA) is used for the synthesis 

of ATP (223). Although glycolysis produces less ATP compared to OXPHOS, ATP 

production in glycolysis is faster than in OXPHOS, which is advantageous for the energy 

demands of cancer cells (223). Regarding CSCs, there is still no consensus on their 

metabolic characteristics. Several studies indicate that CSCs are mainly glycolytic, but 

others point to mitochondrial metabolism as their main source of energy. CSCs also appear 

to have the ability to adapt their metabolism to microenvironmental changes, opportunely 

switching energy production from one pathway to another or acquiring an intermediate 

metabolic phenotype (224). Metabolic reprogramming can happen in different situations, 

but it usually occurs when there is some stress in the microenvironment. In response to 

stress, CSCs use their metabolic flexibility to adapt to new microenvironmental conditions 

in order to survive and maintain stem-like characteristics (225). For example, in a hypoxic 

microenvironment, gastric CSCs reprogram their metabolism to adapt to lower oxygen 

levels, upregulating the expression of HIFs that regulate the expression of genes involved 

in glucose uptake and the glycolytic pathway (226, 227). In fact, HIF-1a modulates cellular 

reprogramming through an early glycolytic shift (228). Furthermore, Cao et al. showed that 
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HMGA1 and C-MYC expression was associated with the glycolysis gene signature in gastric 

cancer (157).  

On the other hand, metabolic reprogramming also enables the generation of iPS cells, 

thus it is possible that the same occurs in the process of generation of CSCs from non-

CSCs. Therefore, iPS cell biogenesis enhanced by metabolic reprogramming may unravel 

the molecular and cellular mechanisms underlying the de novo generation of CSCs. 

Furthermore, stimulation of aerobic glycolysis can promote the conversion of somatic cells 

into pluripotent cells (229). In cancer, cellular plasticity and cellular reprogramming are 

intricately linked, because not all non-CSCs possess the necessary cellular plasticity to 

allow their reprogramming to the CSC phenotype. Possession of the ability to adapt 

metabolism to glycolysis allows the transformation of non-CSCs into CSCs (229). Thus, 

promoting a glycolytic phenotype in non-CSCs through environmental cues may convert 

these cells, at least those that possess metabolic flexibility, into CSCs. 

 

4.3. Drugs and Small-Molecule-Mediated Cellular Reprogramming 

 

Research has been done to improve the efficiency and safety of cell reprogramming. 

As TF-mediated cellular reprogramming has low efficiency and also presents risks due to 

the use of oncogenes and exogenous factors, the use of chemical compounds in cellular 

reprogramming has emerged as a potential alternative tool to the use of TFs. Drugs and 

small-molecules can stimulate cellular reprograming in combination with TFs or by replacing 

them (230, 231). Most studies search for compounds capable of replacing the main TFs 

involved in stemness characteristics (e.g., SOX2, OCT4, C-MYC, KLF4, among others). 

Hou et al. divulged that by using a cocktail of small molecules it is possible to originate 

pluripotent stem cells from mouse somatic cells (232). They also searched for small-

molecules capable of replacing OCT4, for which they transduced the cells with a reported 

OCT4-GFP reporter system, and the GFP-negative (OCT4-negative) cells were used in a 

high-throughput screen of more than 10,000 small-molecules molecules. They found that 

forskolin, 2-methyl-5-hydroxytryptamine and D4476 were able to activate the reporter 

system in some cells by replacing OCT4 (232). Huangfu et al., also using an OCT4-GFP 

reporter system, found that the use of valproic acid and a histone deacetylase inhibitor 

significantly improved the efficiency of cellular reprogramming of somatic cells into iPS cells. 

Additionally, valproic acid also promotes the induction of iPS cells in the absence of C-MYC 

expression (233). Ichida et al., by performing a high-content chemical screening, discovered 

that the small-molecule RepSox (a Tgf-b type I receptor kinase (ALK5) signaling inhibitor) 
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can replace SOX2 in cellular reprogramming of adult cells into iPS cells	cells, acting through 

the induction of NANOG (234).  

Drugs and small-molecules have been tested to target cancer cells; however, some 

compounds may promote the induction of a cancer stem-like phenotype. Particularly, 

chemotherapy has been indicated as a conceivable way to generate CSCs (235). Lu et al. 

reported that treatment of breast cancer cells with paclitaxel, gemcitabine or carboplatin 

induced the expression of HIF-1a. Furthermore, they observed that paclitaxel treatment 

promoted breast CSCs enrichment by inducing the expression of SOX2 and NANOG in 

MDA-MB-231 breast cancer cells and the expression of OCT4 and NANOG in SUM-149 

breast cancer cells (236). Recently, Lu and Zhang exposed that radiochemotherapy plays 

a role in the generation of gastric CSCs. They showed that cisplatin and doxorubicin can 

reprogram about 20% to 27% gastric non-CSCs into cancer stem-like cells through EID3-

NAMPT-Wnt/β-catenin axis in response to DNA damage (237). Gastric CSCs generated by 

cisplatin or doxorubicin treatment showed an enrichment in the expression of several 

stemness markers, including SOX2, OCT4, C-MYC, KLF4, NANOG ALDH1 and Lgr5, when 

compared to gastric non-CSCs (237). 

 

4.4. Senescence-Associated Cellular Reprogramming 

 

Cellular senescence has been described as a permanent and irreversible cell cycle 

arrest that occurs in response to endogenous and exogenous stresses such as telomere 

shortening, mitogenic signals, oxidative and genotoxic stress, epigenetic changes, 

chromatin disorganization, mitochondrial dysfunction, inflammation, radiation, 

chemotherapeutic agents, nutrient deprivation, DNA damage, oxidative stress or oncogenic 

activation (238, 239). Senescent cells present alterations in metabolic activity and have the 

ability to resist apoptosis (239). They also have a distinct secretory phenotype denominated 

senescence-associated secretory phenotype (SASP). Senescent cells secrete to the 

microenvironment and neighboring cells numerous soluble factors including cytokines, 

chemokines, growth factors, and proteases (240). Cellular senescence has been linked with 

aging, cancer, embryonic development, tissue regeneration and cellular reprogramming 

(241). In cancer, cellular senescence can suppress tumor growth, but it also has the 

opposite effect, promoting tumor development through changes in the tumor 

microenvironment promoted by SASP (242). Additionally, several studies have implicated 

that treatment with some chemotherapeutic drugs can stimulate a therapy-induced 

senescence phenotype in cancer cells (243). Several drugs have been implicated in the 

promotion of a therapy-induced senescence phenotype including doxorubicin, cisplatin, 
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oxaliplatin, carboplatin, gemcitabine, 5-FU, paclitaxel, docetaxel and irinotecan. All of these 

drugs provoke several hallmarks of senescence in cancer cells, including prolonged growth 

arrest, enhanced expression of senescence associated-β-galactosidase (SA-β-gal) and 

polyploidy (243). This therapy-induced senescence phenotype challenges the notion that 

cellular senescence is irreversible. Several studies indicate that senescent cells are not 

permanently arrested and can, in fact, resume proliferation and generate tumors (244). It 

has been suggested that in response to stress caused by cancer therapy, CSCs may 

undergo cellular senescence to avoid cytotoxic effects (245). Furthermore, studies have 

also reported that cellular senescence can promote the reprogramming of non-CSCs toward 

a cancer stem-like phenotype (246). However, it is not yet fully understood whether the cells 

that become CSCs are the cells that enter this state of therapy-induced senescence and/or 

whether they are the cells neighboring the cells that enter this state through SASP-mediated 

reprogramming. 
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RATIONAL & AIMS 

 

We hypothesized that CSCs could be reprogrammed from cancer cells by a 
limited set of TFs, whose expression can impose CSC properties to cancer cells. 

The literature and our data, in gastric cancer, suggest that SOX2 is one of the 

TFs involved in CSC reprogramming and we will use it as a starting point to 

identify other TFs and major signaling networks associated with CSCs.  

 

Our main goal was to identify the transcriptional regulatory network in gastric 

CSCs, to harness it for therapeutic strategies and biomarker identification. So, 

to accomplish that, we defined three specific aims: 

• To identify the TFs associated with SOX2 in gastric cancer; 

• To reconstruct a gastric CSC using a minimal combination of TFs to find 

the vulnerabilities of gastric CSCs; 

• To evaluate the clinical value of the TFs previously used to obtain the 

CSC phenotype. 
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As mentioned in Chapter I, the identification of gastric CSCs has been mainly 

performed using cell-surface markers or intracellular enzymes. However, identification with 

these markers is not specific and presents variations even within the same type of cancer, 

which makes reproducibility difficult. Therefore, the best CSC markers are those essential 

for maintaining cellular stem-like characteristics. Among these markers, TFs stand out, 

including SOX2 and OCT4, which play fundamental roles in promoting stemness and 

repressing differentiation. Although the expression of SOX2 in gastric cancer divides 

opinions, its role in this pathology needs to be further explored and its association with 

gastric CSCs also needs to be clarified. Thus, since many gastric cancer cell lines express 

SOX2, and also taking into account the success of the SORE6-GFP reporter system 

developed by Tang et al. in identifying breast CSCs enriched in SOX2/OCT4, we decided 

to use this system to isolate and characterize gastric CSCs enriched in SOX2 expression. 

Furthermore, since one of the main characteristics of CSCs is the resistance to therapy, we 

also took the opportunity to explore, through high-throughput screening of small molecules, 

compounds capable of selectively eliminating gastric CSCs. 

In this Chapter, A SOX2 Reporter System Identifies Gastric Cancer Stem-Like Cells 

Sensitive to Monensin, we show that, by using the SORE6-GFP lentiviral reporter system, 

we were able to isolate and characterize two cell subpopulations, SORE6+ (CSCs) and 

SORE6- (non-CSCs), from two human gastric cancer cell lines, AGS and Kato III. SORE6+ 

cells expressed significant levels of SOX2, whereas SORE6- cells showed no or low 

expression of SOX2. Furthermore, SORE6+ cells exhibited resistance to 5-FU, improved 

proliferation and gastrosphere-forming capacity, and increased tumor-forming capacity in 

vivo. Unlike SORE6- cells, SORE6+ cells also exhibited asymmetric division, giving rise to 

GFP+ and GFP- cells (recapitulating the original cell lineage population) and increased C-

MYC, NOTCH1, BAX, CLPTM1L and CYP3A5 levels, compared to SORE6- cells. 

Furthermore, we found a positive correlation between SOX2 expression and the 

characteristics of CSCs displayed by SORE6+ cells. Upregulation of SOX2 in SORE6- cells 

made the cells more proliferative and more resistant to 5-FU, while silencing SOX2 in 

SORE6+ cells had the opposite effect. To discover a drug that can specifically target gastric 

CSCs, we performed a high-throughput screening of 1200 small molecules from the 

Prestwick chemical library. We were able to identify a compound that selectively kills 

SORE6+ cells. Monensin efficiently decreased the viability of SORE6+ cells while 

preferentially targeting GFP+ cells in this population.  
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In Chapter II, we showed that by using the SORE6-GFP reporter system we were able 

to isolate and characterize two gastric cancer cell populations, SORE6- and SORE6+, 

based on GFP expression. Contrary to SORE6- cells, SORE6+ cells exhibited the expected 

cancer stem-like features and an enrichment in several molecules, including SOX2. Our 

results also showed that SOX2 expression significantly interferes with cell proliferation and 

resistance to 5-FU. Thus, our data clearly showed that SOX2 expression has a significant 

role in some crucial characteristics of gastric CSCs. Therefore, using the SORE6-GFP 

reporter system embedded in SORE6- cells, we decided to reprogram these cells to make 

them GFP+, i.e., cancer stem-like cells, and explore which TFs are associated with the 

induction of SOX2 expression. As mentioned in Chapter I, cellular reprogramming using 

TFs is not very efficient and, in this case, could hinder our goal of identifying TFs associated 

with the cancer stem-like phenotype. So, we resort to reprogramming using small 

molecules, which has superior efficiency and reproducibility. To this end, we performed a 

high-throughput screening of small molecules to find compounds capable of activating the 

SORE6-GFP reporter system incorporated in SORE6- cells, that is, capable of inducing the 

expression of SOX2 and/or OCT4 to activate GFP expression. We also took the opportunity 

to explore the cellular mechanisms involved in the reprogramming of non-CSCs into CSCs. 

In this Chapter, High-Throughput Drug Screening Revealed That Ciclopirox Olamine 

Can Engender Gastric Cancer Stem-Like Cells, we report that the antifungal agent 

ciclopirox olamine (CPX), an iron chelator, can reprogram gastric non-CSC cells into cancer 

stem-like cells. Although CPX has a potent cytotoxic effect on gastric cancer cells, 

depending on the dose and exposure time, it can also promote the biogenesis of gastric 

CSCs. Our data showed that CPX treatment was able to activate the reporter system 

incorporated into SORE6- cells, inducing/increasing SOX2 expression. It also increased the 

expression of other molecules, including C-MYC, HIF-1a, KLF4 and HMGA1. Treatment for 

48 h with 4 or 8µM CPX leads to cellular senescence, which has been linked to CSCs 

properties, and induces a metabolic shift from OXPHOS to glycolysis, a potential pathway 

used by gastric CSCs to obtain energy. Our results also revealed that the percentage of 

GFP+ cells decreased over time, which may be associated with one of the characteristics 

of CSCs, asymmetric division. We also found that a second exposure of cells to CPX 

increased the conversion efficiency of GFP- cells into GFP+, showing that these cells, 

recovered from a first treatment, present enhanced cellular plasticity and resistance to CPX. 

Furthermore, we revealed that the mechanism underlying CPX-mediated cellular 

reprogramming is similar to that of cobalt chloride (CoCl2), a hypoxia mimetic agent. 
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In Chapter III, we showed that we were able to reprogram gastric non-CSCs into cancer 

stem-like cells by treating SORE6- cells with the antifungal agent CPX. Depending on the 

dose and exposure time, CPX treatment was able to activate the reporter system by 

inducing/increasing SOX2 expression. It also increased the expression of C-MYC, HIF-1a, 

KLF4 and HMGA1. As mentioned in Chapter I, HMGA1 expression positively regulates 

SOX2 and OCT4 expression and has been reported as a key player in cellular 

reprogramming. Its addition to the Yamanaka TFs cocktail increases the efficiency of 

cellular reprogramming. Interestingly, HMGA1 is an essential component of the chromatin 

architecture of senescent cells and regulates glycolysis in gastric cancer. Furthermore, 

HMGA1 has been linked to drug resistance. So, we decided to explore the role of HMGA1 

expression on the characteristics of gastric CSCs. In this way, we attempted to reprogram 

non-CSCs into CSCs through TF-mediated cellular reprogramming. Therefore, again using 

the SORE6-GFP reporter system incorporated into SORE6- cells, as a readout of 

successful cellular reprogramming, we transduced SORE6- cells, from two gastric cancer 

cell lines (AGS and SNU638), with a HMGA1 doxycycline (DOX)-inducible lentiviral vector 

system. 

In this Chapter, Upregulation of HMGA1 confers cancer stem-like features to gastric 

non-CSCs, we show that HMGA1 was significantly more expressed in gastric cancer tissue 

compared to normal gastric tissues. Overexpression of HMGA1 in SORE6- cells led to the 

expression of SOX2 which consequently activated the SORE6-GFP reporter system. 

Moreover, SORE6- cells transduced with the HMGA1 doxycycline (DOX)-inducible lentiviral 

vector were sorted into two cell population, HMGA1 GFP- and HMGA1 GFP+ cells, based 

on GFP expression. Unlike HMGA1 GFP- cells, HMGA1 GFP+ cells were enriched in SOX2, 

C-MYC and KLF4. The HMGA1 GFP+ cells showed CSCs features, such as asymmetric 

division, greater ability to proliferate and form colonies, and resistance to 5-FU compared 

to HMGA1 GFP- cells. Additionally, we validated that CPX treatment induces HMGA1 

expression in a dose-dependent manner. We also verified that overexpression of HMGA1 

increases the cellular reprogramming efficiency of non-CSCs into cancer stem-like cells in 

the presence of CPX. Our data also indicated that, like SORE6+ cells (CSCs), HMGA1 

GFP+ cells are sensitive to monensin. In particular, the GFP+ cells in the HMGA1 GFP+ 

cell population appeared to be the preferential target of monensin treatment. Overall, our 

results suggest that SOX2 could be at the top of the hierarchy in gastric CSC transcription 

factors network and that HMGA1 plays an essential role in the induction/maintenance of the 

gastric CSC phenotype. 
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Abstract 
 

Gastric cancer represents a serious health problem worldwide, with insufficient 

diagnostic markers/methods and therapeutic options. However, several efforts have been 

directed towards finding specific disease markers in order to develop new therapies capable 

of defeating gastric cancer. Attention has been pointed to cancer stem cells (CSCs) as they 

are primarily responsible for tumor initiation and recurrence, making them essential 

therapeutic targets. Using the reported SORE6-GFP system, based on the expression of 

SOX2 and/or OCT4 to drive GFP expression, we isolated gastric cancer stem-like cells 

(SORE6+ cells) enriched in several molecules, including SOX2, C-MYC, KLF4, HIF-1a, 

NOTCH1 and HMGA1, and also non-CSCs (SORE6- cells). The transcription factor HMGA1 

is of particular interest because it is associated with promoting a cancer stem-like 

phenotype. Thus, we explored the impact of overexpressing HMGA1 on gastric non-CSCs. 

Our results indicated that HMGA1 can activate the SORE6-GFP system embedded in 

SORE6- cells, by upregulating SOX2 expression. Furthermore, we sorted the cells into 

HMGA1 GFP+ and HMGA1 GFP- cell populations and found that HMGA1 GFP+ are 

enriched in SOX2, C-MYC, and KLF4, had characteristics of CSCs, and were sensitive to 
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monensin just like SORE6+ cells. We also validate that HMGA1 expression enhances 

cellular reprogramming of gastric non-CSCs to cancer stem-like cells. 

 

Keywords: Gastric Cancer, Cancer Stem Cells, SOX2, Transcription Factors, Drug 

Resistance, Monensin, Cellular Reprogramming,   

 

1. Introduction 
 

Gastric cancer continues to represent a serious health problem worldwide. It is the fifth 

most diagnosed cancer and the fourth deadliest (1). The success of gastric cancer 

treatment depends mainly on the stage at which the disease is diagnosed. But as it is a 

silent disease in the early stages of development, most patients are only diagnosed in more 

advanced stages, where the best treatment options can no longer be used and, therefore, 

the prognosis is poor (2, 3). To worsen this problem, the presence of CSCs in tumors 

maintains tumor mass through self-renewal and asymmetric division, promotes resistance 

to radio and chemotherapy and also promotes the spread of cancer to other parts of the 

body through metastases (4-6). Therefore, it is important to discover new forms or 

biomarkers that allow for an earlier identification of this pathology and identification of CSCs, 

so that target therapies can be developed and/or used in order to eliminate one of the major 

obstacles in cancer treatment (7-9). Various biomarkers have been used to identify CSCs, 

especially cell-surface markers. CD44 was the first cell-surface marker used to identify 

gastric CSCs (10). However, the use of transcription factors proved to be more robust. 

These are proteins that bind to specific DNA sequences and control gene expression in 

response to different stimuli or growth conditions (11). Several transcription factors have 

been associated with the induction and maintenance of the stem-like characteristics 

exhibited by embryonic stem cells and CSCs. SOX2, OCT4, KLF4, C-MYC and NANOG 

expression has been reported to maintain the signature features of stem-like cells, but they 

are not the only ones (12). For instance, overexpression of SOX2, OCT3/4, KLF4 and C-

MYC generated iPS cells from non-stem cells (13, 14). And the addition of the HMGA1 

transcription factor to this pool increases the reprogramming efficiency of iPS cells (15). 

Therefore, HMGA1 has sparked some interest in stemness. HMGA1 is a chromatin 

architectural protein that interacts with the transcriptional machinery to negatively or 

positively regulate the transcription of several genes (16). Shah et al. showed that 

knockdown of HMGA1 leads to downregulation of SOX2, OCT4, C-MYC and LIN28, 

possibly by direct interaction with their promoters (15). This transcription factor is highly 

expressed in several cancers and has been associated with aggressiveness of the tumor, 
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occurrence of metastasis and poor survival (17-20). In gastric cancer, HMGA1 promotes 

tumor growth, metastasis and regulates aerobic glycolysis (21-23). Additionally, several 

studies have linked the high levels of HMGA1 expression to the CSC phenotype (24-26).   

We used the SORE6-GFP reporter system to isolate and characterize two gastric 

cancer cell populations based on GFP expression (SORE6− and SORE6+ cells) (28). 

SORE6+ cells were considered gastric cancer stem-like cells while SORE6- cells were 

considered as non-CSCs. SORE6+ cells were enriched in SOX2, C-MYC, NOTCH1, KLF4, 

HIF-1a and HMGA1 (28, 29). Our results also showed that SOX2 expression plays a crucial 

role in 5-FU resistance (28). Additionally, we managed to find a small molecule, monensin 

(a polyether ionophore antibiotic), which appears to selectively eliminate SORE6+ cells 

(28). Recently, we also showed that gastric CSCs can be generated by ciclopirox olamine 

(CPX) treatment of SORE6- cells (29). CPX treatment induced/increased SOX2, C-MYC, 

KLF4, HIF-1a and HMGA1 (29).  

Little is known about HMGA1 expression in gastric CSCs. Therefore, in this work, we 

explored the particular role of HMGA1 in the stemness properties of gastric CSCs and its 

influence on SOX2 expression. We also investigated the association between HMGA1 

expression and CPX treatment and its relevance in CPX-mediated cellular reprogramming 

of gastric non-CSCs into cancer stem-like cells. 

 

2. Materials and Methods 

2.1. Cell Culture  
 

Two human gastric carcinoma cell lines (AGS SORE6- and AGS SORE6+) established 

under the scope of a previous work (28) were used in this study. SNU SORE6- and SNU 

SORE6+ gastric cancer cells were established as described in (27, 28). Furthermore, the 

human gastric carcinoma cell lines AGS (ATCC, CRL-1739, Manassas, VA, USA) and 

SNU638 (from IPATIMUP's cell line bank), from which the SORE6 cell lines were derived, 

were also used, as well as the human embryonic kidney cell line, HEK293T (kindly provided 

by Dr. João Relvas from Glial Cell Biology Group, i3S, Porto, Portugal). The gastric cancer 

cell lines were cultured in RPMI medium 1640 with 25 mM Hepes and GlutaMAX-1 (Gibco, 

Life Technologies, Thermo Fisher, Waltham, MA, USA) supplemented with 10% fetal bovine 

serum (FBS) (Biowest, Nuaillé, France). HEK293T cells were cultured in DMEM with 4.5 

g/L D-glucose, L-glutamine, and pyruvate (Gibco, Life Technologies, Thermo Fisher) 

supplemented with 10% FBS. All cells were maintained at 37 °C and 5% (v/v) CO2. When 

the cell cultures reached a confluence around 80% they were trypsinized with 0.05% 
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Trypsin-EDTA (1X) (Gibco, Life Technologies, Thermo Fisher) and sub-cultured or used in 

cell-based assays. 

 

2.2. Viral Supernatant Production and Cell Transduction  
 

The doxycycline (DOX)-inducible lentiviral vectors pFUW-M2rtTA (M2rtTA) and pFUW-

tetO-HMGA1 (HMGA1) were constructed by Dr. Carlos Filipe Pereira team at CNC/UC-

BIOTECH, Coimbra, Portugal. The lentivirus particles were generated using HEK293T cells 

as packaging cell line. The cells were seeded in 10 cm dishes at a density of 1x106 cells/mL 

and incubated for 24 h. Then, each lentiviral vector was co-transfected with the psPAX2 

packaging plasmid and the pVSV-G envelope plasmid into HEK293T cells using 

Lipofectamine 2000 (Invitrogen, Waltham, MA, EUA) in a 1 μg DNA: 1.5 μL lipofectamine 

ratio in serum- and antibiotic-free Opti-MEM medium (Gibco, Life Technologies, Thermo 

Fisher). After 24 h of incubation, medium was changed to DMEM medium without phenol 

red (1X) with 4.5 g/L D-Glucose, L-Glutamine and 25 mM Hepes (Gibco, Life Technologies, 

Thermo Fisher) supplemented with 10% FBS and 1% Sodium Pyruvate (Gibco, Life 

Technologies, Thermo Fisher) and cells were left undisturbed for 48 h. Viral supernatants 

were centrifuged at 3000 rpm for 15 min at RT and passed through a 0.22 μm pore PES 

filter (Orange Scientific, Braine-l'Alleud, Belgium) and used right away or stored at -80 °C. 

AGS SORE6- cells and SNU SORE6- cells were seeded in 6-well plates at a density of 

1.5x105 cells/mL and allowed to settle for 24 h. Cells were transduced with the HMGA1 

doxycycline (DOX)-inducible lentiviral vector, diluted 1:3 in a mixture containing DMEM 

complete medium without phenol red/M2rtTA/HMGA1 for 48 h. Cells transduced only with 

M2rtTA were used as negative control. Following transduction, fresh medium supplemented 

with DOX (1 μg/ml) was added for at least 48 h prior to any assay. Selection with 400 μg/ml 

of zeocin was performed to ensure that all cells were transduced. 

 

2.3. Flow Cytometry and Fluorescence-Activated Cell Sorting (FACS) 
 

Cells were collected by trypsinization and centrifuged at 1200 rpm for 5 min at RT. Cell 

pellets were washed three times with PBS (1X) prior to resuspension in PBS (1X) containing 

10% FBS. Flow cytometry analysis was performed on FACSCanto II flow cytometer (BD 

Biosciences; Franklin Lakes, NJ, USA). Cells transduced with pFUW-tetO-HMGA1 were 

sorted using a FACSAria II Cell Sorter flow cytometer (BD Bioscience), cells transduced 

with FUW-M2rtTA viral supernatant were used as negative control for gating assessment. 

Cells with and without GFP signal were sorted out and seeded in 6-well plates at a density 

of 5x104 cells/mL for further experiments. Sorted cells were cultured in RPMI medium 
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supplemented with 20% FBS and 1% penicillin-streptomycin and maintained at 37 °C and 

5% (v/v) CO2 in a humidified incubator. The data was analyzed using FlowJo software 

(version 7.6.1).  

 

2.4. Protein Extraction and Western Blot 
 

Whole cell extracts were prepared as described in (28). After, 30 μg of total protein 

extracts were separated by standard SDS-PAGE using the Precision Plus Protein Standard 

Dual Color protein marker (Bio-Rad, Hercules, CA, USA) and transferred to a nitrocellulose 

membrane (Amersham, GE Healthcare, Chicago, IL, USA). Then, membranes were 

washed with TBS-1% Tween-20 (Sigma-Aldrich, St. Louis, MO, USA) and blocked with 

either 5% non-fat milk in TBS-1% Tween-20 or 5% BSA (Sigma-Aldrich) for 1 h at room 

temperature (RT). The membranes were incubated overnight at 4 °C with the following 

primary antibodies: SOX2 (diluted 1:500; Cell Marque, Sigma-Aldrich); C-MYC (diluted 

1:1000; Cell Signaling Technology, Danvers, MA, USA); HMGA1 (diluted 1:500; Abcam, 

Cambridge, UK; ab252930); and β-actin (diluted 1:4000; Santa Cruz Biotechnology, Dallas, 

TX, USA). Later, membranes were washed with TBS-1% Tween-20 and incubated for 1 h 

at RT with the respective HRP- conjugated secondary antibody: rabbit IgG (HRP) (diluted 

1:10000; Cell signaling) or mouse IgG (HRP) (diluted 1:2000; Santa Cruz Biotechnology). 

Signal detection was performed using the ECL detection kit (Amersham, GE Healthcare). 

β-actin was used as loading control. 

 

2.5. RNA Extraction and Real-Time PCR  
 

Cells were collected by trypsinization and cell pellets were washed with PBS (1X). Total 

RNA was extracted from cell pellets using TRI Reagent (Sigma-Aldrich; T9424), according 

to the manufacturer’s protocol. Concentration and quality of the RNA were assessed using 

NanoDrop ND-1000 spectrometer (V3.5.2 Software). Total RNA (1 μg) was converted to 

cDNA in a thermocycler (Bio-Rad) in a final reaction volume of 20 μL, containing 1 μL of 

random primers (100 ng/μL) (Invitrogen), 1 μL of dNTPs (10 mM) (Invitrogen), 2 μL of 10x 

Reaction Buffer (NZYTech, Lisboa, Portugal), 0.2 μL of RNAseOUT (40 U/μL) (Invitrogen), 

and 0.5 μL of NZY Reverse Transcriptase (200 U/μL) (NZYTech) in DEPC-treated water 

(Invitrogen). For the PCR, each reaction was prepared with 4 μL of cDNA diluted 1:20 in 

DEPC-treated water, 10 μL Power SYBR Green PCR Master Mix (Applied Biosystems, 

Foster City, CA, USA), 0.6 μL of each primer (10 μM), and 4.8 μL of DEPC-treated water 

(Invitrogen). The reactions were executed in a 7500 Fast Real-Time PCR System using the 

software v2.0.6 (Applied Biosystems) with the following thermal cycling conditions: 40 
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cycles of 15 seconds at 95 °C for denaturation, plus 1 min at 60 °C for annealing and a 

melting curve program (60-95 °C) with continuous fluorescence measurement. The primers 

used were the following:  18SFor: CGCCGCTAGAGGTGAAATTC; 18SRev: 

CATTCTTGGCAAATGCTTTCG; OCT4For: TGCAGCAGATCAGCCACAT; OCT4Rev: 

ACACTGGTCCCCCTGAGAAA; HMGA1For: GTGCCAACACCTAAGAGACCT; 

HMGA1Rev: TCTGCTGGTTTTCCGGCTC; HMGA2For: CCCAAAGGCAGCAAAAACAA; 

HMGA2Rev: GCCTCTTGGCCGTTTTTCTC; NANOGFor: 

GAACCTCAGCTACAAACAGGTGAA; NANOGRev: TTCTGCGTCACACCATTGCT; 

KLF4For: CAGAGGAGCCCAAGCCAAAG; KLF4Rev: TTTCTCACCTGTGTGGGTTCG; C-

MYCFor: GCGACTCTGAGGAGGAACAAG; C-MYCRev: TGGGCTGTGAGGAGGTTTG. 

Each reaction was performed in triplicate. Negative controls (without cDNA) were included 

in each plate and the 18S ribosomal RNA (rRNA) was used as a housekeeping gene. Data 

was analyzed using the comparative 2-ΔΔCT method (30). 

 

2.6. Immunofluorescence 
 

Cells were plated in 24-well plates, with one coverslip in each well, at a density of 

1.5×104 cells/mL in RPMI medium supplemented with 10% FBS and allowed to attach 

overnight. When cells reached about 70%–80% confluence, medium was removed, cells 

were washed with PBS (1X), fixed with cold methanol (Chem-Lab, Zedelgem, Belgium) or 

paraformaldehyde (PFA) and washed again with PBS (1X). Then, the coverslips were 

washed with PBS (1X) and incubated with the primary antibody HMGA1 (diluted 1:500; 

Abcam) overnight at 4 °C. Next, coverslips were incubated with the secondary antibody 

goat anti-rabbit Alexa Fluor 488 (diluted 1:150; A11032, Thermo Fisher Scientific) for 45 

min in the dark at RT. DAPI (dilution 1:100; Sigma-Aldrich) was added to the coverslips for 

nuclei staining. The coverslips were mounted with Vectashield mounting medium (Vector 

Laboratories, Burlingame, CA, USA) and pictures were taken using a Carl Zeiss fluorescent 

microscope (Carl Zeiss Microscopy, Oberkochen, Germany). 

 

2.7. Clonogenic Assay 
 

Cells were plated in 6-well plates at a density of 300 or 1000 cells per well and left 

undisturbed for 10 days at 37 °C and 5% (v/v) CO2, except for the fifth day, when the 

medium was changed. After 10 days, colony formation was visualized by staining the cells 

with a 1% crystal violet solution diluted in PFA for 30 min. The number of colonies per 

condition was assessed with the ImageJ software. 
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2.8.  5-FU, Monensin and Ciclopirox Effects Assessment 
 

Cells were seeded in 24-well plates or 6-well plates at a density of 0.7x104 or 0.6x105 

cells/mL, respectively, in RPMI medium supplemented with 10% FBS. Twenty-four hours 

later, cells were treated with 4.5 μg/mL of 5-FU, or 8 μM of monensin or CPX for 48 h. Cells 

treated only with DMSO (AppliChem GmbH, Darmstadt, Germany) were used as control. 

After 48 h, cells were collected by trypsinization and cell pellets were washed in PBS (1X) 

and resuspended in 400 μL of 1X Binding Buffer (Annexin V Apoptosis detection Kit APC, 

eBioscience, Thermo Fisher Scientific). Five μL of annexin V APC (Annexin V Apoptosis 

detection Kit APC, eBioscience, Thermo Fisher Scientific) were added to 100 μL of the cell 

suspension and incubated in the dark for 10 min at RT. Then, cells were washed and 

resuspended in 200 μL of 1X Binding Buffer. After, 5 μL of Propidium Iodide (PI) (Annexin 

V Apoptosis detection Kit APC, eBioscience, Thermo Fisher Scientific) were added to the 

cell suspension. The percentage of apoptotic cells was obtained using the FACSCanto II 

flow cytometer. The results were analyzed using FlowJo software (version 7.6.1); Cell 

viability was also assessed using PrestoBlue assay. For that, culture media was discarded, 

adherent cells were washed with PBS (1X), and 50 μL of PrestoBlue Cell Viability Reagent 

1X (ThermoFisher Scientific) prepared in RPMI complete medium were added. Cells were 

incubated for 1 h and 10 min at 37 °C in a 5% CO2 humidified atmosphere. Absorbance 

was measured at 560 nm (using 600 nm as reference wavelength) using a BioTek Synergy 

2 multi-mode microplate reader. For further evaluation, cells were collected, and pellets 

washed. Cell pellets were used for flow cytometry analysis of GFP expression and for 

western blot or real-time PCR analysis of transcription factors expression. Cells treated with 

DMSO were used as negative control. 

 

2.9. Cell Proliferation 
 

Cells were cultured in 6-well plates at a density of 0.8×105 cells/mL in RPMI medium 

supplemented with 10% FBS. Twenty-four h later, BrdU was incorporated in the cell culture 

medium at the ratio of 1:1000, for 1 h at 37 °C. After, cells were harvested by trypsinization 

and cell pellets fixed in ice-cold methanol. The cells were resuspended in HCl 4 M 

(Mallinckrodt Baker, Avantor, Allentown, PA, USA) for 20 min at RT followed by two washing 

steps with PBS (1X) and a blocking step with PBS (1X) containing 0.5% Tween-20 and 

0.05% BSA for 10 min. The cells were incubated with the primary antibody against BrdU 

(1:20, monoclonal mouse, Bu20a, Dako, Glostrup, Denmark) for 1 h at RT, washed with 

PBS (1X), and incubated with the secondary antibody labelled with FITC (1:150 μL, 

polyclonal rabbit anti-mouse, Dako) for 30 min, washed again and resuspended in PBS 
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(1X). The percentage of BrdU positive cells was assessed using the FACSCanto II flow 

cytometer. The data was analyzed using FlowJo software (version 7.6.1). 

 

2.11. Statistical Analysis 
 

Results were expressed as mean ± SD from at least three independent experiments. 

Statistical significance was determined by unpaired two-tailed t test or one-way ANOVA 

followed by post hoc Turkey’s test using GraphPad Prism 5.0 software (GraphPad Software, 

La Jolla, CA, USA). Differences were considered significant when p ≤ 0.05. 

 

3. Results 

3.1. HMGA1 overexpression can activate the SORE6-GFP reporter system 
incorporated in SORE6- cells by inducing SOX2 expression 
 

HMGA1 has been shown to play an important role in regulating and maintaining the 

stemness phenotype. Our previous work revealed that significantly elevated expression of 

HMGA1 was common to both AGS SORE6+ cells and AGS SORE6- cells treated with 8 

μM of CPX, both gastric cancer stem-like cells (29). To assess the expression of HMGA1 

in gastric cancer, we used RNA sequencing data present in the Cancer Genome Atlas 

(TCGA) (31) and Genotype-Tissue Expression (GTEx) (32). Thus, we matched the 

expression of HMGA1 in 408 stomach adenocarcinoma (STAD) tissues with that of 211 

normal tissues. The results indicated that HMGA1 is significantly more expressed in tumor 

tissues than in normal tissues (Figure 1A). Since HMGA1 was significantly higher in gastric 

cancer tissue, and in gastric cancer stem-like cells compared to non-CSCs (29), we decided 

to overexpress HMGA1 in SORE6- cells to investigate whether HMGA1 was able to activate 

the SORE6-GFP reporter system and to originate potential cancer stem-like cells. By 

overexpressing HMGA1, we detected a significant percentage of AGS SORE6- and 

SNU638 SORE6- cells that began to express GFP, around 1.5% and 1.0%, respectively 

(Figure 1B, C). HMGA1 overexpression also induced SOX2 expression (Figure 1C).  
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Figure 1 - HMGA1 overexpression efficiently activates the SORE6-GFP reporter system. 

(A) Validation of the expression levels of HMGA1 in gastric cancer (STAD - stomach 
adenocarcinoma) (n = 408) and normal tissues (n = 211), based on TCGA and GTEx data in 

GEPIA2. (B) Percentage of GFP positive cells in AGS SORE6- and SNU638 SORE6- cells 
transduced with the DOX-inducible lentiviral vector pFUW-tetO-HMGA1 (HMGA1) and/or 

pFUW-M2rtTA (M2rtTA). (C) SOX2 and HMGA1 expression, evaluated by western blot, in AGS 
SORE6- and SNU638 SORE6- cells transduced with HMGA1. Cells transduced with M2rtTA 

were used as negative control for gating assessment. Results are mean ± SD of at least three 
independent experiments. Significant differences (* p ≤ 0.05; ** p ≤ 0.01). 

 

3.2. HMGA1 GFP+ cells are enriched in stemness markers expression   
 

We next explored the differences between cells that became GFP+ and those that 

remained GFP-, following overexpression of HMGA1 in SORE6- cells. The objective was to 

try to understand whether GFP+ cells presented cancer stem-like characteristics. Thus, we 

sorted the cells, by fluorescence-activated cell sorting (FACS), into two cell populations 

according to GFP expression (HMGA1 GFP- and HMGA1 GFP+) to compare the 

expression of stemness markers, and their characteristics based on functional assays 

(Figure 2A). To isolate a purer HMGA1 GFP+ cell population, we restricted the gate and 

collected cells from 0.442% and 0.684% GFP+ cells from AGS SORE6- and SNU638 

SORE6- cells transduced with the HMGA1 vector, respectively (Figure 2B). Subsequently, 

when cells reached approximately 80% confluency, we analyzed the expression of relevant 

transcription factors. HMGA1 GFP+ cells, from both cell lines, showed significantly greater 

A HMGA1

GFP

M2rtTA
HMGA1

STAD
(n=408) 

Normal
(n=211) 

Ex
pr

es
si

on
–

lo
g2

(T
PM

 +
 1

) 

A B

%
 M

A
X

AGS SORE6-

A-
M2r

tT
A

A-
HM

GA
1

SNU638 SORE6-

GFP

%
 M

A
X

M2rtTA

HMGA1

HMGA1

b-actin

SOX2

C

S-
M2r

tT
A

S-
HM

GA
1

HMGA1

b-actin

SOX2



  CHAPTER IV 
                            Upregulation of HMGA1 confers cancer stem-like features to gastric non-CSCs

   
 

Page 156 of 232 
 

expression of SOX2, C-MYC and KLF4 compared to HMGA1 GFP- cells (Figure 2C, D). 

Additionally, OCT4 was also upregulated in SNU638 SORE6- HMGA1 GFP+ cells 

compared to HMGA1 GFP- (Figure 2D). Although HMGA1 GFP+ cells showed a significant 

enrichment in the expression of several transcription factors compared to HMGA1 GFP-, 

HMGA1 expression was not significantly different between both cell populations (Figure 

2D). 

 
Figure 2 – HMGA1 GFP+ cells are enriched in stemness biomarkers. (A) Schematic 
representation of the protocol used to obtain HMGA1 GFP+ cells. AGS SORE6- and SNU638 

SORE6- cells were plated and allowed to attach (day 1 - d1). Cells were transduced with HMGA1 
and M2rtTA (d2), and doxycycline (DOX) was added (d4) to induce HMGA1 expression. 

Fluorescence-activated cell sorting (FACS) was performed based on GFP expression (d7) and 
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cells were characterized by western blot, RT-qPCR and functional assays (d11). (B) FACS of 
two AGS SORE6- and SNU638 SORE6- cell subpopulations, HMGA1 GFP+ cells (with GFP 

expression) and HMGA1 GFP- cells (without GFP expression), followed by fluorescence images 

of the respective populations sorted. Scale bar = 100 µm. APC-A and FSC-H correspond to an 

empty channel used to exclude autofluorescent cells from the analysis. (C) SOX2 and C-MYC 

expression in AGS SORE6+, AGS SORE6-, AGS SORE6- HMGA GFP+ and HMGA GFP- cells, 
evaluated by Western Blot. (D) Real-time PCR analysis of mRNA levels of OCT4, HMGA1, C-

MYC, NANOG and KLF4 in HMGA1 GFP+ and HMGA1 GFP- cells. Real-time PCR results were 
normalized to 18S expression. β-actin was used as an internal control. Cells transduced with 

M2rtTA were used as negative control for gating assessment. Results are mean ± SD of at least 
three independent experiments minus real-time PCR results from SNU638 SORE6- HMGA1 

GFP+ and HMGA1 GFP- in which only two independent experiments were performed. 
Significant differences (* p ≤ 0.05; ** p ≤ 0.01). 

 

3.3. HMGA1 GFP+ cells are more proliferative and resistant to 5-FU treatment   
 

As stated before, CSCs have a high capacity for self-renewal, greater proliferative 

capacity and resistance to chemotherapeutic agents. When performing a colony formation 

assay, that is a cell survival assay based on the ability of a single cell to form a colony, we 

observed that HMGA1 GFP+ cells displayed increased ability to form colonies when 

compared with HMGA1 GFP- cells (Figure 3A). This difference between HMGA1 GFP- and 

HMGA1 GFP+ cells was also supported by the BrdU incorporation assay. HMGA1 GFP+ 

cells were significantly more proliferative than HMGA1 GFP- cells (Figure 3B). Additionally, 

cells were incubated with 5-FU and the percentage of apoptotic cells was determined by 

flow cytometry. HMGA1 GFP+ cells from both cell lines were significantly more resistant to 

5-FU in comparison to the HMGA1 GFP- cells. After 48 h of treatment with 5-FU, around 

50% of AGS SORE6- HMGA1 GFP+ cells and about 41% of SNU638 SORE6- HMGA1 

GFP+ cells were in apoptosis (Figure 3C). Conversely, approximately 65% of AGS SORE6- 

HMGA1 GFP− cells and 55% of SNU638 SORE6- HMGA1 GFP- cells were apoptotic 

(Figure 3C). Thus, our results support that HMGA1 GFP+ cells, in addition to being enriched 

in stemness markers, also exhibited characteristics of CSCs. 
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Figure 3 - HMGA1 GFP+ cells are more proliferative and resistant to 5-FU treatment. (A) 
Colony formation ability of HMGA1 GFP- and HMGA1 GFP+, representative images of the 
colonies are shown. (B) Flow cytometry analysis of BrdU incorporation in AGS SORE6- HMGA1 

GFP- and HMGA1 GFP+ to evaluate the proliferation ability of each cell line. (C) Annexin 
V/propidium iodide (PI) assay results after flow cytometry analysis of HMGA1 GFP- and HMGA1 

GFP+, from both cell lines, after 48 h treatment with 4.5 µg/mL 5-FU. DMSO was used as a 

negative control. Results are mean ± SD of at least three independent experiments. Significant 

differences (* p ≤ 0.05; ** p ≤ 0.01). 
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3.4. HMGA1 promotes the biogenesis of cancer stem-like cells from non-CSCs  
 

Recently, we uncovered that the antifungal agent CPX can generate gastric cancer 

stem-like cells by the upregulation of SOX2 expression in non-CSCs (29). Our previous 

results also revealed that CPX treatment led to increased HMGA1 expression (29). In order 

to further explore the role of HMGA1 in promoting the gastric cancer stem-like cell 

phenotype, we assessed whether it is relevant in the context of CPX treatment. For that, we 

treated AGS SORE6- cells with CPX and studied HMGA1 expression. Indeed, CPX 

treatment induces the expression of HMGA1 and this induction is dose-dependent (Figure 

4A, B). Next, we treated HMGA1 GFP+ and HMGA1 GFP- cells with 8 µM CPX for 48 h. 

Our results showed that when treated with 8 µM CPX for 48 h, about 10% of HMGA1 GFP- 

started to express GFP and HMGA1 GFP+ cells increased GFP expression to about 15% 

(Figure 4C). These results show that the expression of HMGA1 facilitates the activation of 

the SORE6-GFP reporter system after exposure to CPX. 
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Figure 4 - Overexpression of HMGA1 improves CPX's ability to reprogram non-CSCs into 

CSCs. (A) Representative immunofluorescence of HMGA1 expression in AGS SORE6- cells 

after treatment with 4 or 8 µM of CPX for 48h. Scale bar = 50 µm. (B) HMGA1 expression in 

AGS SORE6- cells treated with 2, 4 or 8 µM of CPX for 48 h, evaluated by western blot, followed 

by densitometry data. (C) Percentage of GFP positive cells in AGS SORE6- HMGA1 GFP- and 

HMGA1 GFP+ cells treated with 8 µM of CPX for 48h. APC-A corresponds to an empty channel 

used to exclude autofluorescent cells from the analysis. β-actin was used as an internal control. 

DMSO was used as a negative control. Results are mean ± SD of at least three independent 
experiments. Significant differences (* p ≤ 0.05; ** p ≤ 0.01). 
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3.5. HMGA1 GFP+ cells are more sensitive to monensin   
 

Previously, we showed that treatment with 8 µM of monensin for 48 h selectively kills 

gastric cancer stem-like cells (28). In order to explore whether HMGA1 GFP+ cells are also 

more sensitive to monensin compared to HMGA1 GFP-, we treated the cells with 8 µM 

monensin for 48 h. Our results showed that HMGA1 GFP+ cells, derived from AGS SORE6- 

and SNU638 SORE6- cells were significantly more sensitive to monensin treatment than 

HMGA1 GFP- cells. After treatment, about 48% of AGS SORE6- HMGA1 GFP- cells and 

about 54% of SNU638 SORE6- HMGA1 GFP- cells were viable (Figure 5A). Nevertheless, 

the percentage of cell viability in AGS SORE6- HMGA1 GFP+ cells and SNU638 SORE6- 

HMGA1 GFP+ cells were around 23% and 31%, respectively (Figure 5A). In the previous 

study, we also reported that the gastric cancer stem-like cells divide asymmetrically giving 

rise to GFP+ and GFP- cells, that is, they recapitulate the original lineage (28). Thus, after 

some time the population of GFP+ cells decreased. Here the same happened, after a few 

weeks, the HMGA1 GFP+ cell population became a heterogeneous cell population, having 

both GFP+ and GFP- cells (data not shown). Therefore, to be sure that GFP+ cells were 

directly affected by monensin treatment, we treated the cells and analyzed GFP expression 

by flow cytometry. After treatment with 8 µM monensin for 48 h, we found that the 

percentage of GFP+ cells in AGS SORE6- HMGA1 GFP+ significantly decreased from 

around 8% to approximately 1% (Figure 5B). Curiously, monensin treatment appeared to 

induce GFP expression in AGS SORE6- HMGA1 GFP-, however, the values are not 

statistically significant (Figure 5B). 
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Figure 5 – HMGA1 GFP+ cells are sensitive to monensin, as are gastric cancer stem-like 

cells. (A) Cell viability of HMGA1 GFP- and HMGA1 GFP+, from AGS SORE6- and SNU638 

SORE6- cells, after treatment with 8 µM of monensin for 48 h. (B) Percentage of GFP positive 

cells in AGS SORE6- HMGA1 GFP- and HMGA1 GFP+ after treatment with 8 µM of monensin 

for 48 h. APC-A corresponds to an empty channel used to exclude autofluorescent cells from 
the analysis. DMSO was used as a negative control. Results are mean ± SD of at least three 

independent experiments. Significant differences (* p ≤ 0.05). 
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potential markers of CSCs, such as SOX2, OCT4 and NANOG (33). Using the SORE6-GFP 

lentiviral reporter system, which is based on SOX2 and/or OCT4 expression, we isolated 

B

GFP

DMSO

SORE6- HMGA1 GFP-
8 µM Monensin

GFP

%
 M

A
X

SORE6- HMGA1 GFP-
DMSO

8 µM Monensin

DMSO

SORE6- HMGA1 GFP+
8 µM Monensin

GFP

%
 M

A
X

SORE6- HMGA1 GFP+
DMSO

8 µM Monensin

GFP

A



  CHAPTER IV 
                            Upregulation of HMGA1 confers cancer stem-like features to gastric non-CSCs

   
 

Page 163 of 232 
 

gastric cancer stem-like cells (SORE6+) and non-CSCs (SORE6-) (27, 28). Our previous 

data revealed that the transcription factor SOX2 plays a key role in the stem-like properties 

of gastric CSCs (28). However, the upstream network of transcription regulators involved in 

SOX2 expression and CSCs reprogramming is not fully characterized. For example, the 

transcription factor HMGA1 sparked interest in stemness after promoting the conversion of 

non-stem cells into stem cells when added to the SOX2-OCT4-C-MYC-KLF4 transcription 

factor Yamanaka’s cocktail (15). HMGA1 encodes a chromatin-associated protein that 

participate in DNA repair, transcriptional regulation, cell proliferation, migration, drug 

resistance and stemness (34, 35). Additionally, it prevents embryonic stem cell 

differentiation by maintaining high levels of OCT4, NANOG, SOX2 and MYC (15). HMGA1 

has also been implicated in tumor progression (21, 36, 37).  

Using the RNA sequencing data present in TCGA and GTEx, we showed that HMGA1 

is significantly more expressed in gastric cancer tissues compared to normal gastric tissues. 

Concordantly, Yang et al. confirmed that HMGA1 is more expressed in human gastric 

cancer cell lines in comparison to an immortalized normal gastric epithelial cell line (GES-

1) (21). HMGA1 has also been implicated in the regulation of cancer stem-like features in 

ovarian cancer cells and circulating gastrointestinal stromal tumor cells (28, 29). 

Additionally, we showed previously that the level of HMGA1 was significantly higher in 

SORE6+ cells compared to SORE6- cells (29). In order to find out whether HMGA1 

expression impacts the phenotype of gastric CSCs, we overexpressed it in non-CSCs. As 

SORE6- cells lack GFP expression, we used the SORE6-GFP reporter system incorporated 

in these cells as a readout for the induction of a cancer stem-like state. The overexpression 

of HMGA1 was able to induce SOX2 expression in SORE6- cells, activating the SORE6-

GFP reporter system in some cells. Since not all the cells became GFP+, we sorted the 

cells into HMGA1 GFP- and HMGA1 GFP+ cell populations to understand the difference 

between these cells. Our results showed that HMGA1 GFP+ cells were enriched in 

stemness-related transcriptional factors compared to HMGA1 GFP- cells. The involvement 

of HMGA1 in the expression of several transcription factors related with stemness has been 

demonstrated in several studies. Shah et al. reported that human embryonic stem cells 

transduced with the HMGA1 lentivirus displayed increased levels of SOX2 and C-MYC (15). 

Other studies have also demonstrated that HMGA1 regulates and promotes SOX2 

expression through binding to its promoter (38, 39). HMGA1 has also been reported to 

induce C-MYC expression in gastric cancer (23). However, C-MYC can also induce HMGA1 

expression, creating a positive feedback loop between HMGA1 and C-MYC in gastric 

cancer cells (22). HMGA1 also appears to directly regulate KLF4 expression. 

Overexpression of HMGA1 in ovarian cancer cells increased several stemness-related 
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genes, including KLF4 (25). Induction of OCT4 expression has also been linked to HMGA1 

expression (15, 39).   

The present study shows that HMGA1 GFP+ cells display CSCs characteristics, 

namely greater ability to form colonies, higher proliferation activity and a superior resistance 

to 5-FU when compared with HMGA1 GFP- cells. Accordingly, HMGA1 was demonstrated 

to promote gastric cancer growth and spread through metastasis (21, 40). In other tumor 

types, for instance in cervical and renal cancer cells, the overexpression of HMGA1 

increased the ability to form colonies and improved proliferation, migration and invasion 

capability of the cells (37, 41), while the inhibition of HMGA1 expression blocked cell 

proliferation and the colony formation (36, 42, 43). In thyroid and colon cancer cells, HMGA1 

overexpression confers resistance to 5-FU (44). Wang reported that transfection of 5-FU-

resistant AGS cells with miR-195 led to inhibition of HMGA1 expression, increasing the 

cells’ sensitivity to 5-FU (45). Thus, in gastric cancer, HMGA1 expression appears to be 

associated with 5-FU resistance. Due to the resistance to therapy demonstrated by CSCs, 

several studies have sought to find or develop new methods and therapies capable of 

selectively killing these cells. Salinomycin and monensin, both polyether ionophore 

antibiotics were demonstrated to target gastric CSCs (28, 46). In accordance, we observed 

in this study that HMGA1 GFP+ cells are more sensitive to monensin treatment compared 

to HMGA1 GFP- cells. In particular, GFP+ cells within the heterogeneous population of 

HMGA1 GFP+ cells were most affected by the treatment, revealing that HMGA1 GFP+ cells 

may share the same molecules involved in drug resistance/sensitivity as SORE6+ cells. 

We previously disclosed that CPX can promote the biogenesis of gastric cancer stem-

like cells and that these cells are enriched in HMGA1 (29). Here, we confirmed that CPX 

treatment induced HMGA1 expression in a dose-dependent manner. Interestingly, the 

cellular reprogramming of somatic cells to iPS cells with the Yamanaka factors is improved 

by the expression of HMGA1 (15). Our results appear to support this report. The presence 

of HMGA1 expression in the cells treated with CPX increased its ability to induce GFP+ 

cells, this is, to generate gastric cancer stem-like cells.  

 

5. Conclusion 
 

Our results indicated that HMGA1 belongs to the network of transcription factors 

responsible for the characteristics of gastric cancer stem-like cells. The overexpression of 

HMGA1 in non-CSCs activated the SORE6-GFP reporter system through upregulation of 

SOX2 expression. We showed that HMGA1 GFP+ cells were enriched in SOX2, C-MYC 

and KLF4. In accordance, HMGA1 GFP+ cells displayed greater ability to proliferate and 
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form colonies, and increased resistance to 5-FU compared to HMGA1 GFP- cells. 

Furthermore, we demonstrated that HMGA1 expression potentiates CPX-mediated cellular 

reprogramming of gastric non-CSCs into cancer stem-like cells. And we also found that 

HMGA1 GFP+ cells are more sensitive to monensin than HMGA1 GFP- cells. Although 

additional studies are needed, our findings suggest that HMGA1 plays an essential role in 

the phenotype and characteristics of gastric CSCs and also suggest that HMGA1 

participates in cellular reprogramming toward a cancer stem-like state. Thus, targeting 

HMGA1 expression could be a promising approach in the treatment of gastric cancer. 
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In Chapter IV, we verified that the overexpression of HMGA1 can induce the expression 

of SOX2 and consequently activate the SORE6-GFP reporter system in SORE6- cells. 

Thus, our results revealed that HMGA1 has a potential role in inducing the phenotype of 

gastric CSCs. Taking these results into account, and since little is known about the clinical 

impact of HMGA1 expression in this context, we decided to evaluate the clinical value of 

HMGA1 in gastric cancer. To this end, we used a single hospital series (n = 323) of gastric 

adenocarcinoma cases (stages I to IV) treated surgically at Centro Hospitalar São João 

(CHSJ), Porto, Portugal. For all patients, tumor tissue data, clinicopathological and 

treatment data, as well as follow-up information were available. 

In this Chapter, HMGA1 Has Predictive Value in Response to Chemotherapy in Gastric 

Cancer, we report the results obtained after immunohistochemistry analysis of the nuclear 

expression of HMGA1 in a series of 323 samples of gastric cancer, the largest series of 

tumors used to date for this purpose and the most complete in terms of clinicopathological 

characteristics, survival data, and treatment data. Although we did not find a significant 

correlation between HMGA1 and SOX2 expression, we disclosed that HMGA1 expression 

is a useful marker for predicting response to chemotherapy in gastric cancer. Our results 

unequivocally showed that patients with high levels of HMGA1 expression benefit more from 

chemotherapy compared to those with low levels of this protein. 
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The relevance of this thesis. Gastric cancer continues to be a serious health problem 

with high mortality (1). The fact that it is a silent disease in the early stages of its 

development means that the patients are often diagnosed at a more advanced stage and, 

therefore, the most effective treatments, namely surgery, are no longer adequate, leaving 

the patients with limited treatment options such as chemotherapy and/or radiotherapy (2). 

A common problem with cancer chemotherapy and/or radiotherapy is the development of 

resistance to the treatment (3). This development of resistance is orchestrated by CSCs 

which are responsible for promoting the tumorigenic process, being closely involved in the 

appearance and growth of tumors, in the adaptation and resistance to stresses in the tumor 

microenvironment, and the reappearance of the disease after an apparently successful 

treatment (4-8). Therefore, to improve survival from this pathology, several advances in 

diagnosis and the development of new therapies are needed. Given that CSCs play such a 

crucial role in tumor development, they must be studied in order to find markers that allow 

their identification, especially at an early stage of the disease, and/or markers that can be 

used to exploit their weaknesses, to uncover therapies capable of eliminating these cells. 

In this thesis we contributed to the study of gastric cancer with results that can help in the 

identification and elimination of gastric CSCs and with a biomarker that can be used to refer 

patients to chemotherapy. Briefly, we showed that the expression of the SOX2 can be used 

to identify gastric CSCs and that it is important for the proliferative activity and resistance to 

5-FU presented by these cells. We discovered that gastric CSCs are sensitive to monensin, 

thus revealing a potential treatment to eliminate these cells. We also revealed that the 

transcription factor HMGA1 promotes the appearance of gastric CSCs by inducing SOX2 

expression. Moreover, we identified that elevated HMGA1 expression in the tumors of 

patients with gastric cancer can be used as an indicator to recommend chemotherapy to 

these patients. 

The rationale to study CSCs based on the expression of TFs. CSCs have been 

identified mainly using of cell-surface markers (9). Using the combination of two cell-surface 

markers (CD34 and CD38), Lapidot et al. identified a small population of CD34+/CD38- 

acute myeloid leukemia cells with stem-like characteristics, such as the ability to initiate the 

disease after inoculation in immunodeficient mice (10). Since then, the use of cell-surface 

markers has been applied to identify CSCs in various cancer types, including gastric cancer 

(11-15). The existence of gastric CSCs was first demonstrated by Takaishi et al. using the 

CD44 cell-surface marker (15). CD44+ cells showed greater resistance to radio- and 

chemotherapy, ability to form sphere-like structures (gastrospheres) as well as tumorigenic 

capacity in vivo. However, the use of cell-surface markers does not allow monitoring the 

CSCs in real-time (16). Furthermore, these markers are not specific and vary within the 

same type of cancer. This is also supported by the study carried out by Takaishi et al. where 
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they showed that the identification of CSCs using the CD44 marker was only successful in 

three of six gastric cancer cell lines (15). That is, CD44 allowed the identification of gastric 

CSCs in MKN-45, MKN-74, and NCI-N87 cell lines, but not in the AGS, Kato III and MKN-

28 cell lines (15). Our data also indicated that CD44 cannot be used to mark gastric CSCs 

in AGS and Kato III cell lines. Furthermore, our results showed that other markers, such as 

CD133 and ALDH1, are also not suitable for identifying gastric CSCs in AGS and Kato III 

cell lines. Therefore, ideal CSC markers will be those that are necessary for CSCs to 

maintain their cancer stem-like characteristics, and that are cross-cutting across multiple 

cancer types. Thus, TFs are those that stand out most as potential candidates for identifying 

and studying CSCs (16, 17). TFs are proteins that bind to specific DNA sequences and 

control gene expression in response to different stimuli and/or growth conditions (18). 

Several studies have revealed the importance of TFs in the induction and maintenance of 

stem-like traits. In fact, Takahashi et al. showed that through upregulation of OCT3/4, 

SOX2, KLF4 and C-MYC they could generate iPS cells from fibroblast cultures (19, 20). 

Therefore, these TFs have sparked interest in the study of CSCs and several reporter 

systems based on their expression have been developed and used to identify and study 

CSCs (21). One of the reporter systems is SORE6-GFP, a lentivirus-based reporter system 

consisting of six tandem repeats of the SOX2 and OCT4 responsive element that leads to 

the expression of a GFP (22). Thus, if cells express sufficient levels of SOX2 and/or OCT4 

they will become GFP+, allowing the identification and study of CSCs. Through the 

development and use of the SORE6-GFP system, Tang et al. were able to isolate and 

characterize breast CSCs (22). Cells marked with this reporter system exhibited self-

renewal, asymmetric division, high capacity to initiate tumors and metastases, and 

resistance to chemotherapy (22). Subsequently, several studies using the SORE6-GFP 

reporter system were able to successfully identify and characterize CSCs in various cancer 

types, including sarcoma, malignant mesothelioma, and lymphoma. (23-25). Therefore, as 

none of the reporter systems have been used in gastric cancer, we decided to use the 

SORE6-GFP reporter system to identify and characterize gastric CSCs. We chose this 

reporter system due to the expression of SOX2 in gastric cancer cell lines and to clarify the 

role of SOX2 in gastric cancer and its impact on gastric CSCs. Furthermore, the 

identification of CSCs through TFs allows exploring the network of TFs involved in 

maintaining the cancer stem-like phenotype, thus revealing potential new markers and/or 

therapeutic targets. For example, in breast cancer, a network has been identified with two 

or more TFs that induce cancer stem-like cells, such as C-MYC, KLF4, OCT4, NANOG, and 

SOX2 (26). In gastric CSCs, STAT3 has been targeted by napabucasin. This drug works 

by suppressing the self-renewal ability of CSCs and induces apoptosis by targeting the 

STAT3, NANOG and β-catenin signaling pathways (27). Additionally, Nguyen et al. found 
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that all-trans retinoic acid inhibits tumor growth and targets gastric CSCs by downregulating 

the expression of CSC markers, such as CD44, ALDH, KLF4 and SOX2 (28). Thus, TFs, in 

addition to allowing a more specific identification of CSCs, can also be targets of new 

therapies aimed at them. 

The reason we chose AGS, Kato III and SNU638 gastric cancer cell lines. This 

research work was mainly carried out using gastric cancer cell lines. We chose different cell 

lines to explore the transversality of the identification and characterization of gastric CSCs, 

taking SOX2 expression as a starting point, since the SORE6-GFP reporter system is based 

in SOX2 expression. Therefore, it was important to choose cell lines with SOX2 expression 

so that we could successfully utilize the SORE6-GFP reporter system. The AGS, Kato III 

and SNU638 cell lines showed different expression levels of several TFs, including SOX2 

and HMGA1, in addition to other molecules. Our results showed that the cells express SOX2 

and that it is a heterogeneous expression, that is, within the cell line there are cells that 

express SOX2 and others with low/no expression of SOX2. The chosen cell lines also have 

different origins that can impact their characteristics, such as proliferation capacity and drug 

resistance (in particular, our results revealed that Kato III cells are more drug resistant than 

AGS). The AGS cell line was originally isolated from fragments of a tumor resected from a 

female patient with gastric adenocarcinoma who had not received prior therapy (29). The 

Kato III cell line was established in vitro from a pleural effusion (metastatic site) from a male 

patient with gastric signet ring cell adenocarcinoma (SRCC) (30). The SNU638 cell line was 

obtained from a metastasis derived from an esophagogastric adenocarcinoma from a male 

patient (31). Furthermore, the cell lines also have different morphologies. AGS and SNU638 

cells have epithelial morphology and grow well adhered to the surface of the flask or plate, 

while Kato III cells have spherical morphology and grow in two ways in the same cell culture, 

adherent and in suspension. Additionally, SRCC is a unique subtype of gastric cancer that 

exhibits impaired cell-cell adhesion (32). Although these gastric cancer cell lines present 

several differences including different molecular signatures, promoted by the different origin 

of these cells, which gives them their own characteristics, we were able to identify, isolate 

and characterize a small population of gastric cancer stem-like cells in the three cell lines 

using the SORE6-GFP reporter system.  

The evidences that led us to consider SORE6+ cells as gastric cancer stem-like 
cells. Several studies have been carried out to identify and study CSCs in various types of 

cancer. Characterization of these cells revealed that they shared characteristics of 

embryonic stem cells. CSCs possess the ability to initiate and sustain tumor growth and 

development, cellular and metabolic plasticity, self-renewal, asymmetric division, 

multipotent capacity, radio and chemotherapy resistance, and tumorigenicity in vivo. 

Furthermore, the ability to form sphere-like structures in vitro under serum-free and non-
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adherent conditions is also considered to be a property of CSCs. Likewise, gastric CSCs 

exhibit several of the previously mentioned characteristics. Takaishi et al. reported that 

CSCs were able to form gastrospheres and tumors in nude mice (15). Han et al. work 

supported these findings by showing that gastric CSCs can form gastrospheres in vitro and 

tumors in vivo (33). In addition, they showed that gastric CSCs have self-renewal ability, 

multipotent capacity and drug resistance, namely 5-FU and cisplatin (33, 34). It was also 

revealed that CSCs are enriched in TFs involved in promoting and maintaining the stem-

like phenotype. There is evidence that overexpression of SOX2, OCT4 and NANOG is 

crucial for tumor development, tumorigenicity, metastasis, drug resistance and disease 

recurrence (17). In particular, CSCs identified with the SORE6-GFP reporter system 

showed enrichment in SOX2, OCT4, C-MYC and NANOG and exhibited the expected 

characteristics of cancer stem-like cells, such as self-renewal, asymmetric division 

(generation of heterogeneous progeny), greater tumorsphere formation ability, improved 

tumor initiation and metastasis in vivo and drug resistance (22-25). Therefore, using this 

novel reporter system, we isolated SORE6+ (CSCs) and SORE6- (non-CSCs) cell 

subpopulations with differential expression of SOX2. SORE6+ cells were characterized by 

increased expression of several stemness-associated TFs (SOX2, C-MYC, KLF4, 

NOTCH1, HIF-1α and HMGA1), asymmetric division, cell plasticity, multidrug resistance, 

greater proliferation ability, better gastrosphere formation capacity and greater capacity to 

form tumors in vivo when compared to SORE6- and wt cells. Furthermore, we positively 

correlated the cancer stem-like features of SORE6+ cells with SOX2 expression. By 

upregulating SOX2 in SORE6- cells, we observed an increase in cell proliferation and 

resistance to 5-FU, whereas knockdown of SOX2 in SORE6+ cells decreased cell 

proliferation and sensitized cells to 5-FU treatment. SOX2 overexpression has been 

associated with tumor invasion, metastasis and drug resistance. Tian et al. revealed that 

SOX2 expression increases tumorigenicity and drug resistance of gastric cancer-like cells 

(35). Moreover, Hutz et al. showed that high levels of SOX2 are involved in gastric cancer 

cell proliferation, apoptosis and cell cycle regulation, while its suppression decreased cell 

proliferation and increased apoptosis (36). Therefore, taking into account our results and all 

the characteristics that have been associated with CSCs and in particular gastric CSCs, we 

consider that SORE6+ cells are gastric cancer stem-like cells and that SOX2 expression is 

crucial for the maintenance of the stem-like characteristics of these cells. 

The rationale behind using the SORE6-GFP reporter system as a readout of 
cellular reprogramming toward a stem-like phenotype (in particular, why we consider 
GFP+ cells as gastric cancer stem-like cells). Understanding what is needed to transform 

non-CSC cells into CSCs may allow us to discover new targets for eliminating CSCs. SOX2 

expression is critical for gastric CSCs, however, it is just the tip of the iceberg and many 
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other molecules are also associated with the promotion and maintenance of the gastric 

cancer stem-like phenotype. Thus, we attempted to reprogram gastric non-CSCs into CSCs 

to find what is required to acquire the CSC phenotype. For this we use SORE6- cells, these 

cells have the SORE6-GFP reporter system incorporated (guaranteed through selection 

with puromycin) and are GFP- due to the absence or low expression of SOX2. Since we 

were able to isolate and characterize a population of gastric cancer cells with cancer stem-

like features through the use of the SORE6-GFP reporter system, we could safely assume 

that when GFP- cells become GFP+ are cancer stem-like cells. It is also important to 

highlight that SORE6- cells do not express GFP at any point in culture. We have left them 

in culture for 10 weeks and they never spontaneously acquired GFP expression. So, this 

indicates that this population is very homogeneous and stable over time. Furthermore, the 

activation of the reporter system depends on the expression of SOX2 and/or OCT4, 

therefore, the appearance of GFP+ cells from GFP- cells requires the induction or increase 

in the expression of one of these TFs (22). In particular, SOX2 expression is essential for 

the activation of the SORE6-GFP system and the characteristics of gastric CSCs. Thus, we 

confidently use the SORE6-GFP system as a readout of cellular reprogramming towards a 

cancer stem-like phenotype. 

The use of CPX in cancer treatment and the mechanism behind CPX's ability to 
convert gastric non-CSCs into cancer stem-like cells. CPX, an iron chelator, is a 

synthetic antifungal agent commonly used in the treatment of superficial mycoses (37). CPX 

has a broad-spectrum activity and inhibits most of the clinically relevant dermatophytes, 

yeasts and molds, and can also act as an antibacterial agent, inhibiting many Gram+ and 

Gram- bacteria (38, 39). Depending on the dose and treatment duration, CPX can act as a 

fungistatic or fungicidal (37, 38). Interestingly, CPX's mechanism of action differs from 

azoles and other antimycotic medications, which may be associated with CPX's ability to 

chelate iron. Thus, the postulated mechanism of action for CPX includes the chelation of 

polyvalent metal cations (Fe3+ and Al3+), leading to the inhibition of metal-dependent 

enzymes, such as cytochromes, catalase and peroxidase. In this way, CPX disrupts cellular 

activities, such as mitochondrial electron transport processes, energy production and 

nutrient intake through the cell membrane (40). The search for new treatments for cancer 

has led several studies to explore the effect of CPX on tumor activity. This is because cancer 

cells require iron to sustain their high rates of proliferation and metabolism and, in particular, 

the maintenance and expansion of CSCs has been associated with increased intracellular 

iron accumulation. (41). Thus, CPX's ability to chelate iron made it a potential drug in the 

treatment of cancer. However, its underlying mechanism remains unknown. Yin et al. 

reported that CPX inhibited lung cancer cell proliferation, induced DNA damage and 

reactive oxygen species (ROS) production and suppressed xenograft growth in vivo (42). 
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In hepatocellular cancer, CPX also inhibits cell proliferation and induces the accumulation 

of ROS. Interestingly, CPX promoted complete autophagic flux (rate of autophagic 

degradation) in hepatocellular cancer cells, which allowed to attenuate the CPX’s antitumor 

effect (43). Chen et al. reported that CPX inhibits gastric cancer cell proliferation and 

induces autophagic death by inducing STAT3 ubiquitination (44). Our results support the 

strong cytotoxic effect of CPX. We showed that treatment of gastric cancer cells with CPX 

led to reduced cell viability and decreased cell proliferation. However, we observed that 

under certain treatment conditions, CPX was able to activate the SORE6-GFP reporter 

system, incorporated into gastric non-CSCs, originating GFP+ cells through upregulation of 

SOX2 expression in some of the surviving cells. We also observed that the percentage of 

GFP+ cells was not stable and decreased over time. This decrease may result from loss of 

GFP expression (asymmetric division and\or GFP+ cells become GFP-, exhibiting cellular 

plasticity) or from CPX-induced cell death. Furthermore, CPX also upregulated other key 

stem-related TFs such as KLF4, C-MYC, HIF-1α, and HMGA1. The increased expression 

of HIF-1α led us to consider that CPX’s cellular reprogramming effect would be associated 

with the induction of chemical hypoxia. Liden et al. reported that CPX can induce HIF-1α 

stabilization (45). This is relevant because HIF-1α expression is more expressed in CSCs 

than in non-CSCs (46, 47) and in fact, our SORE6+ cells express HIF-1α, unlike SORE6-. 

Furthermore, Hif-1α expression was associated with SOX2 expression. To investigate 

whether the mechanism of CPX to generate CSCs is associated with the HIF-1α 

expression/stabilization, we treated SORE6- cells with the hypoxia mimetic agent cobalt 

chloride (CoCl2) (48, 49). Treatment led to activation of the SORE6-GFP reporter system, 

along with increased expression of SOX2, C-MYC, HMGA1 and HIF-1α. Accordantly, it has 

been reported that hypoxic conditions can induce CSCs by promoting the expression of key 

stem-related TFs such as SOX2, OCT4, KLF4, NANOG and Lin28A in glioma, hepatoma 

and lung cancer (50). However, the molecular mechanism of this dedifferentiation 

phenomenon under hypoxia needs further studies (50). Our results showed similarities 

between the effect of CPX and CoCl2 in promoting CSCs through upregulation of the same 

set of TFs. Another mechanism that could be involved in the cellular reprogramming 

capacity of CPX is the induction of cellular senescence, a state that has been associated 

with stemness (51-53). Herrmann et al. revealed that although CPX inhibits cervical cancer 

cell proliferation and induces apoptosis, under increased glucose availability it promotes 

cellular senescence (54). Our results fully support that under some conditions CPX can 

induce cellular senescence, and the same occurs with the treatment of cells with CoCl2, 

revealing more similarities between the mechanisms of the two compounds in the 

biogenesis of GFP+ cells. However, the mechanism that links senescence and stemness is 

not completely known and is the subject of many studies and is still a matter of debate. In 
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fact, it is not known whether it is senescent cells that reprogram or instead if they induce 

reprogramming of neighboring cells. It is now noticeably clear that senescent cells create 

an environment prone to cellular reprogramming through the secretion of factors that act on 

adjacent cells and are known as SASPs (Senescence Associated Secretory Proteins) (53, 

55). After CPX treatment, we tried to identify whether the cells with increased beta-gal 

activity were the ones that gave rise to GFP+ cells, but we were unsuccessful due to 

technical difficulties in visualizing GFP+ cells and cells with increased beta-gal activity at 

the same time. Interestingly, CPX treatment inhibited OXPHOS, which can promote 

senescent cells. These cells display high metabolic activity, preferring energy production 

from glycolysis rather than OXPHOS, and may better adapt to OXPHOS inhibition caused 

by CPX treatment (56, 57). Again, the effect of CPX is parallel to the effect of CoCl2, both 

activated the SORE6-GFP reporter system in some cells, upregulated the same set of TFs, 

induced cellular senescence and inhibited OXPHOS. Although we do not know with 

certainty the mechanism behind CPX-mediated reprogramming of gastric non-CSCs into 

CSCs, we were able to show that the mechanism is somewhat mimicked by CoCl2.  

The impact of this ability of CPX in the treatment of gastric cancer. As previously 

mentioned, CPX revealed a potential antitumor effect, and this sparked a lot of interest in 

repurposing it to cancer treatment. Despite CPX high cytotoxic power against tumor cells, 

its mechanism of action is not yet fully understood, and this can cause unexpected 

problems. In addition, there is still very little information about CPX in the clinical setting. 

The few clinical studies carried out have shown that, at some concentrations, repeated oral 

administration of CPX has been associated with gastrointestinal toxicity (58). Our results, 

although supporting the powerful cytotoxic effect of CPX on gastric cancer cells, also 

recommend caution if its therapeutic use is intended, as it may convert some surviving cells 

into CSCs. At least at certain concentrations and exposure times, the potential for cellular 

reprogramming is present through the induction of cellular senescence (which can be 

reversed), metabolic plasticity, and increased expression of stemness markers (e.g., SOX2, 

C-MYC, KLF4, HIF-1α and HMGA1). And as mentioned in Chapter I of this thesis, pre-injury 

to the stomach can promote gastric cancer if not prevented or treated appropriately. Our 

data indicated that cells become more resistant to a second CPX exposure, which may be 

associated with the greater number of cells that become GFP+ with the second treatment 

compared to the first CPX exposure. Our results also showed that cells that recovered from 

a first treatment with 8 µM CPX proliferate more compared to cells that were not subjected 

to treatment. Regarding CPX resistance, we can only speculate, but it is tempting to say 

that senescence plays a significant role here, as has been demonstrated for other drugs 

(59, 60). Therefore, taking our results into account, it is important to think clearly about the 

use of CPX in the treatment of gastric cancer. Its powerful cytotoxic effect is tempting, 
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however, its potential to promote the biogenesis of gastric CSCs in certain circumstances 

may worsen the final outcome of the treatment. The development of resistance to CPX is 

also an obstacle that must be taken into account when considering the use of this drug in 

cancer chemotherapy. Thus, several factors must be considered for the safe and efficient 

use of CPX in the treatment of stomach cancer. 

The influence of HMGA1 expression on the reprogramming of gastric non-CSCs 
into cancer stem-like cells and the relevance of its expression in gastric cancer. One 

of the TFs that also appeared upregulated in CPX-treated cells was HMGA1. When we 

looked at its expression in SORE6 cells, we found that SORE6+ cells are also enriched in 

HMGA1 compared to SORE6- cells. Thus, since HMGA1 has been shown to have an active 

role in promoting stemness (61-64), we decided to evaluate the effect of HMGA1 

overexpression in SORE6- cells. Our results showed HMGA1 overexpression managed to 

activate the SORE6-GFP reporter system in some cells, and that this activation resulted 

from the induction of SOX2 expression. We then sorted the cells to compare cells that 

remained GFP- with those that became GFP+. HMGA1 GFP+ cells were found to be 

enriched in SOX2, C-MYC and KLF4 compared to HMGA1 GFP-. SNU638 HMGA1 GFP+ 

were also enriched in OCT4. Studies have demonstrated that HMGA1 regulates and 

promotes SOX2 expression (65, 66). HMGA1 has also been reported to induce C-MYC 

expression and appears to directly regulate KLF4 expression (63, 67). Overexpression of 

HMGA1 in ovarian cancer cells increased several stemness-related genes, including KLF4 

(63). Induction of OCT4 expression has also been linked to HMGA1 expression (66, 68). 

Regarding HMGA1 expression, it was expected that it would not be significantly different 

between both cell populations, as HMGA1 overexpression was done using DOX-inducible 

lentivirus vectors and after transduction and treatment with DOX the cells were selected 

with zeocin to ensure that all cells tested had the HMGA1 expression vector incorporated. 

The reason why HMGA1 overexpression only activated the SORE6-GFP reporter system 

in some cells may be associated with the low efficiency of cellular reprogramming using 

TFs. HMGA1 GFP+ cells exhibited cancer stem-like characteristics such as greater 

proliferative activity, greater ability to form colonies and greater resistance to 5-FU 

compared to HMGA1 GFP-. However, the lack of significant differences in HMGA1 

expression between HMGA1 GFP+ and HMGA1 GFP- cells suggests that it is likely not 

HMGA1 expression that is associated with these features of HMGA1 GFP+, but rather 

SOX2, whose expression we demonstrated to directly impact cell proliferation and 

resistance to 5-FU. Since HMGA1 enhances reprogramming of somatic cells to iPS cells 

(68), we decided to treat HMGA1 GFP+ and HMGA1 GFP- cells with CPX to see if the 

efficiency of cellular reprogramming from GFP- to GFP+ would increase. Our data clearly 

showed that overexpression of HMGA1 increases the ability of CPX to reprogram GFP- 



  CHAPTER VI 
General Discussion 

Page 198 of 232 
 

cells into GFP+. To understand the clinical value of HMGA1 expression in gastric cancer, 

we observed the nuclear expression of HMGA1 by immunohistochemistry in a series of 323 

gastric tumor samples (stages I to IV), the largest series of tumors used to date for this 

purpose and the most complete in terms of clinicopathological features, survival data, and 

treatment data. Although we did not find a significant correlation between HMGA1 and 

SOX2 we disclose that HMGA1 expression as a useful marker to predict response to 

chemotherapy in gastric cancer. We uncover that patients with high levels of 

HMGA1displayed significantly better overall survival when they were treated with 

chemotherapy, compared to the non-treated ones.  

How monensin targets gastric cancer stem-like cells and can be used to treat 
gastric cancer. The recognition of CSCs as responsible for the tumorigenic process and 

acquisition of resistance to therapy has made them attractive targets for cancer treatment. 

To search for compounds capable of selectively targeting SORE6+ cells, we performed a 

high-throughput small molecule screening. Our results revealed that the small molecule 

monensin can specifically eliminate SORE6+ cells. This effect becomes even clearer when 

we use the already heterogeneous population of SORE6+ cells, containing GFP+ and GFP- 

cells, resulting from several asymmetric divisions and cell plasticity. These results are 

interesting because monensin belongs to the same class as salinomycin, a very promising 

drug for the specific elimination of CSCs, which may allow drawing parallels between the 

mechanism of action involved in targeting CSCs. Gupta et al. reported that salinomycin was 

able to reduce the proportion of CSCs by >100-fold (69). They also showed that salinomycin 

treatment suppresses the expression of breast CSC markers, inhibits tumor growth in vivo 

and induces epithelial differentiation of tumor cells (69). Salinomycin appears to target 

CSCs by interfering with mitochondrial functions and several signaling pathways, such as 

Notch, Wnt/β-catenin, Hedgehog and Akt (70, 71). Although the mechanism of action of 

monensin responsible for this ability is not fully known, several studies have contributed 

with information about the antitumor effect of monensin. Ketola et al. showed that monensin 

is a well-tolerated drug with cancer-specific activity, inducing apoptosis, increasing 

intracellular oxidative stress and reducing androgen receptor in prostate cancer cells (72). 

Later, Yao et al. reported that monensin induces inhibition of ovarian cancer cells 

proliferation, invasion, migration and xenograft tumor growth (73). Urbaniak et al. through 

the use of an organoid model of glioblastoma showed that glioblastoma is very sensitive to 

monensin. They also discovered that monensin is capable of causing DNA fragmentation, 

decreasing cell migration, inducing apoptosis and autophagy (74). Xin et al. suggested that 

the antitumor effect of monensin in melanoma possibly arises from monensin's ability to 

inhibit the production of stem-like characteristics of melanoma stem cells, somewhat 

promoting the differentiation of these cells (75). Wang et al. showed possible mechanisms 
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involved in the antitumor effect of monensin in chemotherapy-resistant pancreatic cancer 

cells. Monensin inhibited cell proliferation and migration by suppressing EGFR expression 

and the E2F/DP1, STAT1/2, NFkB, AP-1, Elk-1/SRF pathways (76). Zhou et al. showed that 

in colorectal cancer cells, monensin also induces apoptosis, inhibits cell proliferation, 

migration and cell cycle progression. They propose that the antitumor effect of monensin 

occurs through targeting the IGF1R signaling pathway (77). Recently, Clemente et al. 

showed that monensin can selectively kill hepatocellular carcinoma cells by increasing their 

intracellular Na+ levels (78). Additionally, monensin leads to a depletion of intracellular ATP 

and cell damage phenotype (78). Therefore, it is important to continue investigating the 

tumor effect of monensin and the mechanism behind this effect, as its effect appears 

promising and selective in several types of cancer. Thus, in gastric cancer it may represent 

a new therapy that in more advanced stages can be combined with other drugs to reduce 

or block tumor growth.  
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Altogether, our studies revealed that we can effectively isolate and characterize gastric 

CSCs based on the stem-related TFs expression. Our results also indicated that there is a 

network of TFs responsible for the characteristics of gastric CSC orchestrated by SOX2. 

We successfully reprogrammed non-CSCs into CSCs using CPX, CoCl2 or a HMGA1 DOX-

inducible lentiviral vector through inducing SOX2 expression. The mechanism of action of 

CPX (responsible for the appearance of CSCs) appears to be comparable to that of CoCl2 

and seems to be associated with an increase of SOX2, C-MYC, HMGA1, KLF4 and HIF-1a 

expression. Interestingly, treatment with CPX or CoCl2 also leads to cellular senescence, 

which has been linked to CSCs properties. Therefore, CPX may be a useful tool for 

obtaining gastric cancer stem-like cells from non-CSCs, particularly when cells previously 

treated with CPX are re-exposed to the compound. Our results also draw attention to the 

powerful cytotoxic effect of CPX on gastric cancer cells, however caution is recommended 

if its therapeutic use is intended, as it can kill most tumor cells but can also convert surviving 

cells into CSCs. Furthermore, our studies also revealed that monensin can selectively target 

gastric CSCs, which may represent a worthy therapeutic weapon against gastric cancer. 

Finally, we uncovered that gastric cancer patients with high levels of HMGA1 expression in 

the tumor benefit more from chemotherapy treatment than those with low levels of this 

protein. Overall, this thesis contributed with new information to a better understanding of 

the characteristics, behavior and impact of gastric CSCs on the development and treatment 

of gastric cancer. It also presented new gastric CSCs biomarkers and potential therapeutic 

agents. 
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Th17 di�erentiation. In fact, the STAT3 transcription factor, in
collaboration with NFkB, regulates the expression of these genes
encoding critical cancer-promoting inflammatory mediators,
establishing a crosstalk between cancer and immune cells of
the microenvironment and perpetuating the e�ects of STAT3
activation in cancer cells (Yu et al., 2007; Grivennikov and Karin,
2010; Yang et al., 2019). However, despite the growing evidences
on the interaction of gastric and colorectal CSCs with the tumor
microenvironment, the specific molecules involved and their
signaling pathways still need further investigation in order to
design safe therapies.

THERAPEUTIC APPROACHES TO
TARGET CSCs

The therapeutic approach in GC and CRC is determined by
the stage of the disease at the time of diagnosis. Patients are
treated with surgery, chemotherapy and/or radiation. In GC,
surgery remains the main treatment for stage I. It can also be
performed at stages II and III but chemotherapy (perioperative,
neoadjuvant or adjuvant) is necessary to improve overall survival
of the patients. For stage IV, chemotherapy with doublet or triplet
platinum/fluoro-pyrimidine combinations or capecitabine is the
main treatment (Neri et al., 2007; Smyth et al., 2016). Resective
surgery is the main curative treatment used in non-metastasized
CRC, although neo-adjuvant treatments are also administered in
rectal carcinoma (Kuipers et al., 2015). After surgery, 5-FU-based
chemotherapy is used to reduce the risk of tumor recurrence and
improve overall survival of patients (Dienstmann et al., 2017).
Currently, the decision of giving adjuvant treatment to early-
stage CRC patients is recommended to high risk patients with one
or more risk factors (Kannarkatt et al., 2017). Patients with very
high risk – microsatellite stable (MSS) and T4 may be considered
for the addition of oxaliplatin (Labianca et al., 2013). However,
in some cases of GC and CRC, after a believed e�cacious
treatment, the cancer reappears locally or in distant metastasis.
This results from the presence of CSCs that were able to resist
the therapy applied, revealing that the existence of CSCs is one
of the biggest di�culties in cancer treatment (Dean et al., 2005).
Thus, direct targeting of CSCs seems to be the key for tumor
complete elimination. The therapy against CSCs using specific
molecules should eradicate these cells while the conventional
therapy eliminates the non-CSCs present in the tumor bulk.
Nevertheless, this type of treatment should be administrated in
combination due to the possibility of cell plasticity that facilitates
the appearance of de novo CSCs from non-CSCs. Moreover,
targeting specific TFs or signaling pathways responsible for
maintaining the CSC phenotype could become novel therapies
against GC and CRC. For that reason, several clinical trials are
being undertaken to explore the e�cacy of diverse compounds,
that are capable of modulating or inactivating proteins that
gastric and colorectal CSCs use to grow and survive, allowing
their elimination. Additionally, it is worth to mention that several
studies have been conducted to evaluate the e�cacy of small
molecules in targeting CSCs in vitro and in vivo, compounds
capable of eliminating or reducing the CSC population that could

also be part of the path in cancer therapy targeting CSCs (Gupta
et al., 2009; Abetov et al., 2015; Shapiro et al., 2016; Müller et al.,
2017; Park et al., 2017; Pádua et al., 2020). Table 2 lists the drugs
that have been or are being investigated in clinical trials, alone or
in combination with other compounds, to treat GC and CRC.

Immunotherapy
Cancer immunotherapy has emerged as a potential tool
for cancer treatment (Farkona et al., 2016). Several
immunotherapeutic strategies have been developed including
cancer vaccines, oncolytic viruses, monoclonal antibodies or
recombinant proteins, chimeric antigen receptor T cell (CAR-
T) cells and other cellular therapies, lymphocyte-activating
cytokines and checkpoint inhibitors (Riley et al., 2019).
Immunotherapy aims to improve the immune system response
against cancer cells through natural mechanisms (Riley et al.,
2019). Therefore, it can be used to target cancer cells and also
CSCs in the tumor microenvironment (Badrinath and Yoo,
2019). Many immunotherapeutic agents targeting CSCs have
been tested in clinical trials (Menon et al., 2016). Monoclonal
antibodies that specifically target CSC surface biomarkers have
been used in gastric and colorectal cancer. Ongoing there
is a Phase I study of RO5429083, a monoclonal antibody
against CD44 in patients with metastatic and/or locally advanced
malignant solid tumors (NCT01358903). Also used were EpCAM
antibodies, such as edrecolomab, that was tested in patients with
resected stage II adenocarcinoma of the colon (Niedzwiecki
et al., 2011) and adecatumumab, that is being tested in a Phase II
study to evaluate e�cacy and safety, alone or with FOLFOX, in
metastasized CRC (NCT00866944). A Phase I dose finding study
is evaluating the bispecific antibody targeting EGFR and Lgr5
(MCLA-158) in metastatic CRC and other advanced solid tumors
(NCT03526835). In addition, CAR-T cell therapies, have been
developed to target CSCs in GC and CRC. There are three Phase
I or II clinical trials in GC using CAR-T cells targeting EpCAM
(NCT03013712, NCT03563326, and NCT02725125), one of
them consisting in the intraperitoneal infusion in advanced
GC with peritoneal metastasis. NCT03013712 includes patients
with colon cancer. Moreover, there is a Phase I/II clinical study of
CAR-T cells targeting CD133 in relapsed and/or chemotherapy
refractory malignancies including CRC (NCT02541370).

Targeting the Transcription Factor STAT3
From the list of TFs strongly associated with CSC phenotype
in GC and CRC, STAT3 became crucial as a molecular
target for cancer therapy because napabucasin (BBI608), the
first-in-class cancer stemness (CSCs) inhibitor that works by
targeting STAT3, e�ectively blocks cancer relapse and metastasis
in xenografted human cancers (Li Y. et al., 2015; Zhang
Y. et al., 2016). Napabucasin is a naturally occurring drug
orally administered. It inhibits CSC self-renewal and induces
apoptosis in CSCs by targeting CSC signaling pathways (STAT3,
NANOG and b-catenin) in GC (Bekaii-Saab and El-Rayes,
2017). In CRC, napabucasin has been investigated in several
studies. A phase I/II clinical trial investigated napabucasin
with other standard therapeutic treatments for advanced
gastrointestinal malignancies (Bendell et al., 2017). Another
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study – CanStem303C – a randomized phase III clinical trial
done in adult patients with previously treated metastatic CRC
evaluated napabucasin in combination with FOLFIRI (Grothey
et al., 2017). Napabucasin monotherapy has been reported
in a published phase III trial. The CO.23 trial evaluated
the e�cacy of napabucasin monotherapy versus placebo in
metastasized CRC, which failed to demonstrate a significant
di�erence in the napabucasin group survival. However, in a pre-
specified biomarker analysis, phosphorylated STAT3 (pSTAT3)-
positive patients experienced a significant survival benefit from
napabucasin over placebo (Jonker et al., 2018; Sonbol et al.,
2019). Another ongoing trial involving STAT3 inhibition is the
phase II trial MODULATE (NCT03647839) which specifically
aims to study the modulation of the tumor microenvironment
using either vascular disrupting agents (BNC105) or STAT3
inhibition (BBI608), in synergy with an immune checkpoint
protein (PD1) inhibitor (nivolumab). This trial is recruiting
microsatellite stable, refractory CRC cases.

Targeting the Wnt/b-Catenin Signaling
Pathway
Wnt/b-catenin signaling pathway is a major regulator of normal
intestinal development and its over-activation behaves as a
hallmark of CRC, being particularly significant in drug resistance
and stemness maintenance of colorectal CSCs (Takebe et al.,
2011; Basu et al., 2016). The activation of the Wnt/b-catenin
signaling pathway is associated with poor prognosis (Janssen
et al., 2006). It results mostly from the accumulation of mutations
in the APC tumor suppressor gene, oncogenic KRAS-signaling
pathway, b-catenin and p53. Mutations that do not allow the
formation of the APC/Axin/GSK3b destruction complex result
in the accumulation and nuclear translocation of b-catenin that
binds to transcription factors of T cell factor family (TCF4)
and activates target genes like c-Myc, cyclinD1 and survivin,
some involved in maintaining stemness (Myant et al., 2013; Lee
et al., 2015; Zhou et al., 2017). It has been shown that loss of
APC in CRC triggered the expression of a Rac1 GTPase via the
induced expression of c-Myc, necessary to intestinal stem cell
proliferation and CRC initiation (Myant et al., 2013). On the
other hand, p53 may a�ect the outcome of Wnt signaling in
CRC development (Voorneveld et al., 2015), having a role in the
acquisition of pluripotency during reprogramming (Takahashi
and Yamanaka, 2006; Krizhanovsky and Lowe, 2009). The Wnt
signaling pathway is also dysregulated in GC (Chiurillo, 2015).
However, the involvement and mechanisms are not yet as fully
understood as in CRC. A number of studies suggest b-catenin and
APC as driver genes, revealing somatic mutations in both genes
that might have relevance in GC (Horii et al., 1992; Nakatsuru
et al., 1993; Woo et al., 2001; Clements et al., 2002; Zhang
and Xue, 2008). Genomic analysis of several gastric primary
tumors disclosed that Wnt/b-catenin, together with NF-kB and
proliferation/stem cell pathways, were deregulated in more than
70% of the primary tumors. Patient stratification by combinations
of these oncogenic pathways revealed to be a great tool for GC
clinical behavior assessment (Ooi et al., 2009). Many molecules
have been used to target the Wnt/b-catenin in gastrointestinal

CSCs (Chiurillo, 2015; Parizadeh et al., 2019; Patel et al., 2019;
Yang et al., 2020). Genistein, a soy-derived compound, was tested
in a Phase I/II research trial, in combination with FOLFOX or
FOLFOX-Bevacizumab, where it was demonstrated to be well
tolerated by patients and may have improved e�cacy in the
treatment of metastatic CRC (Pintova et al., 2019). In vitro and
in vivo studies have shown that Genistein a�ects mainly Wnt/b-
catenin and PI3K/AKT pathways (Su et al., 2003; Kim et al., 2005;
Zhang and Chen, 2011; Wang et al., 2012).

Targeting the Hedgehog Signaling
Pathway
The dysregulation of Hedgehog (Hh) signaling pathway has
been reported as another main cause of CSCs self-renewal and
chemoresistance, being associated with poor clinical outcome in
patients with GC or CRC (Ma et al., 2005; Varnat et al., 2009;
Takebe et al., 2011; Usui et al., 2018). In this pathway, target
gene expression is predominantly regulated by the Smoothened
(SMO) protein but GLI inhibitors are also used (Rimkus et al.,
2016; Didiasova et al., 2018). In GC cells, SMO regulates nuclear
translocation of GLI-1 that in turn promotes transcription of
target genes, such as CD44 (Yoon et al., 2014). Yoon et al. (2014)
showed that in AGS, MKN-45, and NCI-N87 GC cell lines, the
Hh pathway inhibition using SMO shRNA or small-molecule
inhibitors significantly decreased spheroid formation ability and
tumor growth. Vismodegib (GDC-0449), the first Hh pathway
inhibitor used in cancer research, is currently undergoing Phase
II trials in advanced GC and in metastatic CRC (Gupta et al.,
2010; Berlin et al., 2013). Examination of tumor samples revealed
that Vismodegib has not increased progression-free or overall
survival as a whole, but only in a limited subset of patients
with high CD44 expression (Cohen et al., 2013; Yoon et al.,
2014). Disappointingly, these treatments with Vismodegib, did
not increase progression-free survival in CRC patients (Low
and de Sauvage, 2010; McMillan and Matsui, 2012). When
the SMO inhibitor AY9944 was used in combination with the
GLI-1 inhibitor GANT61, there was an increased response to
anti-cancer drugs in tumor organoids and a decreased capacity
to form colonies in SW480 and HCT116 CRC cells (Usui
et al., 2018). These results indicate that this strategy might be
worthwhile in CRC.

Targeting the Notch Signaling Pathway
The Notch signaling pathway is one of the most activated
signaling pathways in cancer, namely in GC and CRC, and
promotes metastization (Du et al., 2014; Hayakawa et al., 2019).
It has a key role in the maintenance and di�erentiation of CSCs
(Quail et al., 2012; Lu et al., 2013; Yang et al., 2020). In GC
and CRC, the expression of Notch1 or Jagged1 is associated with
poor prognosis (Yeh et al., 2009; Kang et al., 2012; Jackstadt
et al., 2019; Kim et al., 2019; Mohamed et al., 2019). In CRC,
Notch1 is associated with more aggressive subtypes, recruiting
neutrophils to drive metastasis (Jackstadt et al., 2019). Due to
the fact that the Notch pathway is related to CSC self-renewal
and angiogenesis, targeting this pathway became a potential anti-
CSC therapeutic approach (Venkatesh et al., 2018). Strategies
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used to inhibit Notch signaling include g-secretase inhibition
(GSI), Notch receptor (e.g., Notch1, Notch2, and Notch3) or
ligand (e.g., Jagged1 and Jagged2) antibodies and combination
therapy with inhibitors of other pathways. The inhibition of
Notch receptors using two GSIs has allowed to disclose the
importance of Notch pathway in the growth and survival of
GC cells (Brzozowa et al., 2013). Furthermore, GSIs lead to the
induction of apoptosis and inhibition of tumor-sphere formation
of CD44+ gastric CSCs (Barat et al., 2017). However, it is
important to mention that GSIs do not only target Notch-
related proteins but also proteases involved in numerous cellular
processes, which could originate adverse e�ects in vivo (Shih
Ie and Wang, 2007; Wang et al., 2010; Brzozowa et al., 2013).
Nevertheless, various clinical trials have been performed to
evaluate the e�cacy of targeting the Notch signaling pathway in
GC and CRC (Table 2). RO4929097, a selective GSI, showed good
anti-tumor activity in preclinical and early trials but it was not
good enough for metastatic CRC (Luistro et al., 2009; Strosberg
et al., 2012; Tolcher et al., 2012). Combinations of RO4929097
with other drugs in advanced solid tumors, including CRC, were
well tolerated and presented some clinical benefit (Sahebjam
et al., 2013; LoConte et al., 2015). LY900009 is another GSI
tested in advanced cancers, including those of gastrointestinal
tract. It is currently in a phase I trial and revealed a safety
profile, with the majority of patients experiencing low-grade
gastrointestinal adverse e�ects (Pant et al., 2016). Furthermore, it
was demonstrated to have an inhibitory e�ect on Notch signaling
pathway, inducing goblet cell di�erentiation and increasedmucin
production, similarly to that observed in rats (Pant et al.,
2016). Moreover, MEDI0639 is a monoclonal antibody that
specifically binds to DLL4 and prevents its interaction with Notch
receptors, thereby inhibiting Notch-mediated signaling and
target gene transcription, which may block tumor angiogenesis
and eventually tumor cell growth (Ishigami et al., 2013). A phase
I study in advanced solid tumors demonstrated that MEDI0639 is
well tolerated and preliminary results show evidence of antitumor
activity (Falchook et al., 2015).

Targeting the PI3K/AKT/mTOR Signaling
Pathway
The PI3K/AKT/mammalian target of rapamycin (mTOR)
signaling pathway is typically abnormally activated in many
carcinomas (Michl and Downward, 2005; Johnson et al., 2010;
Narayanankutty, 2019). It is thought to be crucial in angiogenesis,
cell proliferation, metabolism, survival, metastasis and drug
resistance (Cantley, 2002; Edinger and Thompson, 2002; Fingar
et al., 2004; Al-Batran et al., 2012; Tapia et al., 2014). AKT
is commonly overexpressed in tumors and plays an important
role in the metabolic reprogramming of cancer (Yap et al.,
2011; Iida et al., 2013). Although the PI3K/AKT/mTOR pathway
has been extensively studied, there are few studies in CSCs.
In GC and CRC, activation of mTOR appears to cause tumor
progression and poor patient survival (Lang et al., 2007;
Murayama et al., 2009; Xiao et al., 2009; Yu G. et al., 2009;
An et al., 2010). Thus, its inhibition seems to be fundamental
for GC and CRC therapy. A phase II study using RAD001

(everolimus) in previously treated unresectable or metastatic
esophageal cancer or GC was performed over the rational
that everolimus may stop tumor growth by blocking some
of the fundamental enzymes for cell growth and by blocking
angiogenesis. Everolimus was well tolerated by the patients
however this study displayed a strong weakness by being
single-arm and non-comparative. However, mTOR suppression
decreased ALDH1 activity, which is a marker of CSCs in CRC
(Xia and Xu, 2015). Growth inhibition, using a dual PI3K/mTOR
inhibitor, PF-04691502, was observed in vitro and in xenografted
CRC tumors (Fang et al., 2013). Another mTOR inhibitor
decreased survival and invasion of colorectal CSCs in vitro,
and suppressed tumor growth in vivo (Francipane and Lagasse,
2013). The allosteric AKT inhibitor (MK-2206) led to a decrease
in CSCs proliferation, and reduction of the capacity to form
colonospheres in vitro and to initiate tumor formation in vivo.
Mice with xenografted tumors showed a significant decrease
in tumor progression. Also, MK-2206 significantly inhibited
the growth of patient-derived tumorspheres (Malkomes et al.,
2016). A phase II study in advanced gastric or gastroesophageal
junction cancer has revealed that MK-2206, as second-line
therapy, at a dose of 60 mg was well tolerated by patients
and showed some modest evidence of activity, however, the
overall survival (5.1 months) was lower than the study e�cacy
endpoint (6.5 months) (Ramanathan et al., 2015). However,
there is a Phase II clinical trial with MK-2206, to study
patients with previously treated colon or rectal cancer that
has spread and cannot be removed by surgery, concluding
that in contrast to robust preclinical data, it does not have
e�ect in these tumors (Dasari et al., 2016). MK-2206 was
also used in combination with AZD6244 (Selumetinib), a
mitogen-activated protein extracellular signal-regulated kinase
(MEK)1/2 inhibitor, in a Phase II trial but the level of target
inhibition obtained with the maximum non-toxic dose was not
the expected (Do et al., 2015). SAR245409 (Voxtalisib) was
tested in a Phase I research trial in combination with another
MEK inhibitor, MSC1936369B (Pimasertib), in advanced or
metastatic solid tumors (Schram et al., 2018). The primary
purpose of the study was to determine the maximum tolerated
dose of the drug combination. The drug RAD001 (Everolimus)
downregulates mTOR. A combination of RAD001, mFOLFOX-6
and Bevacizumab has been shown to be e�cacious and safe in
metastatic CRC (Weldon Gilcrease et al., 2019). A multicenter
phase II study for patients with refractory, metastatic CRC
concluded good tolerability and e�cacy of Everolimus combined
with Tivozanib (an oral VEGF receptor-1, -2, -3 inhibitor)
with 50% of the patients having stable disease at 2 months
(Wolpin et al., 2013).

DISCUSSION

The identification of CSCs remains a challenging task,
particularly in solid tumors like GC and CRC. The use of cell
surfacemarkers as a primary tool to identify gastric and colorectal
CSCs has disclosed some weaknesses and for that reason the
uncovering of more reliable biomarkers must become a priority.
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These biomarkers should include the TFs that are required
for the maintenance of gastric and colorectal CSCs phenotype,
as well as components of the signaling pathways that have
key roles in CSC features. This explains why TFs such as
STAT3 and signaling pathways like Wnt/b-catenin, Hedgehog,
NOTCH and PI3K/AKT/mTOR emerged as powerful targets,
whose inactivation or modulation could eliminate gastric and
colorectal CSCs. This fact is corroborated by several completed
and ongoing clinical trials targeting these potential biomarkers
in both tumor types, where some of the molecules have shown
promising results. The incapacity to achieve the wanted levels
of target inhibition was the major shortcoming of the clinical
trials. Yet, the use of higher doses is not possible due to toxicity
problems, which led to the development of combinations of drugs
targeting di�erent pathways. Furthermore, it is more advisable
to measure the outcome of the treatments in terms of CSCs
behavior, by assessing capacity to metastasize and re-growth after
removing the drug.

FUTURE PERSPECTIVES

The validation of potential gastric and colorectal CSCs
biomarkers and their association with GC and CRC stage
is imperative to understand patient prognosis and apply a
more suitable therapy. The development of a robust therapy
combining CSC targets with conventional chemotherapy could

be the solution to overcome resistance to anti-cancer drugs
and completely eliminate cancer. Considering these issues, it
is crucial that future studies further explore the role of TFs and
components of signaling pathways on cancer stemness in order
to develop therapies that could eradicate CSCs.
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