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Hypoxia-inducible factor-1α (HIF-1α) is a crucial mediator of intra-tumoral heterogeneity, tumor progression, and unresponsiveness to therapy in tumors with hypoxia. Gastric tumors, one of the most aggressive tumors in the clinic, are highly enriched in hypoxic niches, and the degree of hypoxia is strongly correlated with poor survival in gastric cancer patients. Stemness and chemoresistance in gastric cancer are the two root causes of poor patient outcomes. Based on the pivotal role of HIF-1α in stemness and chemoresistance in gastric cancer, the interest in identifying critical molecular targets and strategies for surpassing the action of HIF-1α is expanding. Despite that, the understanding of HIF-1α induced signaling in gastric cancer is far from complete, and the development of efficacious HIF-1α inhibitors bears various challenges. Hence, here we review the molecular mechanisms by which HIF-1α signaling stimulates stemness and chemoresistance in gastric cancer, with the clinical efforts and challenges to translate anti-HIF-1α strategies into the clinic.
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1 INTRODUCTION
Cancer is a dynamic disease that constantly evolves under the influence of genetic instability, epigenetic alterations, and the microenvironment. The evolution of cancer driven by these factors leads to tremendous spatial and temporal heterogeneity within the tumor mass. Tumor heterogeneity plays a crucial role in tumor progression by drawing the road map for stemness and chemoresistance in cancer. Although genetic instability and epigenetic alterations promote tumor heterogeneity, clinical resistance emerges only when the most adaptive clones survive and proliferate despite the selective pressure in the microenvironment. Therefore, the microenvironment has the final word in the construction of the heterogeneity landscape in tumors (Rybinski and Yun, 2016; Senthebane et al., 2017).
The tumor microenvironment is established primarily by the action of biophysical factors. Mainly, insufficient or abnormal vascularity induces gradients of oxygen, pH, nutrients, growth factors, cytokines, interstitial pressure, and blood-borne chemotherapeutics within the tumor mass. The heterogeneous distribution of these factors brings varying characteristics to the tumor cells at different niches in terms of proliferation rate, capabilities for invasion and metastasis, transformation into stem cells or stem-like cells, and propensity to be destructed by immune cells or chemotherapeutics (Trédan et al., 2007; Rybinski and Yun, 2016).
Hypoxia is a critical factor in the tumor microenvironment that shapes the topographic heterogeneity in tumors (Qian and Rankin, 2019). In mammalian tissues, oxygen can travel at a maximum distance of 100–190 µm from capillaries to the cells without being metabolized (Olive et al., 1992). Therefore, maintaining oxygen homeostasis is essential to meet the oxygen requirements for oxidative phosphorylation and to protect cells from oxidative stress. Hence angiogenesis ensures the delivery of oxygen to newly constructed territories and maintains oxygen homeostasis in growing tissues. However, in rapidly proliferating tumors, oxygen homeostasis is disrupted since the rate of angiogenesis cannot keep up with the speed of tumor growth.
Consequent to the imbalance between cancer cell proliferation and angiogenesis, chronic hypoxia or so-called diffusion-limited hypoxia occurs in geometrically distant territories from the capillaries (Kunz and Ibrahim, 2003; Vaupel, 2008; Ruan et al., 2009; Eales et al., 2016; Martin et al., 2016). Moreover, the angiogenic processes may end up with structural and functional abnormalities in tumor microvasculature. The resulting abnormal microcirculation leads to acute hypoxia, which may last from minutes to hours. Then re-oxygenation occurs, and the reactive oxygen species (ROS) generated during the re-oxygenation further potentiate the impact of hypoxia on tumors (Chaplin et al., 1986; Koi and Boland, 2011).
Hypoxia-inducible factor-1α (HIF-1α) is the central mediator in the adaptation of cancer cells to hypoxia in hypoxic niches. HIF-1α reprograms cell metabolism such that the cancer cells shift from oxidative phosphorylation to glycolytic metabolism (Warburg effect), guarantying survival despite a limited source of oxygen in the microenvironment. Furthermore, HIF-1α deregulates intracellular signaling pathways, leading to genomic instability, epithelial-mesenchymal transition (EMT), stemness, and resistance to apoptotic stimuli (Kunz and Ibrahim, 2003; Vaupel, 2008; Ruan et al., 2009; Eales et al., 2016). As a result, tumor cells at hypoxic niches gain survival advantages and play a key role in tumor progression and chemoresistance (Huang et al., 2015; Guo et al., 2016).
Gastric cancer is among the cancers in which hypoxic niches are prevalent (Chen et al., 2014; Miao et al., 2014). HIF-1α has a substantial impact on intracellular cancer signaling pathways in gastric cancer. Upregulation of HIF-1α stimulates angiogenesis, Warburg effect, epithelial-mesenchymal transition, growth factor signaling, replicative immortality, tumor-promoting inflammation, and stemness in gastric cancer. Furthermore, apoptosis in response to anticancer therapy and immune attack is attenuated under the influence of HIF-1α, limiting the efficacy of chemotherapeutics, molecularly targeted agents, and immunotherapy in gastric cancer (Pei et al., 2021; Ucaryilmaz Metin and Ozcan, 2022). Understanding the molecular mechanisms by which HIF-1α induces stemness and chemoresistance is essential to prevent tumor progression and chemoresistance in gastric cancer.
2 GASTRIC CANCER AND HYPOXIA
Gastric cancer is among the most malignant tumor types in the clinic. Although it ranks as the fifth most common cancer in the world, it constitutes the fourth most common cause of cancer-related deaths (Sung et al., 2021). Diagnosis, mainly at an advanced stage, and resistance to conventional chemotherapy are the two main reasons for high mortality rates in gastric cancer. Several molecular targeted agents against HER2 and VEGFR, and anti-PD-1 immunotherapeutics, are incorporated into gastric cancer therapy to increase therapeutic success. However, these agents are effective in a small group of advanced/metastatic stage gastric cancer patients with the positivity of target receptors (Joshi and Badgwell, 2021; Lordick et al., 2022). Moreover, gastric tumors also develop resistance to these anticancer agents (Mitani and Kawakami, 2020; Baxter et al., 2021). Therefore, further dissection of the molecular mechanisms that promote chemoresistance in gastric cancer is essential.
Hypoxia and HIF-1α contribute substantially to tumor progression and chemoresistance in gastric cancer. As revealed by nuclear magnetic resonance spectroscopy, gastric tumors are rich in niches with different degrees of hypoxia, from weak to severe. Hypoxia was also detected in the normal gastric mucosa in most gastric cancer patients and displayed a high correlation with decreased overall survival (Bubnovskaya et al., 2014a). Furthermore, gastric tumors with moderate to severe hypoxia are associated with an increased risk of bone metastasis and mortality, even in patients with non-metastatic local tumors (Bubnovskaya et al., 2014b; Bubnovskaya and Osinsky, 2020).
The expression of HIF-1α is highly correlated with malignant phenotype and decreased survival in gastric cancer, like several other cancers (Hui et al., 2002; Branco-Price et al., 2012; Kitajima and Miyazaki, 2013; Kim et al., 2015; Miao et al., 2017). A large-scale meta-analysis in gastric cancer revealed HIF-1α positivity in half of the gastric tumors. Moreover, the HIF-1α expression positively correlated with a higher stage and higher probability of invasion to lymphatic and vascular tissues (Lin et al., 2014). Accordingly, the risk of peritoneal invasion and liver and lymph node metastasis was significantly high, and the 5-year survival rate was significantly low in gastric cancer patients with HIF-1α expressing tumors (Jung et al., 2013; Chen et al., 2014; Miao et al., 2014).
In 90% of gastric cancer cases, the pathological diagnosis is gastric adenocarcinoma (Riquelme et al., 2015). The clinic’s most commonly used histopathological classification system, Lauren, mainly classifies gastric adenocarcinoma into two, intestinal-type and diffuse-type gastric adenocarcinoma (Berlth et al., 2014; Gullo et al., 2018). Differentiation from gastric phenotype to intestinal phenotype (so-called intestinalization) and the presence of glandular structures are characteristics of intestinal-type gastric adenocarcinoma. Approximately 54% of gastric adenocarcinoma patients have intestinal-type cancers. This histopathologic type responds better to chemotherapy than diffuse-type gastric cancer and usually emerges at an older age. Intestinal-type gastric cancer develops from well-defined precancerous lesions with a multi-stage carcinogenesis cascade. This cascade, known as the Correa Cascade, involves chronic inflammation, multifocal atrophic chronic gastritis, intestinal metaplasia, dysplasia, in situ carcinoma, and invasive gastric adenocarcinoma sequentially. Risk factors that prompt this process, like Helicobacter pylori (H. pylori) infection and diet, are relatively well-defined (Correa and Piazuelo, 2012; Cisło et al., 2018).
Diffuse-type gastric adenocarcinoma, on the other hand, is characterized by diffuse infiltration of the stomach wall. Consequently, gland structures become barely or hardly discernible. In contrast to the intestinal-type, non-cohesive undifferentiated mesenchymal cells predominate diffuse-type gastric adenocarcinomas (Krstić and Katić, 2008; Cisło et al., 2018). It emerges at a younger age and has the worst prognosis and poorest response to chemotherapy compared to other gastric cancer types (Riquelme et al., 2015; Ansari et al., 2018). Hereditary diffuse gastric adenocarcinomas, observed in a minority of cases, exhibit autosomal dominant inheritance and are associated with mutations in E-cadherin (CDH1) gene. Although E-cadherin expression is suppressed in non-hereditary diffuse-type gastric adenocarcinoma, the predisposing factors are unknown. Due to the lack of knowledge about precursor lesions, early diagnosis is impossible for most non-hereditary diffuse-type gastric cancers, and therapeutic success is low (Ansari et al., 2018).
The comparative dominance of hypoxic niches in intestinal vs. diffuse-type gastric adenocarcinomas is unknown yet. However, upregulation of HIF-1α was observed more commonly in diffuse-type gastric tumors, compared with intestinal-type gastric tumors (Griffiths et al., 2007; Ma et al., 2007). On the other hand, hypoxia and HIF-1α have prominent roles in the progression of both Lauren types of gastric cancer. HIF-1α exhibited a progressive increase through the successive steps of the Correa cascade of intestinal-type gastric carcinogenesis (Griffiths et al., 2007). In diffuse-type gastric cancer cells, HIF-1α is substantially involved in the EMT, which is crucial for the development and progression of diffuse-type gastric tumors (Matsuoka et al., 2013; Susman et al., 2015; Lee et al., 2017). Therefore, a more exhaustive comprehension of the regulation of HIF-1α in gastric cancer and its role in gastric cancer progression and chemoresistance is required.
3 REGULATION OF HIF-1Α
Hypoxia-inducible factors (HIFs) are key transcription factors for adapting normal and cancer cells to hypoxia (Semenza, 2012). HIF isoforms HIF-1, HIF-2, and HIF-3 are all heterodimers of HIF-α and HIF-β subunits. The HIF-1, formed by dimerization of the HIF-1α with HIF-1β, is the leading HIF type in cancer cells. Like other HIF-α isoforms, HIF-1α is sensitive to the oxygen pressure in the microenvironment. In the presence of oxygen, prolyl hydroxylases (PHDs) hydroxylate HIF-1α. After that, ubiquitination occurs and directs HIF-1α to proteasomal degradation. The tumor suppressor protein von Hippel–Lindau (pVHL) takes part in this degradation reaction. HIF-β, on the other hand, is insensitive to oxygen and constitutively expressed in the cell (Kaelin and Ratcliffe, 2008).
Under hypoxia, hydroxylation of HIF-1α by PHDs and its degradation could not occur, leading to upregulation of HIF-1α in the cell. HIF-1α heterodimerizes with HIF-1β in the nucleus. The resulting HIF-1 binds hypoxia-response elements and activates the transcription of several genes required for the adaptation of cells to hypoxia. These HIF-1 stimulated genes are involved in angiogenesis, glycolytic switch, growth, and survival of cancer cells (Muz et al., 2015).
Other than hypoxia, pro-tumorigenic pathways and defective tumor suppressors may lead to the upregulation of HIF-1α. Ras/MAPK and PI3K/Akt/mTOR pathways activated by growth factor receptors can increase HIF-1α expression. Since phosphatase and tensin homolog (PTEN) is a negative regulator of the PI3K/Akt/mTOR pathway, inactivating mutations in PTEN may induce HIF-1α expression via upregulation of the PI3K/Akt/mTOR pathway (Muz et al., 2015). Tumor suppressor pVHL is involved in the degradation of HIF-1α, and p53 triggers ubiquitination and proteasomal degradation of HIF-1α in different cancers. Therefore, mutations in pVHL or p53 are associated with increased stability and expression of HIF-1α (Ravi et al., 2000).
4 HIF-1Α AND STEMNESS IN CANCER
An expanding number of studies that support the cancer stem cell (CSC) model in carcinogenesis, tumor progression, metastasis, and chemoresistance is drawing the attention of anticancer drug discovery studies to CSCs. Hence, characterizing the conditions that induce the development of CSCs and initiation of tumorigenesis by CSCs is under the spotlight of many cancer researchers (Li et al., 2014; Bekaii-Saab and El-Rayes, 2017; Ayob and Ramasamy, 2018; Afify and Seno, 2019). Accordingly, the profound involvement of HIF-1α in stemness presents it as a potential therapeutic target to limit the action of CSCs in cancer.
Hypoxia is a significant factor in the self-renewal and differentiation of stem cells. Studies in embryonic stem cells demonstrated that cells kept under hypoxic conditions maintain stemness and remain undifferentiated, whereas they start to differentiate when switched to a normoxic environment. Several studies noted that low oxygen saturation blocks differentiation and maintains stemness in mesenchymal stem cells (Barnhart and Simon, 2007; Keith and Simon, 2007; Hill et al., 2009). In addition, a hypoxic microenvironment promotes the expansion of hematopoietic stem cells and neuronal stem cells (Morrison et al., 2000; Danet et al., 2003).
Growing evidence reveals that hypoxia also has a prominent role in controlling CSC populations in tumors. CSCs are cancer cells with stem cell-like features such as self-renewal and differentiation into diverse cell populations. CSCs mainly develop from existing stem cells via mutations or differentiated cancer cells through dedifferentiation and acquiring stem cell-like properties. Although stemness and cell division are tightly regulated in stem cells, CSCs have the potential for unlimited division and tumorigenesis. Therefore, they are also known as “tumor-initiating cells” (Singh and Settleman, 2010).
Hypoxia has a substantial role in the dedifferentiation of cancer cells to a stem-like phenotype (Carnero and Lleonart, 2016). HIF-1 is a central mediator for the induction and maintenance of stem cell phenotype under hypoxic conditions in several cancers (Tong et al., 2018). HIF-1 activity triggers the expression of important stem cell markers, such as Nanog, Oct4, Sox2, Bmi1, Nestin, LGR5, CD44, CD133, and CD24 in non-stem cancer cells. Thereby, HIF-1 provides stem cell features to regular cancer cells inducing their transformation into CSCs (Heddleston et al., 2009; Matsumoto et al., 2009; Fujikuni et al., 2014; Guo et al., 2016; Liang et al., 2017). Cui et al. reported that hypoxia induces stemness through stabilization of HIF-1ɑ by small ubiquitin-like modifier protease 1 (SENP1) in hepatocellular carcinoma cells, further supporting the substantial effect of hypoxia on cancer cell stemness (Cui et al., 2017).
Hypoxia leads to the selection of the fittest CSC clones with high tumorigenic potential, ensuring the maintenance of tumor stemness (Carnero and Lleonart, 2016). Hypoxic tumor cells isolated from a xenograft model of breast cancer exhibited a predominantly CSC phenotype. When these cells were re-implanted into the mouse, hypoxic tumor cells displayed a more pronounced CSC phenotype than those isolated from the primary xenograft. These cells also exhibited significantly higher tumorigenicity compared with the non-hypoxic cancer cells. The study’s authors identified PI3K/Akt pathway as the requisite for maintaining stemness in these hypoxic tumor cells (Kim et al., 2018). Additionally, hypoxia increases the proliferation of CSCs, as reported in glioblastoma and breast cancer (Heddleston et al., 2009; Lan et al., 2018).
Hypoxia-induced EMT is a crucial mechanism for the maintenance of stemness in CSCs. Hypoxia stimulates the expression of EMT transcription factors Snail, Twist, Zeb1, Slug, and Sip1 in cancer cells via transforming growth factor β (TGF-β), Notch, and Wnt-β-catenin signaling pathways. These EMT transcription factors, in turn, induce the transcription of stem cell markers, as demonstrated in breast cancer and ovarian cancer models (Seo et al., 2016; Wilson et al., 2020). In addition, ROS and vascular endothelial growth factor (VEGF) upregulated in a hypoxic microenvironment are also involved in the maintenance of stemness (Najafi et al., 2020).
Besides induction and maintenance of stemness of cancer cells, high expression of stem cell markers is associated with a higher propensity of CSCs to migrate toward hypoxic areas (Barnhart and Simon, 2007; Keith and Simon, 2007; Hill et al., 2009). Moreover, HIF-1 leads to the recruitment of stem cells to hypoxic areas by inducing the release of chemokine 12 (CXCL12) (formerly known as stromal-derived factor-1ɑ) into the tumor microenvironment (Das et al., 2008). Due to the hypoxia-induced stemness, proliferation, and recruitment of CSCs, hypoxic niches are rich in CSCs, which introduces these niches as potent drivers of tumorigenesis, invasion, and metastasis (Carnero and Lleonart, 2016).
Equipment of CSCs with several chemoresistance mechanisms in hypoxic environments further extends the handicaps that hypoxia poses in cancer treatment. Under hypoxia, HIF-1α induced Warburg effect decreases the intracellular ROS concentration that would be higher in the case of oxidative phosphorylation. Thus, the cytotoxic effects of DNA damaging chemotherapeutics and radiotherapy decline. Additionally, the glycolytic switch increases the intracellular concentration of glutathione (GSH) (Najafi et al., 2020), which suppresses the action of several chemotherapeutics, such as platinum derivatives and anthracyclines (Traverso et al., 2013). Moreover, hypoxia increases the expression of drug efflux pumps, mainly ABCB1 (or P-gp), and the telomerase activity, leading to multidrug resistance in CSCs. Primarily HIF-1α mediates these effects. Hypoxia-induced plasticity allows CSCs to switch between EMT and mesenchymal-epithelial transition (MET), bringing a survival advantage to CSCs in dynamically changing environments. (Najafi et al., 2020). Furthermore, chronic hypoxia induces senescence in CSCs, building additional barriers to the action of anticancer therapies which act on highly proliferating cells (Carcereri de Prati et al., 2017; Emami Nejad et al., 2021).
5 HIF-1Α AND STEMNESS IN GASTRIC CANCER
Stemness in gastric cancer is a significant inducer of tumor progression and chemoresistance. Gastric CSCs can differentiate into multiple cell types at distinct regions of the stomach. These cells can evade immunity and constitute a tumor microenvironment that suppresses immunosurveillance. This tumor microenvironment is also fertile soil for the maintenance of stemness and transformation of more gastric cancer cells into gastric CSCs. Furthermore, gastric CSCs are involved in metastasis and recurrence in gastric cancer (Becerril-Rico et al., 2021; Yang et al., 2022). Therefore, targeting stemness is rising as a new therapeutic strategy in gastric cancer (Rao et al., 2022).
HIF-1α is a key stimulator of stemness in gastric cancer. Hypoxia and increased HIF-1α are associated with increased expression of stem cell markers in gastric cancer cell models and patient samples. Guo et al. exposed BGC823 and SGC7901 gastric cancer cells to hypoxic conditions with 1% oxygen. They observed that the expression of EMT markers and critical stem cell markers Oct4, Sox2, and Bmi1 increased significantly compared to the cells kept under normoxic conditions. They validated the increased expression of the stem cell markers at both the gene and protein levels. An increase in proliferation, invasion, migration, and clonogenicity accompanied the increase in the EMT and stem cell markers. These findings pointed out the role of hypoxia in the induction of stemness and a more aggressive phenotype in gastric cancer cells (Guo et al., 2016).
Miao et al. investigated the gastrectomy specimens from 175 gastric cancer patients and reported that HIF-1α expression was associated with increased expression of stem cell markers Oct4 and Nestin in both differentiated and undifferentiated gastric tumors. The survival rates were significantly lower in patients with a high expression of HIF-1α, Oct4, and Nestin. When the authors exposed primary gastric cancer cell models they developed from gastrectomy specimens to hypoxia, they observed 8.7- and 5.1-fold increase in stem/progenitor cell-specific markers LGR5 and CD44, respectively, an increased self-renewal capability and a decrease in the differentiation of gastric stem cells. Knocking down HIF-1α reverted these changes, showing the involvement of HIF-1α in the proliferation of gastric cancer stem cells and maintenance of stemness (Miao et al., 2014).
Furthermore, peritoneal dissemination was significantly high in patients whose tumors displayed an increased expression of HIF-1α but not HIF-2α. Peritoneal dissemination of gastric cancers is thought to occur by the entry of gastric CSCs through peritoneal milky spots, which are small lymphoid tissues in the peritoneum. Since peritoneal milky spots are considered hypoxic tissues, Miao et al. investigated whether peritoneal milky spots operate as hypoxic niches facilitating the homing of gastric CSCs to the peritoneum. In a mice peritoneal dissemination model, they observed that peritoneal milky spots were rich in gastric CSCs. When they injected gastric CSCs with depleted HIF-1α or replete HIF-1α into the peritoneum of mice, the rate of peritoneal dissemination was significantly low in the HIF-1α depleted group (Miao et al., 2014). All these findings pointed out the significance of HIF-1α in stem cell-driven metastasis in gastric cancer.
Cell adhesion molecule CD44 is a key regulator of stemness, metastasis, and resistance to chemoradiotherapy in several tumors (Yan et al., 2015). Furthermore, expression of CD44 is associated with self-renewal and generation of differentiated progeny in gastric cancer cells. Therefore, it is regarded as a cell surface marker to identify gastric CSCs (Takaishi et al., 2009). Under hypoxic conditions, CD44 expression increased by 3-fold and 2.2-fold, respectively, in SGC7901 and BGC823 gastric cancer cells. In addition, these cells’ survival and invasion capabilities increased under hypoxia. Since rapamycin, which down-regulates HIF-1α, could revert these changes, HIF-1α was suggested as the mediator of CD44 induction and stemness in gastric cancer cells (Liang et al., 2017). However, the study did not investigate the effect of explicitly suppressing HIF-1α. Therefore, the direct link between HIF-1α and CD44 induction needs further validation.
CD24 is a putative CSC marker which is upregulated in several tumors and is associated with an aggressive phenotype. The positivity of CD24 is associated with tumor progression, invasion, lymphatic metastasis, and, consequently, a dismal prognosis in both Lauren types of gastric cancer. Although CD24 expression displayed a heterogenous pattern in ascites samples from gastric cancer patients, studies in TMK-1 (poorly differentiated), 44As3 (signet ring cell/diffuse-type), and NCI-N87 (intestinal-type) gastric cancer cell lines showed that hypoxic conditions could induce the expression of CD24 in CD24 negative cells leading up to a 60-fold increase in CD24. These findings suggested that the heterogeneity in the CD24 expression may result from a heterogenous pattern of hypoxia within the tumor mass or ascitic environment. Moreover, CD24 expression increased the migration rate of TMK-1 cells, and the knockdown of CD24 suppressed the hypoxia-induced invasion in TMK-1 cells. The authors suggested both HIF-1α and HIF-2α as mediators of hypoxia-induced CD24 expression in TMK-1 cells (Fujikuni et al., 2014).
CD133 is another cell surface protein used as a CSC marker in several cancers. Hypoxia regulates CD133 expression both in healthy and cancer tissues. Contrary to the positive regulatory role of HIF-1α on CD44 and CD24, HIF-1α exhibited a negative regulatory effect on CD133 in a panel of gastric cancer cell lines. HIF-1α expression was also negatively correlated with CD133 expression in gastric tumor specimens. These observations contradict the positive regulatory role of HIF-1α on CD133 in other tumors like glioma suggesting a context-dependent regulation of CD133 by HIF-1α (Matsumoto et al., 2009).
A later study suggested a relationship between the pattern of CD133 expression in immunohistology staining and HIF-1α positivity. In differentiated gastric tumors, CD133 was predominantly expressed at the luminal site of the cancer cells and correlated with a lower rate of HIF-1α positivity. However, in undifferentiated gastric tumors, CD133 expression was predominant at the cytoplasm and associated with a higher rate of HIF-1α positivity. Furthermore, cytoplasmic expression of CD133 was associated with a higher rate of peritoneal, lymphatic, and hematogenous metastasis, poor prognosis, and chemoresistance compared with the gastric tumors that express CD133 luminally or that are CD133 negative. Moreover, gastric cancer patients with both HIF-1α- and CD133-positive tumors displayed the poorest prognosis (Hashimoto et al., 2014). Nevertheless, further studies are needed to uncover the mechanisms for this context-dependent and subcellular compartment-dependent regulation of CD133, the influence that CD133 brings upon gastric cancer cells, and the regulation of CD133 by HIF-1α.
In summary, all the studies mentioned here put forth HIF-1α as a potential target to surpass CSC-driven tumor progression, metastasis, and chemoresistance. The key stem-cell markers affected by HIF-1α in the studies mentioned above are summarized in Figure 1 to represent the current knowledge on the link between HIF-1α and stemness in gastric cancer.
[image: Figure 1]FIGURE 1 | Induction of stemness by hypoxia in gastric cancer. HIF-1α induces the expression of stem cell markers such as Oct4, Sox2, Bmi1, Nestin, Nanog, LGR5, CD44, and CD24 in cancer cells. Thereby, HIF-1α contributes to the generation of new cancer stem cells and the maintenance of stemness. HIF-1α may suppress or increase the expression of CD133 in gastric cancer, in a context-dependent manner. Processes for which there is specific evidence in gastric cancer are shown in blue. Processes common in different cancers are shown in light pink. Upregulation or downregulation of specific proteins are shown with an upward or downward arrow, respectively. Abbreviations: Bmi1, B-cell-specific Moloney murine leukemia virus integration site-1; HIF-1α, Hypoxia-inducible factor 1α; LGR5, Leucine Rich Repeat Containing G Protein-Coupled Receptor five; Oct-4, Octamer-binding transcription factor 4; Sox2, SRY (sex determining region Y)-box 2. Created with BioRender.com.
6 HYPOXIA AND CHEMORESISTANCE IN CANCER
The understanding that cancer is a systemic but not a localized disease raised the efforts to develop systemic anticancer therapies, leading to the development of the first cancer chemotherapeutics starting from 1940’s (DeVita and Chu, 2008). Despite now we have a plethora of systemic chemotherapeutics potent and efficacious in the first-line treatment of cancer, chemoresistance is still a significant handicap in cancer therapy. Progress in identifying underlying molecular mechanisms and efforts to block critical targets paved the way for developing molecular-targeted agents targeting deregulated signaling pathways in cancer. Incorporating these agents into the chemotherapy regimens over the years increased the response rates in patients resistant to conventional chemotherapeutics. However, acquired resistance to these agents is also a challenge to surpass (Vasan et al., 2019).
The dynamic nature of cancer signaling due to genetic and epigenetic alterations makes it a tough battle to overcome chemoresistance (Nikolaou et al., 2018). The hypoxic microenvironment adds other front lines to this battle by preventing the drug action, from the penetration of anticancer drugs into tumor tissue to the induction of cell death (Jing et al., 2019). Hence, tumor hypoxia is a crucial determinant for responsiveness to neoadjuvant and adjuvant chemotherapy in cancer (Bubnovskaya and Osinsky, 2020).
In rapidly proliferating tumors, penetration distance from capillaries to the tumor cells increases, impairing the penetration of chemotherapeutics to distant territories where hypoxia is common (Trédan et al., 2007). Additionally, glycolytic shift and increased lactate production in hypoxic niches create an acidic microenvironment that disrupts the cellular uptake of anticancer drugs. For instance, weak basic chemotherapeutics such as doxorubicin, vincristine, and mitoxantrone become ionized and trapped in the acidic extracellular environment, leading to decreased uptake of these agents into the tumor cells (Tannock and Rotin, 1989; Mahoney et al., 2003; Gerweck et al., 2006). Drug efflux also increases under hypoxia due to the HIF-1α-induced expression of drug efflux pumps (Jing et al., 2019). Hypoxia-induced cell cycle arrest and low proliferation rate at hypoxic niches further strengthen the impact of hypoxia in chemoresistance since conventional chemotherapeutics primarily act on rapidly proliferating cells (Amellem and Pettersen, 1991; Raz et al., 2014; Valencia-Cervantes et al., 2019). Moreover, resistance to apoptosis, genetic instability, EMT, and CSCs induced by hypoxia reinforce the development of chemoresistance in tumors (Ruan et al., 2009).
7 HIF-1Α AND CHEMORESISTANCE IN GASTRIC CANCER
Gastric cancer is one of the most aggressive cancers at which the extent of the challenge posed by chemoresistance is massive (Marin et al., 2020). Despite that, knowledge of the mechanisms that operate chemoresistance in gastric cancer is limited. Consistent with the relative sparsity of studies in gastric cancer compared with other immensely studied cancers, the number of studies that dissect the role of hypoxia and HIF-1α in chemoresistance is relatively low in gastric cancer. Studies investigating the role of increased drug efflux and resistance to apoptosis under hypoxia dominate the current literature on hypoxia-induced chemoresistance in gastric cancer. Figure 2 summarizes these mechanisms.
[image: Figure 2]FIGURE 2 | Induction of chemoresistance by hypoxia in gastric cancer. HIF-1α induces chemoresistance via the downregulation of proapoptotic protein Bax, upregulation of anti-apoptotic proteins Bcl-2 and Bcl-xL, and drug efflux pumps P-gp and MRP in gastric cancer cells. Additionally, the Warburg effect increases extracellular acidity under hypoxic conditions. This acidic environment leads to ion trapping of the drugs in the extracellular space and decreases drug uptake. Abbreviations: Bax, Bcl-2-associated X protein; Bcl-2, anti-apoptotic protein B-cell lymphoma 2; Bcl-xL, B-cell lymphoma extra-large; HIF-1α, Hypoxia-inducible factor 1α; MRP, The human multidrug resistance-associated protein; P-gp, P-glycoprotein; p53, Tumor protein p53. Created with BioRender.com.
Liu et al. (2008) investigated the inducer role of HIF-1α in chemoresistance to doxorubicin and vincristine, two widely used conventional chemotherapeutics, in gastric cancer in vitro models. When they incubated the SGC7901 gastric cancer cells in a hypoxic microenvironment or overexpressed HIF-1α, the efflux of doxorubicin increased significantly, decreasing the intracellular accumulation of the drug. The authors assigned these observations to the upregulation of two critical efflux pumps, P-gp and MRP1, with exposure to hypoxia or exogenous expression of HIF-1α. Additionally, hypoxia led to the upregulation of anti-apoptotic protein Bcl-2 and downregulation of proapoptotic protein Bax, suppressing the apoptotic effect of chemotherapeutics. As a result, the IC50 of doxorubicin and vincristine increased by 1.76- and 8.9-fold, respectively. Furthermore, the IC50 of these chemotherapeutics increased more dramatically in HIF-1α overexpressing SGC7901 cells, with a 2.36-fold increase for doxorubicin and a 14.8-fold increase for vincristine. The authors validated the role of HIF-1α since silencing the HIF-1α with siRNAs reverted chemoresistance in SGC7901 cells. With further studies, the research group established subcutaneous mouse models with vincristine-resistant SGC7901 cells. Injection of HIF-1α targeting siRNAs decreased the tumor volume and increased sensitivity to chemotherapy in these in vivo models. Furthermore, HIF-1α targeting siRNAs reduced the expression of P-gp, MRP, and Bcl-2 and increased the expression of Bax in tumors from mouse models (Liu et al., 2008). Hence, in vivo findings validated the in vitro findings in gastric cancer cells, strengthening the significance of HIF-1α in gastric cancer.
Okazaki et al. followed a different approach and examined the changes in the expression of HIF-1α and other hypoxia-associated genes in chemoresistant gastric cancer cells established by exposing MKN45 cells to paclitaxel (MKN45-PTX). Not only HIF-1α but also HIF-1α-regulated proteins VEGF and glycolytic enzyme pyruvate kinase M1 (PKM1) were upregulated in these cells. The authors also observed the upregulation of P-gp, MRP, and anti-apoptotic protein Bcl-xL in paclitaxel-resistant gastric cancer cells. Conversely, Bax and Caspase-3 expression were lower in MKN45-PTX cells compared with parental MKN45 cells. Xenograft models established with MKN45 or paclitaxel-resistant MKN45 (MKN45-PTX) exhibited similar findings with in vitro studies. For instance, the expression of VEGF and PKM1 was higher in tumors from MKN45-PTX in vivo model. These findings suggest that exposure to chemotherapeutics or a chemoresistant phenotype may correlate with an increased expression of HIF-1α and HIF-1α regulated genes in gastric cancer. However, although the increase in hypoxia genes was parallel to the rise in genes associated with chemoresistance, the study design does not allow the establishment of mechanistic links between HIF-1α and chemoresistance in the study. Therefore, whether HIF-1α acts as a mediator of the upregulation in P-gp, MRP, or anti-apoptotic proteins in MKN45 gastric cancer cells exposed to paclitaxel needs validation with knockdown/out experiments (Okazaki et al., 2018).
Rohwer et al. (2010) took advantage of knockdown strategies for a robust investigation of the role of HIF-1α in chemoresistance in gastric cancer. When they knocked down the expression of HIF-1α in AGS gastric cancer cell lines, they observed increased sensitivity to 5-fluorouracil (5-FU), a commonly used chemotherapeutic in gastrointestinal cancers, and cisplatin, a widely used potent chemotherapeutic in several cancers. On the contrary, overexpression of HIF-1α induced resistance to chemotherapeutics in these cells. In HIF-1α deficient AGS cells, the efficacy of 5-FU to induce apoptosis through p53 and cell-cycle arrest through p21 increased substantially. Concomitant silencing of p53 with HIF-1α reduced the chemo-sensitization achieved by silencing HIF-1α per se in AGS cells. Moreover, silencing of HIF-1α in a p53-mutant gastric cancer cell line MKN28 could not achieve chemo-sensitization to 5-FU, nor the silencing of p53 alone. However, concomitant restoration of functional p53 with the silencing of HIF-1α allowed chemo-sensitization of these cells to 5-FU. These findings suggested that HIF-1α blocks cell-cycle arrest and apoptosis induced by p53 after exposure to 5-FU, and an intact p53 is required to revert chemoresistance by suppressing HIF-1α action in gastric cancer cells. Further experiments suggested that HIF-1α may decrease the p53 activity through suppression of ROS production, which is an efficient activator of the p53 function (Rohwer et al., 2010). Supporting the role of HIF-1α in chemoresistance to 5-FU in gastric cancer, Nakamura et al. reported that the survival rate under 5-FU treatment was significantly lower in advanced-stage gastric cancer patients with diffuse expression of HIF-1α in the tumor, compared to the patients with HIF-1α negative tumors or HIF-1α positivity only in the invasive margins of the tumors (Nakamura et al., 2009).
A more recent study by Zhang et al. (2014) not only strengthened the evidence that the HIF-1α upregulates drug efflux pumps and downregulates apoptotic proteins but also proposed Krüppel-like factor 8 (KLF8) as a mediator for these responses in gastric cancer cells. KLF8 is a transcription factor associated with oncogenic transformation in several cancers. Since the lack of VHL, which results in the stabilization of HIF-1α, is related to the overexpression of KLF8 in renal cell carcinoma, the research group investigated whether KLF8 is involved in hypoxia-induced chemoresistance in gastric cancer. They observed that the expression of KLF8 increased substantially under hypoxic conditions in parallel to HIF-1α in MKN45, MKN28, and SGC7901 gastric cancer cells. Conversely, silencing of HIF-1α downregulated KLF8 in these cells. Moreover, ectopic expression of KLF8 induced chemoresistance to cisplatin, 5-FU, vincristine, and doxorubicin in SGC7901 cells. Further investigations revealed that KLF8 increases the expression of P-gp and Bcl-2 and decreases the expression of Bax and Caspase-3 in gastric cancer cells. Hence, they demonstrated that KLF8 is a mediator of hypoxia-induced chemoresistance by increasing drug efflux from cancer cells and suppressing apoptosis in response to chemotherapeutics (Zhang et al., 2014).
8 THERAPEUTIC TARGETING OF HIF-1Α
The substantial impact of HIF-1α on hallmarks of cancer, stemness, and chemoresistance makes it an attractive target in cancer therapy. Many drugs with indirect inhibitory action on HIF-1α have been tested in clinical trials for the past 20 years, and efforts to develop direct HIF-1α inhibitors continue (Burroughs et al., 2013; Masoud and Li, 2015; Özcan and Keskin, 2020). The major ones registered at ClinicalTrials.gov (US National Library of Medicine, 2007) are listed in Table 1, and their mechanisms of HIF-1α inhibition are shown in Figure 3.
TABLE 1 | Selected clinical trials registered to ClinicalTrials.gov testing HIF-1α inhibitors in cancer.
[image: Table 1][image: Figure 3]FIGURE 3 | Targets of the major anti-HIF-1α agents tested in clinical trials. Anti-HIF-1α agents directly or indirectly inhibit HIF-1α via different mechanisms. Anti-HIF-1α oligonucleotide EZN-2968 leads to the degradation of HIF-1α mRNA. Camptothecins irinotecan and topotecan downregulate HIF-1α via HIF-1α-targeting miRNAs. Digoxin and 2-methoxyestradiol (2ME2) suppress the translation of HIF-1α. Rapamycin analogs, like everolimus and temsirolimus, downregulate HIF-1α by inhibiting mTOR. Hsp90 inhibitor geldanamycin and HDAC inhibitors destabilize HIF-1α. Anthracyclines and the peptide antibiotic echinomycin block the binding of HIF-1α to DNA and thus inhibit HIF-1α action. Proteosome inhibitor bortezomib blocks the degradation of ubiquitinated HIF-1α and leads to the accumulation of HIF-1α in an inactive form. Additionally, it suppresses the expression of HIF-1α via inhibition of PI3K/Akt/mTOR and MAPK pathways. Abbreviations: Akt, Protein kinase B; CBP, cyclic AMP response element-binding protein; GF, Growth factor; HDAC, Histone deacetylase; HIF-1α, Hypoxia-inducible factor 1α; HIF-1β, Hypoxia-inducible factor 1β; HRE, Hypoxia response elements; HSP90, Heat shock protein 90; MAPK, Mitogen-activated protein kinase; mRNA, Messenger RNA; mTOR, The mammalian target of rapamycin; p300, transcriptional coactivator p300; PHD, prolyl hydroxylase; PI3K, Phosphoinositide 3-kinase; Ras, Ras GTPase; Ub, ubiquitin tag. Created with BioRender.com.
An anti-HIF-1α oligonucleotide EZN-2968 had been tested in advanced solid tumors, lymphoma, and hepatocellular carcinoma (HCC) in different Phase I trials (US National Library of Medicine, 2011; US National Library of Medicine, 2018a; US National Library of Medicine, 2018b). A pilot trial in patients with solid tumors refractory to treatment detected a decrease in the expression of HIF-1α mRNA in four of the six patients (Jeong et al., 2014). In addition, HIF-1α protein expression and HIF-1α target genes VEGF, CA-IX, GLUT-1, and PDK-1 decreased in two of these patients. The decrease in HIF-1α mRNA levels varied between 7%–94%, and the decrease in HIF-1α protein levels varied between 35%–83%. However, there was a surprising increase in HIF-1α mRNA by 111% in one patient and an increase in HIF-1α protein levels by 113% in another patient. Despite that, the study results were evaluated as preliminary proof for the suppression of HIF-1α in the tumor tissues of the patients with the use of EZN-2968.
Wu et al. observed that the synthetic locked nucleic acid form of EZN-2968 (RO7070179) sufficiently decreased the expression of HIF-1α and VEGF at the protein level and induced an apoptotic response when administered at a dose of 10 mg/kg in an orthotopic hepatocellular cancer (HCC) mouse model. This dose led to a 76% decrease in the expression of HIF-1α mRNA in the tumor samples, and increased apoptosis. When they administered RO7070179 to the same model at a dose of 3 mg/kg, HIF-1α mRNA declined by 53%, but a decrease at the protein level could not be achieved, nor the induction of apoptosis. They evaluated these results as the necessity of reducing HIF-1α mRNA level by at least 75% to achieve a clinically relevant response. The phase 1b study of the same group could not meet the primary endpoint of reducing HIF-1α mRNA with one cycle of RO7070179 administration in HCC patients. However, one of the patients responded very well starting from the first cycle of the treatment and maintained the responsiveness till the 12th cycle of the therapy. Even this patient’s first cycle of therapy achieved a decline in HIF-1α mRNA levels by 10%–81%, depending on the biopsy site. Although the progress of this super-responder patient suggested that the synthetic locked nucleic acid form of EZN-2968 may be effective in HCC, further studies in large patient groups are needed for validation (Wu et al., 2019). Nonetheless, the study also pointed out the importance of exploring intra-tumoral heterogeneity in the expression of HIF-1α.
Apart from EZN-2968, almost all the drugs being tested in clinical trials as HIF-1α inhibitors are already approved anticancer agents which indirectly inhibit HIF-1α in addition to their primary mechanism of anticancer action. Among these agents, camptothecins downregulate HIF-1α via HIF-1α-targeting miRNAs (Bertozzi et al., 2014), and rapamycin analogs suppress the expression of HIF-1α via inhibition of mTOR (Masoud and Li, 2015; Muz et al., 2015). Due to these actions, camptothecins (irinotecan and topotecan) and rapamycin analogs (everolimus and temsirolimus) started to be tested as a part of combination chemotherapy regimens, especially where an antiangiogenic agent like bevacizumab, aflibercept or sorafenib is involved (US National Library of Medicine, 2012; US National Library of Medicine, 2014; US National Library of Medicine, 2017a; US National Library of Medicine, 2017b). This strategy may prevent the induction of HIF-1α by antiangiogenic agents and potentiate the anti-tumor action. A phase one trial aimed to investigate whether chronic use of oral topotecan as a single agent suppresses the expression of HIF-1α and angiogenesis in metastatic tumors with the overexpression of HIF-1α (US National Library of Medicine, 2017c). Moreover, the combination of rapamycin and irinotecan has also been tested for synergism in anti-HIF-1α action and antiangiogenic effect in refractory solid tumors (US National Library of Medicine, 2019). However, the results are not posted also for these trials yet. It should also be noted that a trial that tested the combination of everolimus with multikinase inhibitor sorafenib in advanced solid tumors was suspended due to toxicity (US National Library of Medicine, 2017b).
In addition to camptothecins and rapamycin analogs, digital glucoside digoxin and estradiol metabolite 2-methoxyestradiol (2ME2) have been tested in a multitude of clinical trials, since they suppress the translation of HIF-1α. Digoxin showed promising results in androgen-dependent prostate cancer (US National Library of Medicine, 2016). Digoxin was also tested for its pharmacodynamic effects in newly diagnosed operable breast cancer in a phase two trial (Bardia et al., 2013; US National Library of Medicine, 2020a). This trial was one of the few that explicitly stated the level of HIF-1α suppression aimed with a HIF-1 inhibitor. The trial investigated the expression of HIF-1α and HIF-1α regulated genes CA-9, VEGF, and GLUT by immunohistochemistry and mRNA-sequencing in the tumor tissue of breast cancer patients who received daily digoxin for 14 days or no therapy preoperatively. A 33% reduction in HIF-1α expression was regarded as a clinically admissible response. However, the study results are not published yet. Two recent trials are recruiting patients to evaluate digoxin in other solid tumors (US National Library of Medicine, 2021a; US National Library of Medicine, 2022a). On the other hand, 2ME2 exhibited poor tolerability and efficacy in phase two clinical trials (Harrison et al., 2011; Bruce et al., 2012).
Destabilization of HIF-1α is another mechanism by which indirectly acting agents inhibit HIF-1α. Geldanamycin and its derivatives destabilize HIF-1α via inhibition of heat shock protein 90, which is vital for the stability of HIF-1α. Although the efficacy of these drugs has not been proved in clinical trials yet, they seem to have potential in cancer therapy (Bisht et al., 2003; Liu et al., 2015; Weber et al., 2017). The acetylation status of the HIF-1α/p300 complex is also important for the stability of HIF-1α. Histone deacetylase (HDAC) inhibitors destabilize HIF-1α (Fath et al., 2006). Therefore, HDAC inhibitor romidepsin has been tested in several cancers for this action (US National Library of Medicine, 2022b; US National Library of Medicine, 2022c; US National Library of Medicine, 2023).
Anthracyclines, widely used chemotherapeutics in cancer, inhibit HIF-1α action by impairing the binding of HIF-1α to DNA (Lee et al., 2009). The peptide antibiotic echinomycin inhibits HIF-1α with a similar mechanism. Although echinomycin exhibited disappointing results in clinical trials, its nano-liposomal formulations are expected to show a better pharmacokinetic profile and efficacy (Bailey et al., 2020). Some other drugs, like proteasome inhibitor bortezomib, inhibit HIF-1α at multiple levels. Bortezomib leads to the accumulation of ubiquitinated HIF-1α, devoid of the binding ability to p300 and induction of target genes (Shin et al., 2008). Additionally, bortezomib suppresses the expression of HIF-1α via inhibition of PI3K/Akt/mTOR and MAPK pathways (Befani et al., 2012). These actions make it an attractive anticancer agent, and the number of clinical trials that test bortezomib’s anticancer efficacy is increasing.
In gastric cancer, camptothecins such as irinotecan and anthracyclines like epirubicin are already used as a part of combination therapy in the clinic. However, their main anticancer action is not through HIF-1α inhibition but topoisomerase inhibition (Wagner et al., 2017). In addition to these, the efficacy of mTOR inhibitors in gastric cancer has been tested in several clinical trials (US National Library of Medicine, 2013a; US National Library of Medicine, 2016b; US National Library of Medicine, 2020b) (Table 2). In one of these clinical trials, mTOR inhibitor everolimus (RAD001) was evaluated to determine the tolerable dose in combination with XELOX (Capecitabine and Oxaliplatin) with an emphasis on its HIF-1α inhibitory action (US National Library of Medicine, 2020c). Although the tolerable doses were determined, the regimen’s efficacy should be evaluated with new trials.
TABLE 2 | Selected clinical trials registered to ClinicalTrials.gov testing HIF-1α inhibitors in gastric cancer.
[image: Table 2]Moreover, HDAC inhibitors and proteasome inhibitors have been evaluated in several clinical trials for treating gastric cancer without emphasizing HIF-1α inhibitory action. One trial with HDAC inhibitor LBH589 was terminated (US National Library of Medicine, 2013b), and the results for another trial with HDAC inhibitor vorinostat have not been posted (US National Library of Medicine, 2013c). Bortezomib has been evaluated as a single agent and combined with 5-FU plus leucovorin or irinotecan in gastric cancer. One trial which tested bortezomib in combination with 5-FU plus leucovorin was terminated (US National Library of Medicine, 2010). Another trial reported the ineffectiveness of bortezomib alone or in combination with irinotecan (Ocean et al., 2014; US National Library of Medicine, 2021b).
9 CHALLENGES IN TARGETING HIF-1Α AND FUTURE DIRECTIONS
Incorporating molecularly targeted agents improved the success rate substantially in treating cancer patients with target positivity. However, overcoming chemoresistance is also an obstacle for molecular targeted agents, like conventional chemotherapeutics (Mitani and Kawakami, 2020; Baxter et al., 2021). Excluding the common mechanisms for multidrug resistance, redundancy in the signaling pathways is an important resistance mechanism to molecularly targeted agents in cancer cells (Holohan et al., 2013). Regarding the fact that other HIF-α isoforms, especially HIF-2α, may act as redundant mediators to HIF-1α (Koh et al., 2011), the development of resistance to HIF-1α inhibitors via redundancy emerges as a future challenge. The redundancy in HIF signaling may also explain the failure of many HIF-1α inhibitors tested in clinical trials. Currently, several HIF-2α inhibitors are also being tested in clinical trials (Choi et al., 2021), and HIF-2α inhibitor belzutifan was approved for use in VHL-associated cancers (Sheridan, 2021). Hence, the combination of HIF-1α inhibitors with HIF-2α inhibitors or the development of dual HIF-1α/HIF-2α inhibitors may be devised as a strategy to surpass the redundancy in HIF signaling.
The second challenge may be to suppress HIF-1α to a level sufficient to block HIF-1α target pathways and induce an anticancer action. As mentioned earlier, a study in HCC xenograft mouse models suggested that at least a 75% decrement in HIF-1α mRNA would be required to achieve a significant decline in the HIF-1α protein levels and to induce an apoptotic effect (Wu et al., 2019). Achieving a similar level of decrement in HIF-1α expression would also be one of the primary endpoints for patients undergoing treatment with HIF-1α inhibitors. Unfortunately, few clinical studies reported the extent of the decline in the tumor HIF-1α expression after using HIF-1α inhibitors. Detailed reporting of the study results, and analysis of the correlation between percent inhibition in HIF-1α expression and clinical response, are of critical value to determine primary endpoint for HIF-1α suppression in a reliable manner. Nonetheless, the study by Jeong et al. suggested that the efficacy of EZN-2968 to suppress HIF-1α mRNA may exhibit a high interpatient variability, ranging between 7%–94% (Jeong et al., 2014). The reasons behind this high variability in efficacy also worth further exploration.
P53 mutation status emerges as one of the factors with a high potential to determine the efficacy of the HIF-1α inhibitors. Rohwer et al. demonstrated that a functional p53 is required to revert chemoresistance to 5-FU by silencing HIF-1α with siRNAs in gastric cancer cell lines (Rohwer et al., 2010). These observations suggest that patients with p53 mutant tumors may not respond to HIF-1α inhibitors. This possibility should be addressed in future trials.
Intra-tumoral heterogeneity in hypoxia and a non-homogenous distribution of drugs within the tumor mass may pose further limitations to the effect of HIF-1α inhibitors. Hypoxia occurs mainly in the tumor territories distant from the blood vessels (Martin et al., 2016). These territories are also distant from the reach of systemic drugs. Therefore, the distribution of the HIF-1α inhibitors to the most hypoxic niches would be limited due to physical constraints. Moreover, the acidic microenvironment in the hypoxic niches may cause the entrapment of HIF-1α inhibitors in the extracellular space, like chemotherapeutics, limiting their intracellular actions (Jing et al., 2019). Hence, the intra-tumoral heterogeneity in HIF-1α expression and the distribution of HIF-1α inhibitors should be considered as determinators of therapeutic response.
Advancements in single-cell and spatially resolved genomic technologies enabled an in-depth investigation of intra-tumoral heterogeneity in cellular and molecular processes (Hunter et al., 2021; Longo et al., 2021; Wu et al., 2021). Therefore, single-cell genomics and spatial transcriptomics analysis in tumor specimens would allow a thorough exploration of intra-tumoral heterogeneity in HIF-1α and target genes. Moreover, this strategy can identify new predictive markers for response to HIF-1α inhibitors and reveal new therapeutic targets to block HIF-1α signaling.
Cellular senescence is the last but not the least limitation for the action of HIF-1α inhibitors in surpassing cancer chemoresistance. It has long been known that conventional chemotherapeutics act primarily on rapidly proliferating cells and senescent cells are less prone to their anti-cancer actions. Despite that, senescent cells were not usually considered as players in chemoresistance since senescence was regarded as a permanent and non-proliferative state previously. However, growing evidence indicates that senescent cancer cells can exit from this state and generate new cells with more aggressive phenotypes and stem-cell characteristics (Mongiardi et al., 2021). Hence, senescence is now mentioned as a new hallmark for metastasis, tumor progression, and chemoresistance in cancer (Hanahan, 2022).
Hypoxia comes forth as a prominent inducer of senescence in cancer cells. Senescent cancer cells are resistant to the apoptotic actions of chemotherapeutics, mainly due to the overexpression of antiapoptotic proteins. Hence, hypoxia-induced senescence in hypoxic niches constitutes a major mechanism of chemoresistance in tumors. Since HIF-1α is involved in hypoxia-induced senescence by activating cyclin-dependent kinase inhibitors p21CIP1 and p27KIP1 or inhibiting M-phase inducer CDC25A, anti-HIF-1α strategies may increase the action of anti-cancer agents by abating the senescent phenotype. However, HIF-independent processes are also involved in hypoxia-induced senescence (Otero-Albiol and Carnero, 2021). Moreover, both conventional chemotherapeutics and molecular-targeted agents, mainly tyrosine-kinase inhibitors are potent inducers of senescence in cancer (Mongiardi et al., 2021). These factors can limit the efficacy of anti-HIF-1α agents in surpassing chemoresistance. Nonetheless, we are witnessing growing efforts to explore the benefit of senolytics, agents which aim to kill senescent cells, as an adjunct to anti-cancer therapy (Short et al., 2019; Carpenter et al., 2021). Some of the drug groups mentioned as senolytics, like HDAC inhibitors, which also have anti-HIF-1α action may be promising to overcome therapy resistance in cancer. Yet, the sparsity of studies on senescence and use of senolytics in gastric cancer point to a long way ahead to device these strategies in the clinic.
10 CONCLUSION
HIF-1α is a key inducer of stemness and resistance to systemic therapy in gastric cancer. Therefore, agents that directly or indirectly inhibit HIF-1α signaling may become an effective strategy in gastric cancer treatment in the future. However, further efforts are required to unveil the intricate molecular mechanisms by which HIF-1α reprograms gastric cancer cells into stem cells and potentiates chemoresistance. Also, well-designed clinical trials addressing potential challenges with HIF-1α inhibitors are essential. Such efforts may translate efficacious HIF-1α inhibitors into the clinic and uncover new molecular targets in the HIF-1α signaling pathway to increase anticancer efficacy and overcome chemoresistance in gastric cancer treatment.
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