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Abstract

Gastric cancer remains a major unmet clinical problem with over 1 million new cases in 2018
worldwide. It is the fourth most commonly occurring cancer in men and the seventh most
commonly occurring cancer in women. A major fraction of gastric cancer has been linked to
variety of pathogenic infections including but not limited to Helicobacter pylori (H. pylori) or
Epstein Barr virus (EBV). Strategies are being pursued to prevent gastric cancer development such
as H. pylori eradication, which has helped to prevent significant proportion of gastric cancer.
Today, treatments have helped to manage this disease and the 5-year survival for stage IA and IB
tumors treated with surgery are between 60% and 80%. However, patients with stage 111 tumors
undergoing surgery have a dismal 5-year survival rate between 18% and 50% depending on the
dataset. These figures indicate the need for more effective molecularly driven treatment strategies.
This review discusses the molecular profile of gastric tumors, the success and challenges with
available therapeutic targets along with newer biomarkers and emerging targets.

Keywords

Gastric Cancer; Gastric Adenocarcinoma; Non Coding RNAs; IncCRNA; piwi RNA; Autophagy;
Novel Targets

Background

Gastric cancer is a deadly disease with poor overall survival statistics throughout the world.
The majority of new diagnoses per year of gastric cancer occur mainly in Asian and South
American countries (1). Within the United States, there are a projected 27,000 new cases to
be diagnosed in 2020 (2). It is only recently that researchers started to understand how
heterogenous gastric cancer actually is. There are three major subtypes of gastric cancer,
according to the Lauren Classification system, and four subtypes according to the WHO
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classification system (3—4). The Lauren classification system was developed in the 1960’s
and utilizes structural cellular components of the disease to separate patients into three
subtypes: well differentiated (non-cardia/intestinal), poorly differentiated (cardia/diffuse)
and mixed disease (3). The Lauren classification has been classified further to include the
addition of a new subtype, solid gastric cancer, as well as including the addition of
molecular markers in diagnosis criteria such as HER2 status (5-6). The other major
classification system used is the World Health Organization (WHO) system, which
elaborates further on the Lauren criteria (4). The WHO subtypes include the papillary,
tubular, signet ring and mucinous (4).

Throughout the world, including the United States, the Lauren classification is commonly
used as a diagnostic tool for gastric cancer due to its relative simplicity and long-term
establishment within the medical community. The overall outcomes of disease have been
well studied and generally differ based on the subtype of disease. We will focus on the
Lauren classification system within this article for these aforementioned reasons. Well-
differentiated (intestinal) gastric cancer is predominately found in individuals of an older
age, >70 years, who are mostly male and patients present with larger tumor sizes (7). This
subtype has overall better prognoses than the poorly differentiated (diffuse) subtype (8). The
poorly differentiated subtype has poor survival statistics and is commonly found in younger
women (8). The mixed subtype is present within a much smaller subset of patients, usually
male, and it is known to be highly invasive and metastatic (9—-10). The overall survival for
cancer of the stomach remains at 31% within the United States and 25% worldwide (9).
There are many reasons for the low survival rates. Most cases are diagnosed during late
stage disease leading to overall poor outcomes which present with metastases, high
intratumor heterogeneity and chemotherapeutic resistance (9, 11). Although the diagnosis of
gastric cancer based on subtype can be rather ambiguous due to the various classification
systems and differing terminologies for this disease used throughout the world, it is clear
that gastric cancer remains a deadly disease that is not being controlled in a meaningful way
with current treatment options or earlier detection strategies.

Gastric Cancer Development is Attributed to a Variety of Causes

A large majority of new gastric cancer cases can be attributed to a variety of pathogenic
infections including but not limited to Helicobacter pylori (H. py/ori) or Epstein Barr virus
(EBV) (12-13). These two major pathogens influence disease progression through various
intracellular mechanisms.

Helicobacter Pylori

Infection with H. py/oriis the most commonly thought of pathogenic infection that leads to
gastric cancer development. This bacterium is predicted to occur in over half of the world
population, and it has recently been classified as a class | carcinogen. This infection leads to
a predictable step-wise pattern of disease progression in a small percentage of the infected
population (2%) that, if caught early enough, can be reversed (14-15). One way in which
infection with H. py/orican induce a carcinogenic effect is through cag pathogenicity islands
(known as the CagA protein) (16-17). This pathogenic protein influences the development
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of peptic ulcers and 100% of Asian patients infected with an H. py/ori strain and 70% of
United States patients infected by an H. py/ori strain express the CagA protein (18). CagA is
first integrated into the cell through the Type IV secretion system and becomes pathogenetic
by activating a signaling cascade, either SHP2, Abl or Src kinases, within the gastric cancer
cell depending on its post-translational modifications (17). The phosphorylation site within
the CagA protein is referred to as the EPI'YA motif (glutamate-proline-isoleucine-tyrosine-
alanine residues) and can vary depending on the strain of H. py/ori. This polymorphism of
the CagA protein influences the development of gastric cancer, especially with the EPIYA-
ABD genotype found in the East Asian demographic and this may be a significant reason
why the Korean population has one of the highest incidence rates of gastric cancer
throughout the world (19-20). H. py/ori can also secrete peptidoglycan into the host’s cell,
which causes upregulation of various pro inflammatory cytokines such as IL-8 and COX
leading to chronic inflammation and cancer development (18). H. py/orihas also been
shown to secrete VacA toxin, a compound which can suppress T-cell responses, allowing
lesions to form with little push back from the immune system (18).

H. pylorieradication in gastric ulcer patients may reduce the risk of developing gastric
cancer. Lee et al performed a meta-analysis of 22 published studies covering 715 incident
gastric cancers among a total of 48,064 individuals/340,255 person-years. Their goal was to
assess the effects, as well as their modification by baseline gastric cancer incidence and
study design (randomized trial vs observational study) to understand the benefit of H. py/ori
eradication on gastric cancer outcomes (21). From this study they concluded that individuals
with eradication of H. py/oriinfection had a lower incidence of gastric cancer than those
who did not receive eradication therapy (pooled incidence rate ratio = 0.53; 95% confidence
interval: 0.44-0.64). We further describe how H. py/ori eradication is being performed
below (See Section entitled Gut Microbiome).

Epstein Barr Virus

Epstein Barr virus (EBV) has also been shown to influence gastric cancer progression in a
subset of cases (10%) (22). The mechanism of viral introduction and subsequent infection
into a human cell is somewhat elusive but there are a few hypotheses that exist. The main
observation is that EBV is resistant to infecting cells expressing low cluster of differentiation
21 marker (CD21) while high CD21 cells are vulnerable to EBV infection (23). It has also
been found that external EBV virons coated with IgA can bind to the IgA human cellular
receptor allowing the virus to be internalized and integrated into the cell via endocytosis
(22). Another means of EBV integration is through the gH/gL (glycoprotein) ligands
excreted by this virus. The gH/gL and gp42 ligands found within the virus can also bind to
HLA class Il surfaces of B-lymphocytes (24). This system has differing effects whereas the
gp42 protein when bound to the surfaces of B-lymphocytes inhibits epithelial cell infection
with EBV (24). The gH, gL and gB complexes can also form and fuse to the epithelial
membrane causing infection (24). It has also been hypothesized that interactions between the
EBV BMFR2 protein and host B2 integrin protein leads to viral fusion and infection (25).
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Non-Pathogenic Influences

Other factors can contribute to gastric cancer including familial or hereditary changes and
environmental exposures. Familial causes of gastric cancer represent a small proportion of
all cases, 10% total cases, while 3% of that population has gastric cancer caused by germline
mutations in the E-cadherin (CDHZI) gene (26). This type of gastric cancer is referred to as
hereditary diffuse gastric cancer (HDGC). Within families, the absence of functioning
CDHZ1 contributes to incidence rates as high as 50%. Normally there are no preventative
measures besides prophylactic total gastrectomy before disease occurs within these cases
(27). Lifestyle and environmental factors influence a smaller proportion of gastric cancer
cases. These include poor diet, smoking and salt intake. A high intake of red and processed
meats has been linked to statistically significant increase in gastric cancer development (28).
Various factors can also influence gastric cancer progression including eating a midnight
snack, swallowing hot food and having perturbations in circadian rhythm genes, i.e. not
having a regular sleep schedule (29-30). Although the majority of people who do these
activities do not develop gastric cancer, a small proportion may benefit from changing some
aspects of their lifestyle (28-29). Smoking also increases risk for developing gastric cancer,
particularly the diffuse or cardia subtype, which increases with the time and duration of
cigarette smoking (31).

Although there are a variety of ways in which gastric cancer can develop, it is clear that
more work is needed to understand how to not only treat this deadly disease but also to
overcome resistance to chemotherapeutics, which is commonly seen in the majority of cases.
In this article, we will focus on and discuss current ways in which researchers are
approaching these critical issues.

Gastric Cancer Treatment Based on Disease Stage

To date there is no gold standard therapy used in gastroesophageal junction (GEJ cancer)/
gastric cancer. Treatment options are mainly selected based on the stage of disease, the
presence of biomarkers and the physicians preferred regimen. The American Joint
Committee on Cancer (AJCC) cancer staging system (cTNM) has substantially enhanced
decisions on treatment of gastric cancer, the latest 8t edition was introduced in 2017 (32).
This staging system describes the invasion of the tumor through the stomach wall layers (T),
lymph node involvement (N), and whether there are distant metastases present (M).

Surgical Intervention

For early stage disease, there is greater emphasis placed on the tumor resection rather than
systemic chemotherapy (33). Patients with early stage disease (Stage Il or less) undergo
resection procedures to remove the malignancy. The type of surgery depends on the location
of the tumor and the depth of the invasion and it could also vary between institutions, but in
general, it includes endoscopic mucosal resection, distal esophagectomy, subtotal or total
gastrectomy. Due to the high prevalence of elderly gastric cancer patients within the United
States, it is critical for physicians and surgeons to optimize surgical intervention to extend
patient quality of life while considering comorbidities that may present (34). A recently
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published study showed elderly gastric cancer patients who have undergone a laparoscopic
assisted gastrectomy had lower risk of complications, such as respiratory compromise (35).

Cytotoxic Therapies

Despite the fact that surgery is the only curative approach in the treatment of gastric cancer,
however, the addition of chemotherapy either pre (neoadjuvant), post (adjuvant) or peri-
operatively has added a survival benefit. A large-scale study evaluated 206 gastric cancer
patients and found that Stage Il and 111 patients had higher survival rates with adjuvant
therapy compared to surgery alone (36). Within the United States, there are a variety of
options for treating metastatic gastric cancer, including cytotoxic monotherapy first line
agents (antimetabolites, microtubule inhibitors, pyrimidine analogs) or combinations in
doublet or triplet, which will be explained below.

For locally advanced disease (clinically T2—4 or positive lymph node), National
Comprehensive Cancer Network (NCCN) guidelines recommend giving preoperative
chemoradiotherapy or perioperative chemotherapy (37). Since 2005, there has been an
increase in the administration of preoperative chemotherapy. Based on the results from the
MAGIC trial (perioperative chemotherapy with the ECF regimen; epirubicin, cisplatin, and
continuous infusion 5-fluorouracil) and SWOG INT-0116 trial (MacDonald’s regimen:
postoperative chemoradiotherapy using 5FU as radiosensitizer), it was found that
multimodality approach to locally advanced gastric cancer improved overall survival
compared to surgery alone (38). Since the 1970s, gastric cancer therapy has steadily
improved with chemotherapeutic regimens administered in either doublet or triplet
combinations. A timeline of recent treatment strategies below will detail the progress we
have made towards treating gastric cancer in recent years. An early treatment regimen was
FAMTX, used in the 1990’s, and consists of fluorouracil, doxorubicin and methotrexate
(39). FAMTX was replaced by the ECF regimen (epirubicin, cisplatin, and fluorouracil) after
MAGIC trial showed improved 5-year survival of 36% with perioperative ECF compared
with 23% in patients treated with surgery alone (hazard ratio for death, 0.75; 95%
confidence interval, 0.60-0.93; P = 0.009) with also improved progression-free survival
using perioperative chemotherapy (hazard ratio for progression, 0.66; 95% confidence
interval, 0.53-0.81; P < .001) (40). The ECF regimen was utilized until head-to-head trial
with the EOX regimen (epirubicin, oxaliplatin and capecitabine) showed capecitabine and
oxaliplatin were non-inferior to 5FU and Cisplatin (ECF vs EOX) with less grade 3 or
higher adverse events seen in EOX compared to ECF (41). Most recently, the preferred
perioperative regimen became the FLOT (docetaxel, 5FU, leucovorin and oxaliplatin) after
the positive results from the phase 111 FLOT4-AIQ trial. In this study, the FLOT triplet was
given over 8 weeks (2-week cycle) before and after surgery and compared to ECF or ECX
control arm in a randomized fashion. After enrolling 716 patients with resectable gastric and
Gastroesophageal junction adenocarcinoma, with median follow-up of 43 months, the study
met its primary endpoint achieving a significant improvement in median overall survival (50
vs. 35 months, HR 0.77, 95% CI 0.63-0.94) in favor of FLOT (42). In the clinical practice,
FLOT has become the standard modality perioperatively in resectable gastric and
gastroesophageal cancer patients (T2 or higher and/or lymph node positive) who have good
performance status and don’t have competing comorbidities. For those with less that ideal
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performance status or have medical conditions that could limit their ability to tolerate FLOT,
we tend to utilize FOLFOX or CAPOX perioperatively (43-44). Efforts are ongoing to
improve on FLOT. For example, a phase Il RAMSES study which added Ramucirumab to
FLOT and showed a higher (97% vs 83%) microscopic negative margin (R0), however, no
benefit seen in the pathological complete response (27% vs 30%). The phase I11 trial will
confirm if adding Ramucirumab will add any survival advantage (45). In HER2 positive
tumors, there is also an extensive work to improve outcomes by adding HER2 directed
therapy. PETRARCA ftrial, showed that the addition of both Trastuzumab and Pertuzumab to
FLOT in perioperatively significantly improved the compete pathological response rate
(35% vs 12%) with improvement in node-negative outcome (68% vs. 39%). However, due to
increased toxicities when adding both HER2 agents including grade3/4 diarrhea (41% vs
5%), leukopenia (23% vs. 13%), this study is not being moved to the phase 111 (46).

In the metastatic setting, first line chemotherapy consists of a platinum-based agent, usually
oxaliplatin, and a cytotoxic compound such as 5FU, mainly the FOLFOX or CAPOX
regimens with or without Trastuzumab (if HER2 is overexpressed) (47). HER2
overexpression is found in 4-54% of all gastric cancer disease and testing is recommended
by NCCN guidelines in all metastatic gastric cancer patients either through
immunohistochemistry (IHC), in situ hybridization assays (ISH) or fluorescent in situ
hybridization (FISH) (48). Once disease progresses, Ramucirumab (VEGFR-2 monoclonal
antibody) plus Paclitaxel is the preferred regimen (49). Pembrolizumab (PD-L1 monoclonal
antibody) started to have a major role in the treatment paradigm of gastric cancer since May
2017 when the FDA announced its approval for Pembrolizumab in all solid tumors with
micro-instability high (MSI-H) or mismatch repair deficiency (dAMMR) that progressed on
previous lines of therapies and don’t have other alternative satisfactory treatment options
(50). Later in September 2017, FDA approved Pembrolizumab for gastric cancer that is
microsatellite stable (MSS)/ mismatch repair proficient (pMMR) as a 3" line treatment
(after failure of at least 2 previous lines of therapy) if the tumor is expressing PD-L1 with
combined positive score (CPS; the number of PD-L1 staining cells including tumor cells,
lymphocytes, macrophages divided by the total number of viable tumor cells, multiplied by
100) of 1% or above based on KEYNOTE 059 Trial (51). Subsequently, FDA announced
their latest approval for Pembrolizumab in June 2020, for all solid tumors with high tumor
mutational burden (TMB-H), adding another opportunity for gastric cancer patients to
receive immunotherapy. Irinotecan (Topoisomerase | inhibitor) with or without 5FU and
TAS-102 can also be used as third line or beyond therapies depending on the previous
treatments (52-54), however, it is always preferred to enroll those patients in clinical trials if
available.

Advancements in chemotherapeutic regimens have steadily improved the 5-year survival rate
of gastric cancer within the United States to 31%. This is a large increase from the 15%
survival rate previously observed in the 1970s (55). Worldwide the 5-year survival rate
remains at 25%. Although there are a variety of treatment options available for gastric
cancer patients, the majority of patients succumb to their disease quick due to (1) the high
inter and intra tumor heterogeneity and (2) the majority of diagnoses occur during late stage
disease and are met with high rates of chemotherapeutic resistance. It is clear that there is a
lot of work that needs to be done in order to increase survival rates for this deadly disease.
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Targeted Therapies

Even with the added benefit to OS upon using the current targeted agents in gastric cancer
(Trastuzumab, Ramucirumab and pembrolizumab), there is a consensus that further
improvement is needed. Within this section, we will provide an overview of new-targeted
therapies and small molecule inhibitors that are under pre-clinical or clinical investigation.

Tyrosine Kinase Inhibitors (TKIs)

The broadest category of targeted therapies currently being investigated are tyrosine kinase
inhibitors (TKIs), such as Imatinib (Gleevec/STI571), Vandetanib and Sunitinib. Tyrosine
kinase inhibitors work to inhibit either the phosphorylation or dephosphorylation of the
tyrosine kinase protein cascade. Currently, over 90 tyrosine kinases are encoded within the
human genome (56). The most common tyrosine kinase inhibitors target broad
phosphorylation cascades controlling large cellular survival processes such as HER2, EGFR,
VEGF and MET.

Although a variety of TKIs are being investigated clinically, the results are less than
encouraging for gastric cancer. For example, Imatinib, a BCR/ABL, c-KIT and PDGFR
potent inhibitor effective in treating chronic myelogenous leukemia (CML) and
gastrointestinal stromal tumors (GISTs), in a phase I clinical study of metastatic gastric
cancer showed no clinical efficacy or response (57). Sunitinib, a VEGF inhibitor, used as
single agent therapy showed no significant clinical benefit with an overall survival of 6.8
months, comparative to standard of care (58). It is unclear as to why Sunitinib, a multi
kinase inhibitor, is ineffective in reducing gastric cancer disease burden. KIT mutations,
lysosomal sequestration and drug efflux pathways have been identified in rendering
Sunitinib ineffective in gastrointestinal stromal tumors (GISTs), which may be the case in
gastric cancer (59-60). Ramucirumab, a VEGFR2 antibody, has shown clinical benefit by
improving gastric cancer outcomes and is being used as standard of care for this disease,
which we have mentioned previously (49). Vandetanib, a multi-kinase VEGFR inhibitor,
was tested in a Phase | clinical trials in combination with Docetaxel but due to limited
patient accrual, the study was terminated early (61). A separate Phase I trial showed
Vandetanib in combination with Paclitaxel, carboplatin and 5-fluoruracil exhibited efficacy
and resulted in disease free progression of 3.7 years (62) in early stages of disease compared
to standard of care. This drug has a way to go through the clinical trial process to fully
understand its impact on gastric cancer. Besides anti-angiogenic agents, various preclinical
TKIs are also under investigation in gastric cancer. AZD4547, a compound that inhibits
FGFR?2 activity, was found to elicit anti-tumor response in gastric cancer cell lines, cell line
xenograph and PGDGX models (63). Tucatinib, an oral HERZ inhibitor, was found to
sensitize gastric cancer cells that were resistant to HER?2 inhibition via trastuzumab and has
improved patient survival with advanced gastric cancer (64).

It is clear that more investigatory work is needed to identify subsets of gastric cancer
patients that would benefit from TKI therapy or to identify novel actionable targets that
would be of greater clinical benefit to the patient population as a whole. TKIs are clearly not
a one-size fits all type of therapy and because of the modest effectiveness of TKIs within

Cancer Metastasis Rev. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sexton et al.

Page 8

gastric cancer research into the TKI sensitive gastric cancer populations are needed to
maximize the effectiveness.

Cell Structure Remodeling Therapies

Another category of targeted therapies being currently investigated are inhibitors of
cytoskeleton components. It was found in the poorly differentiated (diffuse) gastric cancers
that inhibition of cytoskeleton components could induce apoptosis and enhance cellular
death (65). This concept is not novel as inhibiting cytoskeleton components such as
microtubules with taxol compounds is somewhat effective in managing this disease.
Cytoskeletal components such as tubulins, myosin, kinesins and dynamins are some of the
targets being explored. T900607 is a tubulin inhibitor, which binds irreversibly to colchicine
binding sites, currently being investigated in Phase | clinical Trials for gastroesophageal
junction (GEJ) cancer (65). This treatment showed no dose limiting toxicities but there were
some cardiac toxicities (65). It is unclear whether this regime will be more effective than the
taxol compounds such as paclitaxel or docetaxel but further investigation is needed.
Microtubule associated proteins (MAPs) have also been shown to be effective anti-cancer
strategy in pre-clinical investigations. For example, FAM83 isa MAP and was found to be
upregulated in gastric cancer and knockdown of this protein lead to tumor regression (66).
Eg5, a protein involved in spindle formation, can be inhibited with compounds such as
monastrol and this treatment strategy is potent in eliciting a response even in taxol resistant
cells due to upregulated drug efflux or other tubulin mutations (67). This phenomenon was
also seen with MAP4, MAP2 and tau inhibition (65). Finding other ways to target cell
division away from the naturally derived taxol compounds that are prone to cellular
resistance mechanisms is a new focus of research and may be a promising avenue to pursue
in gastric cancer.

Targeting of DNA Damage Repair Proteins

DNA damage repair proteins are mutated in a subset of gastric cancer patients. For example,
ATM, BRCA1, BRCAZand ATR mutations are found in ~14-20% of the gastric cancer
population, according to the TCGA publicly available database. Mutations in these DNA
repair proteins allow a normal cell to repair damaged portions of DNA in an ineffective
manner which causes the cell to acquire further mutations which ultimately leads to a
cancerous phenotype (68). Alkylating agents, such as nitrogen mustards, are administered
with the hopes of targeting DNA repair proteins but there is little efficacy noted and various
resistance mechanisms that emerge have been identified (69).

Poly (ADP-ribose) polymerase (PARP) inhibitors are a novel way in which we can target the
DNA repair machinery and this class of compound is under clinical investigation in gastric
cancer. PARP is an essential protein that is involved in a number of cellular processes
including chromatin binding and recruitment of various DNA damage response proteins
(such as XRCC1/ATM/MRE11) to the sites of DNA damage for the cell to effectively
execute repair processes (70). Inhibiting PARP has been a therapeutic strategy in a variety of
cancers including ovarian, breast and prostate. PARP inhibitors work by blocking single
stranded DNA damage response via the inhibition of PARP1. Cancers with mutations in
BRCA proteins and double-stranded DNA repair proteins, are sensitive to PARP inhibition
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via synthetic lethality (71). The PARP inhibitors Olaparib, rucaparib and niraparib are being
tested in gastric cancer within pre-clinical and clinical settings. Recently, Olaparib was
tested in an Asian gastric cancer cohort to identify whether patients with ATM deficiencies
were sensitive to PARP inhibition. Unfortunately, the primary endpoint was not reached, i.e.
the overall survival was not statistically significant (72). These results correlate with another
clinical trial that determined Olaparib and paclitaxel versus paclitaxel alone was not
beneficial to patient overall survival but there was a statistical trend for benefit in patients
with low ATM activity (73). As single agent therapy, PARP inhibitors seem to have subpar
overall benefit but there is a current phase 1l trial testing the standard of care therapy
Ramucirumab with Olaparib. There is clear scientific rationale to justify this combination as
it was found that hypoxic mimetic agents can sensitize the cells to PARP inhibitors due to
their suppressive effect on homologous recombination pathways in gastric cancer cells (74).
It is clear that more work is needed to elucidate the mechanism of PARP inhibition either in
single agent or combination therapy within gastric cancer as there has been minimal
successes compared to breast or ovarian malignancies.

Other preclinical compounds involved in cellular repair are also being tested including
MHY440 and APG-115. MHY 440, a topoisomerase inhibitor, has shown efficacy inhibiting
the DNA damage response pathway and increases apoptotic death in a ROS dependent
manner (75). APG-115, a MDM2-p53 inhibitor, was tested in a panel of gastric cancer cell
lines and was found to enhance radiosensitivity in p53 wild type gastric cells inducing
apoptosis and decreasing proliferating cells via Ki-67 (76). BCI hydrochloride is another
compound that allosterically inhibits Dusp6, a negative feedback pathway mediating ERK
associated proteins, which prevents the normal dephosphorylation and subsequent activation
of ERK2. Although Dusp6 is not directly related to DNA repair, it was shown that Dusp6
inhibition can overcome cisplatin resistance, a cytotoxic DNA repair damaging agent (77)
which suggests this protein may have some alternative functions involved in DNA repair.
Inhibition of non-homologous end joining (NHEJ) with the compound AZD7648 showed
potent activity and sensitized lung cancer cell lines to radiation, chemotherapy and Olaparib
treatment and may be a new avenue worth exploring in gastric cancer (78). Future
preclinical and clinical investigation is necessary to determine if there is survival benefit
with these compounds.

Immunotherapy

Immune modulation is also being explored in gastric cancer. An immune panel analysis was
performed on a cohort of gastric cancer patients and PD-L1 expression correlated with
worse overall survival in later stage (Stage 11/111) gastric cancer patients (79). PD-L1 is a
cancer cell surface marker that when overexpressed avoids T-cell related targeting and thus
causes the gastric tumors to evade immune system detection. Testing individual gastric
cancer patient populations led to the realization that a large percentage of Chilean patients
may be candidates for immunotherapy according to the FORCEL1 study (80). This may be
related to the prevalence of Epstein-Barr virus related gastric cancer carcinogenesis leading
to microsatellite instable disease within this region (81). Although the Epstein-Barr virus is
found to be the cause of disease in a small percentage of gastric cancer patients worldwide,
it was found this disease has better survival outcomes compared to Epstein-Barr negative
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patients and these patients may further benefit from immunotherapy and have even better 5-
year survival statistics (82). Treatment of gastric cancer with the PD-L1 inhibitor
pembrolizumab (Keytruda) has been approved for third line use in gastric cancer based on
the results from the phase 11 KEYNOTE-059 trial where response rates were increased to
11.6% compared to 2.3% in control arm (83). Around 40% of the patients with high
expressing PD-L1 gastric tumors have lower rates of metastatic disease according to a recent
analysis but because these patients have worse overall survival outcomes, immunotherapy
could be a better treatment option for this patient population. Further work needs to be done
to identify more vulnerable subpopulations of gastric populations with high expressing PD-
L1 tumors to PD-L1 inhibition due to the vast heterogeneity of gastric cancer we will
explore further in subsequent sections.

Besides PD-L1 immunotherapy, there are other treatment options including PD1 inhibition.
PD1 is a marker found on immune T-cells which scan for cancers, which binds to PD-L1 on
other cells causing destruction when bound. PD-L1 expression, as we have discussed above,
is found to be highly expressed in malignant cells and this immune surveillance protects the
body from malignancies. PD1 inhibition with nivolumab is also being tested clinically and in
a phase 3 study, it was found that there was increased survival with this immunotherapy over
a 12-month period indicating this may be another immunotherapeutic option for gastric
cancer patients (84). It was further found that PD1 inhibition enhanced the effect of
Ramucirumab, a standard of care treatment used in gastric cancer, in a phase I/11 clinical
study (85). Besides targeting the PD1/PD-L1 axis, there is preclinical research attempting to
target the immune system through other markers including Car T cell therapy, tumor-
infiltrating lymphocyte (TIL) therapy, interferons, and interleukins.

Interferons, a class of glycoproteins which are excreted in response to viral or bacterial
infection, such as interferon gamma (IFN-y) has been found to be upregulated within the
gastric mucosa after H. pylori infection. IFN-y was found to propagate carcinogenesis via
upregulating NF-kB signaling (86). Interleukins, or cytokines excreted mainly by the
leukocyte cells, such as interleukin-6 (IL-6) is a pro-inflammatory secretory protein that
feeds gastric cancer growth and progression through various paracrine signaling
mechanisms. Inhibition of IL-6 with the monoclonal antibody tocilizumab was found to
induce chemotherapy directed apoptosis in gastric cancer models (87). There is further work
being done to understand the role interleukins play in gastric cancer such as 1L-32, IL17A
and IL-11 but further work needs to be done to not only understand but to identify targeted
therapies that can be utilized in gastric cancer patients as this is a rationale and feasible
strategy for a subset of patients such as EBV-associated and microsatellite instable (MSI)
patients (88-92).

Utilizing and manipulating T-cell receptor therapy to recognize and attack gastric cancer is a
new strategy being utilized. Chimeric antigen receptor (Car T) therapy, a novel type of
therapy being explored in a variety of mainly liquid malignancies are now being explored in
solid tumors, such as gastric cancer. In a recent clinical study, it was found that Car T cells
which target claudin 18.2 or EpCAM, specific receptors in gastric cancer, were found to be
potent in targeting gastric cancer as well as pancreatic ductal adenocarcinoma in pre-clinical
and Phase | open label clinical investigations (93-94). Tumor infiltrating lymphocytes
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(TILS) are cells that are present in malignant gastric tumors and are mainly used as a
prognostic tool in gastric cancer to predict responses to adjuvant chemotherapy (95) but can
be used as a therapeutic option. It has been shown in solid malignancies, such as melanoma,
that specific TILs which recognize malignant cells are extracted from the tumor, treated with
the IL-2 cytokine, and those that are reactive to the tumor cells are expanded and reinfused
into the body (96). This process is being investigated in Phase 1 clinical trials for a variety
of solid malignancies, including gastric cancer, with the infusion of autologous TILs and
concurrent treatment with fludarabine and cyclophosphamide (97).

Adapting immune therapeutic options to gastric cancer is an emerging branch of research.
There is a lot of information suggesting there may be a select group of gastric cancer
patients would benefit from this therapy. Due to the known heterogeneity of gastric cancer
cases, further work needs to be done to explore gastric cancer subpopulations in order to find
these vulnerable groups.

Tumor Microenvironment

Gastric cancer is a disease with known high intra and inter tumor heterogeneity. One aspect
of this heterogeneity is within the tumor microenvironment which is highly infiltrated by
cancer associated fibroblasts (CAFs), immune cells and stromal components. CAFs are
spindle shaped cells that can control signaling to other cells, such as fibroblast activation
proteins (FAP) (98). CAFs have also been shown to control signaling of gastric cancer cells
specifically by inducing migration, invasion and proliferation of the cancer cells as well as
regulating interactions within the stroma (99). We discuss some of the ways in which CAFs
can influence gastric cancer and ways in which targeting this subset of cells is being
achieved.

Cancer Associated Fibroblasts and Immune Modulation

CAFs can regulate gastric tumor cell behavior through the control of immune components.
As found with single cell genomic characterization, gastric tumors have a high level of
heterogeneity regarding immune cells (macrophages, dendritic cells and regulatory T cells)
all of which are prominent within the gastric tumor microenvironment (100). Presence of
certain cell populations in the immune microenvironment has been shown to play a
beneficial role in improving survival in western patients (101). Uppal ef a/. demonstrated
that high expression of immune cells, such as CD3+ or FOXP3, correlated with improved
overall survival and this trend was not found in eastern patients (100). This discrepancy may
be another reason why the survival rate within the United States is higher than in other
countries. Not only does high infiltration of immune cells correlate with overall survival, but
the presence of immune cell alterations within a tumor may also predict a patient’s
sensitivity to chemotherapy. Jiang et a/. found that the patients with stage Il and 111 gastric
cancer with high CD3+, CD8+, CD45R0O+ and other immune markers could sensitize the
tumor to adjuvant chemotherapy better than those with low expressing immune infiltration
(102). Further, it was found that those gastric cancers induced by H. py/orineed an
immunosuppressive environment which the stepwise tumor process can propagate from pre-
malignancy to a malignant tumor (103). This immunosuppressive environment is attributed
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to perturbations in the tumor microenvironment and immune specific cells and secretion of
various proteins and immune signaling factors are present within the immune infiltrative
subset of gastric cancer patients. Although this subset is not found within the WHO or
Lauren classification, some gastric cancer patients have high immune cell infiltration within
their tumors.

Thrombospondin-4, a cell-cell and cell-matrix interaction promoting protein, was found to
be expressed within stromal cells absent of cytokeratin expression, which correlated with
higher invasion, metastasis and worse overall outcome clinically (104). IL-6, a pro-
inflammatory cytokine that is excreted in the CAFs via tumor stroma, progresses gastric
cancer through JAK2/STAT3 signaling pathway, enhances epithelial-to-mesenchymal
transition (EMT) and migration of gastric cancer cells (105). Lactic acid, a secondary
metabolite found as a byproduct of the Warburg effect, has been shown to promote
macrophage polarization through angiogenic signaling via HIF1a and is highly prominent
within the gastric cancer microenvironment (106). High glucose serum levels were found to
activate and increase the incidence of H. py/oriinduced gastric carcinogenesis in people as
well as having the ability to stimulate neighboring CAFs towards participating in the
Warburg effect (107-108). A reciprocal feedback mechanism can occur between gastric
cancer tumor cells and CAFs which modulates the immune system. CAFs were shown to
perpetuate gastric cancer through IL-33 signaling which activates the ERK1/2 pathway in
ST2L dependent manner while gastric cancer cells can further induce 1L-33 signaling via
TNF-a secretion (109). A better understanding of this intricate balance between the immune
system and the gastric microenvironment is needed in order to find better-suited targets that
can attack gastric cancer growth and development.

Cancer Associated Fibroblasts and Stromal Interactions

Not only are CAFs involved with immune signaling but they can also control stromal
changes. Stroma engulfing and/or surrounding malignant gastric cells has been identified as
important for determining the prognostic outcome of gastric cancer. It was found, via meta-
analysis, the tumor-stroma ratio (TSR) was a strong prognostic factor in gastric cancer and
patients with high stroma to tumor ratio had better 5-year survival rates (110).

The stroma contributes to gastric cancer progression in a non-immune signaling manner. For
example, SALM3 expression, a synaptic adhesion molecule, was found to be overexpressed
in the tumor cells and fibroblasts in patient tissues and publicly available databases and was
found to correlate to poorer patient survival (111). ADAMTS-2, a procollagen and N-
proteinase, is present in both the tumor and the stroma and is an independent prognostic
marker of survival (112). CAFs have also been found to signal gastric cancer cells through
hepatocyte growth factor (HGF) which promotes MET-unamplified gastric cancers via
enhancement of proliferation, invasion and metastasis (113). KLF-5, a zinc-finger protein,
was found to be expressed within the tumor stroma, which regulates CAFs by promoting
CCLS5 secretion contributing to poorer overall survival correlating with clinicopathologic
features (114). Lumican, an extracellular matrix protein, was also found to be secreted by
gastric CAFs and correlates with poor prognostic factors via signaling through integrin-
B1/FAK pathways (115). High TEM1 expression found within the gastric CAFs also can
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contribute to progression, metastasis, and contributing to poor overall survival (116). These
are not the only examples of the signaling axis of CAFs/GC cells but it illustrates the
functionality of the tumor microenvironment on enhancing and perpetuating gastric cancer
progression in an immune-independent manner.

Cancer Associated Fibroblasts and Angiogenesis

Angiogenesis, or blood vessel formation, is another important part of the gastric tumor
microenvironment. CAFs can stimulate either angiogenic or hypoxic conditions through
various signaling mechanisms. Blood vessel formation in cancers are pathologically
abnormal resulting in hypoxic conditions that the tumors rely on for growth. Hypoxia, a state
of anoxic cellular conditions, leads to the proliferation and perpetuation of gastric cancer
through HIF-a, VEGF, FGF and PDGF signaling. CAFs can stimulate angiogenesis through
VEGF/IL-6 signaling axis but also can secrete other signaling factors for angiogenesis
including but not limited to CCL-5, CXCL-12, EGF, MMP-3 and MAPK (117). Sun et al.
found dysregulation of various bone morphogenic proteins (BMPs), within TCGA gastric
cancer and GEO database cohorts, which these factors can signal for angiogenic markers
(118). Not only are BMPs upregulated, but also a recent study has found that Gremlinl
(GREML), a stimulator of BMPs, was upregulated in gastric cancers correlating with poorer
survival (119). Common ways which angiogenesis can be targeted is through VEGF
inhibitors (such as Ramucirumab). Not only are VEGF inhibitors directly responsible for
downregulation of angiogenesis but the literature has suggested other compounds not
specific to VEGF inhibition can downregulate angiogenesis. Bae et al. suggested metformin
can inhibit the indirect feedback loop between CXCL8 and PTPRD (Protein tyrosine
phosphatase receptor delta) (120). PTPRD downregulation is seen in gastric cancer leading
to poorer overall survivals, while this axis has been shown to promote angiogenesis (120). A
new compound, 5,6,7-Trimethoxy flavonoid salicylate derivatives, was found to potently
inhibit not only VEGF but also HIFa, and may be effective in altering the angiogenic and
hypoxic conditions of the tumor microenvironment (121). Arsenic trioxide, a commonly
used remedy within the Chinese culture, has been found to inhibit gastric cancer
angiogenesis through regulation of FOXO3a expression, VEGF and MMP9 downregulation
(122). GX1, a novel peptide, was found to inhibit angiogenesis via binding to TGM2 in the
endothelial gastric cancer cells (123). A recent study has shown targeting stromal cells via
inhibition of PDGF-B with the tyrosine kinase inhibitor Imatinib caused a decrease in
stromal cells and sensitized the cancer cells to chemotherapy (124).

Although new avenues are being explored for inhibition of angiogenesis within gastric
cancer away from the known VEGF/HIF1a inhibitors, more work needs to be done to
understand the safety and efficacy of these while also enhancing our knowledge on other
stromal factors specific to gastric cancer.

Gut Microbiome

Not only are classical signaling mechanisms responsible for gastric cancer growth and
progression but other environmental factors beyond poor diet, smoking and alcohol intake
can also influence this disease. The microbiome consists of a variety of bacteria,
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predominately gram negative (Bacteroidetes) and gram positive (Firmicutes), which reside
within the digestive tract (125). Interestingly, bacterial cells outnumber human cells within
the body by a factor of 10 (126). Normal gut microbiome functions include innate immune
protection of the host from invasive pathogens by secreting defensing molecules or
cytokines (127). Various metabolic functions occur within the microbiome including the
production of vitamins, synthesis of all amino acids and metabolism of carbohydrates, many
of which cannot be digested normally (128). These metabolic functions ultimately lead to a
supply of pyruvate, an essential component of cellular energy via the TCA cycle, as well as
lipid catabolism. Dysfunctional microbiota has been linked to an increase in obesity (129).
Finally, the gut microbiome can communicate with the brain, via signaling molecules,
allowing for the brain to secrete hormonal and neurotransmitters such as gamma-amino
butyrate (GABA), serotonin, norepinephrine and dopamine (130). The literature suggests
alterations in any of the normal functions of the microbiota can contribute to pathogenic
diseases including inflammatory bowel disease (IBD), irritable bowel syndrome (IBS),
metabolic diseases such as type Il diabetes, and neurocognitive disorders such as
Parkinson’s disease (PD) (131-133). Interestingly, the use of probiotics, fecal microbiota
transplantation (FMT), dietary intervention and antibiotics are being studied within PD
patients (134). Due to the abundant role the gut microbiome plays into the health of an
individual, it is not incorrect to assume that gastric cancer development may be impacted by
the microbiota composition.

The Gut Microbiome and Gastric Cancer

The gut microbiome differs between individuals and it was found that gastric cancer patients
exhibit even greater differences in microbiome composition compared to healthy individuals.
Many of the studies conducted have been performed in Asian populations, where gastric
cancer is predominant. Within a 276 patient Asian cohort, specific bacteria were found to be
deregulated, many of these bacteria are not commonly studied such as Bacteroides uniformis
and Sphingobium yanoikuyae which was found using shotgun sequencing on Chinese
patient samples, (135-136). Bacteroides uniformis degrades the isoflavone compound
genistein in human feces (137). A recent meta-analysis showed that ingestion of genistein
decreased cancer incidences especially with breast and prostate (137) and the high
consumption of soy in Asian countries correlates with the downregulation of these
malignancies. Sphingobium yanoikuyae is a gram-negative bacterium found to be
downregulated within the gut of gastric cancer patients. Its main function is to degrade
pollutants such as biphenyl, naphthalene, phenanthrene, toluene and anthracene which are
pollutants that can be found in the environment such as cigarettes (138-139).

This 276 cohort study also found an enrichment of other bacterium such as Streptococcus
anginosus, Peptostreptococcus stomatis, Parvimonas micra, Slackia exigua and Dialister
pneumosintes (135). Streptococcus anginosus is a gram-positive bacterium part of the
normal gut microbiome has been found to cause intra-abdominal masses and primary
peritonitis (oral infections). S. anginosus plays a role in the metabolism of glucose and
lactose which gastric cancer cells rely on for energy (140). Peptostreptococcus stomatis and
Slackia exigua are gram-positive bacterium found in the human oral cavity and produces a
variety of end products of fermentation including acetic, butyric, isobutyric, isovaleric and
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isocaproic acids (148-149). These end products cause cellular injury and induce gastric
cancer development and were found to be prominent bacterium in infections (141-142).
Parvimonas micra is a gram-positive bacterium found in abundance within periodontal
infections and has been associated with several diseases including septic arthritis and colon
carcinoma (143-144). Found to distinguish gastric cancer from earlier dysplastic disease
states, this bacterium may be an important bacterial target to study (145). Finally, Dialister
pneumosintes is a gram negative bacterium is found in brain abscesses and has been found to
be a endodontic pathogen (146-147). Comprehensive list of microbes involved in gastric
cancer development can be found in Table 1.

H. pylori and Gastric Cancer

We have discussed above the mechanisms by which H. pylori impacts gastric cancer
development. It was further found that H. py/ori was downregulated within the 276 patient
cohort highlighted in Liu et al (135). Although it is counterintuitive that H. py/oriwould be
in less abundance within the gut due to its carcinogenic role in gastric cancer development,
its pro-inflammatory signaling is necessary and prominent mainly during the early stages of
carcinogenesis (148). It is incorrect to think H. py/oriis the only pathogen known to
contribute to gastric cancer but microbiome studies correlating to gastric cancer within
Western countries are lacking.

Attempts to Target the Gut Microbiome

Due to the global alterations of the microbiome found within gastric cancer patients, it is
necessary to find ways to target or reduce these perturbations to identify if therapeutic
benefit exists. H. pyloriis a well-known bacterial pathogen that has been identified as a
direct cause of gastric cancer through the development of ulcers. This bacterial presence
increases abundance of developing non-cardia (well-differentiated) gastric cancers 5.9-fold
(149). Due to this significant finding, eradication of H. py/ori at the dysplastic stage of
disease is being attempted in order to minimize the risk of gastric cancer development.
Various drugs can be prescribed for H. py/orieradication including proton-pump inhibitors
(PPIs), Bismuth, Metronidazole and a variety of antibiotics (Clarithromycin, Amoxicillin
and Tetracycline) (150). Antibiotic eradication of H. pylori is met with concerns about
antibiotic resistance developing so research is being done to explore other options of
targeting the gut microbiome away from these antibiotic options (151). Testing the
consumption of probiotics, live bacteria and yeasts is being investigated for therapeutic
efficacy. Studies in colon cancer have found that probiotics, such as the ingestion of
fermented milk, containing lactobacillus can work to mitigate the H. py/ori infection as well
as prophylactically preventing gastric cancer development (152). Not only are probiotics
being investigated as a protective measure against gastric cancer. A recent study has found
that consumption of Lactobacillus spp. and Bifidobacterium spp. may decrease toxicities
seen with standard of care compounds, such as 5-FU, in colorectal cancer (153). It was also
found that probiotics may increase antioxidant levels and prevented epithelial cellular injury
in intestinal mucositis (154). Although Lactobacillus is a popular probiotic under
investigation, there are other bacterial species, which have anti-cancerous effects in gastric
cancer including Propionibacterium freudenreichii. This bacterium was found to inhibit
cellular proliferation of the HGT-1 Gastric cancer cell line (155)
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Not only are bacterial species the only organisms under investigation, but research into the
therapeutic benefit of yeast, i.e. Saccharomyces, to prevent gastric ulcers is under
investigation. Many of the studies are aimed to eliminate the H. py/ori bacterium within the
gut but a one-pronged approach is likely not the answer as the gut microbiome is globally
perturbed and those perturbations may influence a host of factors contributing to disease
development. Although using probiotics medicinally is a novel avenue of investigation,
further investigation is required.

Biomarkers of Gastric Cancer: Small Non-coding RNA focused

Due to the deadly nature of gastric cancer, there are various attempts to uncover biomarkers
for earlier detection either blood based or other means of detection besides the classic
biomarkers, CEA or CA 19-9, which we will explore below. The carcinoembryonic antigen
(CEA) is a biological marker, glycoprotein, found within the blood and is part of the CD66
family. CEA detection is used clinically in diagnostics of gastric cancers (156-157). CA 19—
9 is another commonly used tumor antigen in various gastrointestinal malignancies. This
biomarker is found within the serum and is used to monitor malignancy growth or regression
and is being investigated for earlier detection of malignancies in gastrointestinal cancers
(158). Small noncoding RNAs, such as microRNAs, long noncoding RNAs, and piwi RNAS
are currently being investigated within gastric cancer as new avenues for biomarker
detection.

MicroRNA based Biomarkers: A major focus of biomarker studies

MicroRNAs are small noncoding RNAs between 18 and 25 nucleotides which can modulate
gene transcription either pre or post transcriptionally. MicroRNA-21 was found to be
upregulated in a small gastric cancer cohort (50 normal/50 gastric cancer patients) within the
serum and the mononuclear peripheral blood cells suggestive of its biomarker potential
(159). Serum evaluations have found that there are distinct differences in the microRNA
profiles of Asian and Western patients. Due to the prevalence of different gastric cancer
subtypes within these regions, the differences are expected. Urine specific microRNAs are
also under investigation and were found to be dysregulated in gastric cancer patients
compared to normal control subjects. It was found that miR-6807-5p and miR-6856-5p
were independent biomarkers of H. py/fori status while distinguishing between healthy
controls and stage | patients and could be normalized back to almost zero after removal of
tumor (160)

One focus within our laboratory is to study and identify how to target gastric cancer related
microRNAs. We have found that XPO1 inhibition in gastric cancer with the drug Selinexor
(XPOVI10), which has recently been FDA approved for Multiple Myeloma, has the potential
to differentially express a subset of gastric related microRNAs and piwi-RNAs (piRNAS)
(161). We have found in the SNU-1 cell line that miR-1246 and miR-1275 are significantly
upregulated (2.24 fold, 2.18 fold) after treatment with Selinexor indicating their probable
roles as tumor suppressor microRNA (data unpublished). This correlates with the findings of
Shi et al., which found miR-1246 is highly expressed in exosomal compartments via ELAV1
in gastric cancer patients and has tumor suppressive activity that could be used as an early

Cancer Metastasis Rev. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sexton et al.

Other Small

Page 17

diagnostic biomarker for gastric cancer (162). Mei et al found that miR-1275 has a tumor
suppressive role in gastric cancer and its upregulation is indicative of decreased metastasis
through vimentin/E-cadherin downregulation (163). Our group is currently pursuing this
further but preclinical studies are needed to understand how to use microRNAs not only as
an early biomarker of detection but to use the circulating microRNAS to monitor patient
responses to treatment and enhance therapeutic treatment options for common
chemotherapeutics such as platinum based agents and 5-flourouracil.

RNAs: A Newer Avenue of Biomarker Detection

Long-noncoding (IncRNAs) RNAs are small 1000-10,000 nucleotide RNA molecules which
are involved in controlling cellular processes including their involvement in chromatin
remodeling and post-transcriptional regulation (164). This class of small noncoding RNAs
can enhance or repress gene transcription based on cellular cues. Various InNcRNAs have
been found to be perturbed in gastric cancer including CASC15 (165). CASC15 has been
found to be upregulated in gastric cancer and is correlated with the tumor stage of the patient
and high expression was found to be a risk factor for gastric cancer through controlling
genes such as 7UGI and TINCR (166). A bioinformatic analysis of long-noncoding RNAs
found that LINC00982 was an inhibitor of gastric cancer while LL22NC03-N14H11.1 was a
pro-proliferation marker in gastric cancer in an Asian cohort (167). The identification of
these long-noncoding RNAs were found in gastric tumors and databases but future work is
needed to develop assays for detection of these INCRNAs in the blood.

PiwiRNAs (piRNAs) are small non-coding RNAs (21-35 nucleotides) which are involved in
regulating gene functions and are involved in responding to viral infections. A recent
transcriptome-wide piRNA profiling found a variety of protein-coding genes were regulated
by gastric cancer associated piRNAs in a large percentage of protein-coding genes (~65%)
(168). This was confirmed in other studies which found an important role for piRNAs in
gastric cancer (169-170). This new field is being currently studied for its potential
biomarker applicability but more work is needed before a candidate piRNA is found.

Autophagy and New Age Drugs

Beclin

Autophagy is a natural cellular process devoted to conserving cellular resources during times
of stress. The major players in autophagy include Becn1, ATG type proteins, UVRAG, p62,
parkinand /ampZ2. These proteins work together to induce autophagy in the presence of
distinct cellular signals such as glucagon-induced autophagy or cellular starvation (either
mTOR dependent or mTOR independent signaling) (See Figure 1).

Beclin-1 is a Bcl-2 homologous protein (BH3 domain) and works as a key molecule in
autophagy mediation. The structure of Beclin consists of three structural domains: BH3
domain (N-terminal located), coiled-coil domain and conserved domain (171). Due to the
homologous structure to Bcl-2 like proteins, Beclin is involved in both autophagy and
apoptosis. Through apoptosis, Beclin-1 signaling can inhibit apoptosis through interaction
with either TRAIL or Bid. The high expression of this protein also has been shown to
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protect against chemotherapy, irradiation, immunotherapy and other small molecule
inhibitors such as angiogenic agents (172). Through a signaling cascade, Beclin-1 is
associated at the ER membrane through interaction and first associates with ATG14, VSP15
and VPS34 (PI3K-111 complex) causing the autophagy cascade to begin via a phagophore,
which begins to isolate the damaged cellular organelles or components with the cellular
membrane, and fuses completely with the membrane to make an isolated body or
autophagosome. After initiation of the autophagosome, the entity is activated by ULK1/2
phosphorylation and begins to fuse with the lysosome for degradation (173). Depending on
the type of signal binding to the PI3K-I1l complex there can be inhibition of the lysosomal
degradation, such as binding with Rubicon or UVRAG (173). Beclin-1 can also be initiated
within the PI3K-I11 complex proteins through phosphorylation of other kinases including
AMPK, SAPK and PGK1. Phosphorylation events depends on the individual stress signals
such as cellular stress or glutamine depravation (173). Beclin-1 expression has been found to
be high in early stage disease with later stage disease exhibiting lower expression of
Beclin-1 and correlated with inflammatory cytokine infiltration of the tumor and is
hypothesized to be mediated by IFN-y signaling (174). Beclin-1 was also found to be
overexpressed in intestinal-type (well-differentiated) tumors and was correlated to poor
prognosis (175). It is clear that the role of Beclin-1 remains elusive as its expression varies
between stage of disease and subtype and further investigation is needed to fully elucidate its
role within gastric cancer.

Inhibiting Beclin-1 has been shown with compounds such as Spautin-1, a PI3KCII1/VSP34
complex inhibitor, which targets Beclin-1 induced autophagy (Table 2) (176).
Xestosponging B can also disrupt interactions between INS (1, 4, 5) P3 membrane cargo
loading and Beclin-1 (176). These compounds have been tested preclinically in gastric
cancer and have shown some therapeutic benefit in gastric cancer cell lines. According to the
TCGA database, there are no Beclin-1 (BECN1) mutations found within their gastric cancer
cohort suggesting that targeting Beclin-1 is not only feasible but this strategy may be met
initially with less therapeutic resistance due to its wild type status. As we have previously
stated, intestinal type gastric tumors have high expression of Beclin-1 compared to other
subtypes and it would be interesting to see whether the highly expressing Beclin-1 gastric
cancer population would receive any therapeutic benefit of these preclinical compounds.

ATG Proteins

This family of proteins is highly conserved between humans and yeast and they bind with
Beclin-1 to induce the autophagosome and can be subdivided into various groups, which has
been extensively reviewed in Wesselborg et a/ (177). From these various subdivisions, it has
been found that there are a subset of ATG genes involved in ubiquitination including Atg12,
Atg7, Atgl6, Atg8, Atgd, Atg2 and Atgb in Saccharomyces cerevisiae, all of which form
epistatic interrelationships during autophagy (178). During autophagy, these various ATG
proteins form serine threonine kinase multicomplex subunits that conjugate within the
membrane (either within the cytoplasm or on the membrane of the endoplasmic reticulum)
to initiate the formation of autophagosomes for the enclosure of autophagosome substrates,
such as damaged organelles or viral infections (179). Microtubule-associated protein 1 light
chain 3 or LC3, which is part of the Atg8 protein family, is commonly used within research
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as an autophagic marker. LC3 mainly functions to conjugate phospholipids during
autophagy induction. The LC3 protein is cleaved during this process, through cleavage of a
C-terminal glycine, and is involved with the closure of the autophagosome (180). The
cleavage is normally visualized via Western Blot through two distinct bands indicative of
autophagy induction. The ULK complex proteins, such as ULK1 and ULK2, are serine
threonine kinases, which is an early activator of autophagy, and are homologous to Atgl
proteins in Saccharomyces cerevisiae. It was previously thought that AMPK autophagy was
linked through only mTOR phosphorylation cascade. It was found that there is an alternative
pathway of autophagic induction through AMPK phosphorylation of ULK1/Atg13/FIP200
complex inhibiting the mTOR autophagy induction pathway (181). Class Il
phosphoinositide 3-kinases or PI13Ks are another member of the ATG family of proteins. The
only known Class 111 PI3K is VVps34, which stands for vacuolar sorting protein. This protein
is responsible for mTOR activation, which we will describe below, and is a main cellular
sensor for nutrient availability (182). Various members of the Atg protein family have been
found to be upregulated in gastric cancer. ULK1 has been found to be overexpressed in
gastric cancer in both patients and cell line models, and has been shown to correlate with
cancer relapse rates (183-184). This may be due to the autophagic response being a survival
mechanism for gastric cancer cells. LC3 proteins were found to be overexpressed within the
cytoplasm in a small gastric cohort and inhibition of the autophagic process lead to a
sensitization to PD-L1 therapy (185).

P62/SQSTM1 (Sequestosome-1) is a protein involved with both autophagy and the ubiquitin
protease system (UPS). While p62 is mainly involved in the aggregation of ubiquitin tagged
proteins, during autophagic events p62 is normally found to be downregulated. Although it
can be used to measure autophagy within a cell, there are other factors that can cause p62
expression fluxuations including mTOR signaling or Nrf2 transcriptional activation (186).
P62 has been found to be a prognostic marker in gastric cancer within the tubular and gastric
adenocarcinomas found to be expressed in the nucleus or cytoplasm. Kim et a/. has found
that high cytoplasmic p62 and low nuclear p62 is correlated for poor prognosis and survival
(187). Interestingly, p62 has a nuclear export sequence (NES) meaning its subcellular
localization is controlled by an interaction with XPO1 (formally known as CRM1 or
chromosome region maintenance protein-1). Nuclear retention of p62 may be a reason as to
why XPOL1 inhibitory therapy shows efficacy as a single agent therapy, work our lab has
previously shown, and has the potential to synergize with various cytotoxic compounds that
are normally ineffective in eliciting a therapeutic response due to autophagy (188).
Sequestration of p62 into the nucleus may also cause sensitization to immunotherapeutic
agents such as PD-L1 inhibitors (188).

MTOR Dependent Signaling Pathways

mTOR signaling is a cascade of serine/threonine kinases that are part of the
phosphatidylinositol kinase related kinase (PIKK) family (189). Mainly, the signaling
involved within this pathway influences protein synthesis, cell proliferation, lipid synthesis,
immunologic responses and autophagy (190). The two main components of mTOR signaling
are MTORC1 and mTORC2. These proteins are composed of multiprotein subunits, which
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include a catalytic subunit and other associated factors. For example, mMTORC1 associates
with proteins such as Raptor, Deptor and mLST8 where as mTORC?2 associates with Rictor,
mSIN1 and Protor-1 (190). Signaling pathways which mTOR activates or is activated by
includes insulin signaling, via the IGF-1/AKT pathway, PI3K/AKT signaling, AMPK
signaling, hypoxia signaling, amino acid signaling, Wnt signaling, and cytokine signaling
through TNFa or IFNy (191). In normal cells, mTOR signaling is mainly present to sense
dangerous cellular conditions such as nutrient starvation and regulating cellular functions,
such as proliferation, as needed. Stimulation of mTOR signaling induces phosphorylation/
inactivation of Atg13, ULK1 and ULK2 (192-193).

Many types of malignancies have either mutations or upregulation of mMTORCZ1, which
results in either the failure of the ULK1-Atg13-FIP200 complex formation or upregulation
of mTOR activity (194). Upregulation of mMTORC2 has also been observed, which directly
inhibits mMTORC1 and thus all downstream signaling cascades (195). Depending on the
tumor type, autophagy plays a pro or anti carcinogenic role, which is normally dependent on
the stage of disease; autophagy has an anti-pathogenic role within early stages and is
normally protective during advanced disease (196-197). mTORC1 deregulation can also
interfere with normal signaling of death-associated protein 1 (DAP1), WD repeat domain
phosphoinositide-interacting protein 2 (WIPI2) and signaling to the Atg18 ortholog (198). In
gastric cancer, it was found that mTOR is active in ~60% of patients and may be a poor
prognostic factor (199). Interestingly, it was found that some poorly differentiated gastric
cancer patients (diffuse subtype) are sensitive to mTOR inhibition using PDX-derived cell
models (199). Within the intestinal subtype, normally initiated through H. py/ori signaling,
the exposure of normal gastric cells to the VacA protein causes induction of autophagy in
early stages of malignancy (premalignant to primary tumor) whereas the prolonged exposure
through the sequence of pathogenicity prevents normal induction of autophagy through the
disruption of normal autolysosome formation (200). It is clear that autophagy plays a
complex role within gastric cancer development and more work is needed to fully elucidate
this mechanism.

A variety of mTOR inhibitors exists are being tested in gastric cancer. The most notable
includes Everolimus and temsirolimus. According to the GRANITE-1 trial, Everolimus
showed some clinical benefit compared to placebo (201) and has been FDA approved to
treated advanced gastric cancer that has not responded to VEGF inhibitors (i.e. sunitinib).
Although there has been approval, Everolimus is known to induce autophagy in a variety of
tumors. Due to the elusive nature of the autophagic process within cancer, upregulation of
autophagy can confer resistance to Everolimus in distinct mantle cell lymphoma (MCL)
populations and thus downregulating autophagy can overcome this resistance (202). Based
on this rationale, some groups have found ways to inhibit autophagy within gastric cancer
using compounds such as hydroxychloroquine. Hydroxychloroquine inhibits autophagy via
alterations in intracellular pH, which causes disruptions within the lysosome and does not
allow for the fusion of the autophagosome to the lysosome. It was found that inhibition of
hypoxic signaling, via VEGFRZ2, in combination with hydroxychloroquine can enhance the
therapeutic effect and thus killing of gastric cancer cells (203). Salidroside, a natural
ingredient derived from the RAodiola rosea species decreased the phosphorylation of PI3K
and thus induced autophagy (204). Induction of autophagy caused a protective effect towards
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the gastric cells and the addition of hydroxychloroquine caused cell induced apoptosis (204).
In experimental models, the discrepancy between gastric subtypes and roles of autophagy
has been observed. It was found that in two distinct diffuse gastric cancer cell lines,
MGC803 (primary poorly differentiated mucoid adenocarcinoma) and SGC7901 (depressed
subtype 3—-4 according to the Bormann classification), that inhibition of autophagy caused
cellular apoptosis after treatment with the natural compound B-Elemene (a PI3K/mTOR
inhibitor) and either Beclin 1 knockdown or 3-methyladenine or chloroquine (205).

As has been extensively shown the protective effect autophagy has on gastric cancer cells,
there has been equal publications showing autophagy induction causes apoptosis. Chichoric
acid, which inhibits AMPK phosphorylation, induced expression of LC3II cleavage and
caused significant ER stress leading to prevention of gastric cancer progression (206).
Perillaldehyde, an oil found in Perilla frutescens, has also been shown to inhibit AMPK
phosphorylation and induce autophagy and reduction of cellular growth in mouse gastric
cancer cells (207). Although inhibition of AMPK has been shown to induce anti-cancerous
induction of apoptosis, this is not always the case (208). Understanding the role of
autophagy within gastric cancer and identification of distinct subsets of patients that would
benefit from mTOR inhibition alone or with the addition of an autophagy inhibitor is needed
to enhance therapeutic benefit and overall survival outcomes.

MTOR Independent Signaling Pathways

Autophagy within cancer can also be activated through mTOR independent mechanisms
caused by stress induced signaling, such as starvation, DNA damage and hypoxia. The well-
studied tumor suppressor p53 (tumor protein 53) has been shown to induce autophagy in a
DRAM-dependent manner. DNA-damage regulated autophagy modulator 1 (DRAM) is a
transcription factor that localizes to the lysosome and is located in a downstream pathway of
p53 signaling. After induction of DNA damage, inhibition of the ubiquitin-proteasome
system and upregulation of p53, by phosphorylation of MDMZ2, activation of the
transcription factor DRAM ensues. DRAM inhibits VRK1 (vaccina-related serine/threonine
kinase 1) causing cell cycle arrest and signaling for autophagy via the activation of
autophagosome formation (209). This effect is enhanced by HDAC acetylation. Mrakovcic
et al found that DNA acetylation induced p53-mediated autophagic cell death through
activation of p53/DRMA and p53/AMPK/ULKZ1 phosphorylation whereas deacetylation
reversed this phenotype (210). Starvation signals can activate MAPK signaling via Jnk (c-
Jun N-Terminal Kinase) which can activate autophagy through phosphorylation of BCL2
and thus Beclin-1 association with Class I11 Kinases, such as Vsp34 and induction of the
autophagosome (211). Hypoxia can induce PERK or FOXO3, which causes induction of the
autophagosome (212). One common factor found within mTOR independent autophagy is
the accumulation of reactive oxygen species (ROS) (213).

ROS results from the accumulation of different chemical species including superoxide
anions (02-), hydrogen peroxide (H202) and hydroxyl radicals (HO) within the
mitochondria (214). ROS can induce autophagy in an mTOR independent manner through
the introduction of cellular DNA damage. The DNA damage induces upregulation of p53
within the nucleus causing the upregulation of BAX, downregulation of BCL2 and freeing of
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Beclinl do induce autophagy. ROS can also signal for the activation of ATG proteins, ATG4
and ATG5, which causes the upregulation of ATG8/LC3 and thus autophagy. Furthermore,
ROS can activate the RAS/RAF signaling to induce autophagy through ERK/INK signaling
(215). In gastric cancer, it has been found that targeting ROS elicits an anti-tumor effect on
gastric cancer cells in an ambiguous manner, as has been found for targeting autophagy as a
whole. For example, the curcumin analog WZ26 has shown to have anti-proliferative effects
by inducing ER stress and thus ROS activated autophagy through JNK mitochondrial
pathway (216). Wogonin, an O-methylated flavone, has been shown to elicit synergy with
paclitaxel and cisplatin in gastric cancer cell lines. Although the authors only looked at
apoptosis as a means of cell death, a publication of this compound in pancreatic ductal
adenocarcinoma (PDAC) showed wogonin is an inhibitor of ROS mediated autophagy,
which lead to cellular death through apoptosis (217-218).

Conclusion

Funding:

Gastric Cancer is a heterogenous disease that affects a large number of individuals per year
and remains an unmet clinical problem. Gastric cancer far more acutely impacts populations
in developing nations. Improvement in hygiene and eradication of H. Pylori has significantly
improved that statistics of gastric cancer in developing nations. Nevertheless, there is a long
way to go in terms of improving on the dismal survival statistics of advanced and metastatic
gastric cancer. Although there are very few therapies that provide substantial benefit to
survival, many different emerging therapies and targets are being evaluated in patients and
are described in this review. As research moves forward, hopefully there will be more
progress into uncovering of more effective therapeutic options to improve on the survival
statistics of this deadly disease.

Work in the lab of ASA is supported by NIH R37CA215427 and SKY Foundation Inc.
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Figure 1: Diverse Cellular Activation Processes of Autophagy.
Autophagy occurs in mTOR dependent and mTOR independent manners as well as through

activation of ROS species. Gastric cancer has been found to have autophagy activation in all
of these manners. Targeting autophagy is being investigated both with mTOR inhibition,
hypoxic gene inhibition or deacetylation inducing compounds (See Table 2).
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Bacterium found in the microbiome involved with the development of gastric cancer.

These abundant bacterium are involved in gastric cancer development and perpetuation of this disease. These
bacterium have been found to be relevant to gastric cancer in numerous studies and are found in the oral cavity
as well as the Gl tract. Many of these bacteria are influenced by the presence of H. pylori, a well-known
pathogen involved in the carcinogenesis and development of gastric cancer.

BACTERIUM PHYLUM EXPRESSION LOCATION GASTRIC H. PYLORI
CANCER RISK INVOLVEMENT IN

BACTERIAL

ABUNDANCE
Neisseria Proteobacteria Absent Gl Tract Preventative 219.220 Increases 22
Aggregatibacter Proteobacteria Abundant Oral Cavity Causative 222223 Increases 221
Sphingobium Proteobacteria Absent Oral Cavity Causative??3 Increases 221

yanoikuyae
Haemophilias Proteobacteria Abundant Gl Tract Causative 219 Increases 2
Escherichia coli Proteobacteria Abundant Gl Tract Causative 219 Increases 2
Burkholderia flingorum  Proteobacteria Abundant Gl Tract Causative?19 Increases 221
Streptococcus anginosus Firmicutes Abundant Oral Cavity, Gl Tract Preventative/ Decreases 22
Causative 219

Clostridium Firmicutes Absent Gl Tract Causative 224 Decreases 221

Lactobacillus Firmicutes Absent Gl Tract Preventative/ Decreases 22!
Causative 220225

Veillonella Firmicutes Abundant Oral Cavity Causative 223 Decreases 221
Staphylococcus Firmicutes Abundant Gl Tract Causative 226227 Decreases 221
Lachnospiraceae Firmicutes Abundant Gl Tract Causative 220226 Decreases 221
Parvinomas micra Firmicutes Abundant Oral Cavity Causative 220226 Decreases 221
Dialister pneumosintes Firmicutes Abundant Oral Cavity Causative 220.226.228 Decreases 22
Peptostreptococcus Firmicutes Abundant Oral Cavity Causative 220226 Decreases 221
Phorhyromonas Bacteroidetes Abundant Oral Cavity Causative 220,226 Decreases 22
Alloprevotella Bacteroidetes Abundant Oral Cavity Causative 220.226 Decreases 22!
Nitrospirales Nitrospirae Abundant Gl Tract Causative 220,226 Undetermined
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Table 2:
Autophagy can be targeted through a variety of small molecule inhibitors.
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Literature search found a variety of small molecule compounds can target autophagy at various stages of the
process. Autophagy can be targeted via PI3K/mTOR, Beclin, BCL2, lysosomal cellular components or p62.
Targeting can either be beneficial (anti-cancerous) or harmful (precancerous) depending on the subtype of
gastric cancer and the driver mutations within the tumor. Many compounds have been tested in clinical trials in
various solid tumors but further work needs to be done to elucidate the effect specifically in gastric cancer.

AUTOPHAGY TARGET GENE COMPOUND

CLINICAL TRIAL VIA CLINICALTRIAL.GOV

Beclin-1/PI3KCIII/VSP34 Spautin-1

Beclin-1/INS (L, 4, 5) P3

Beclin-1 Tat-beclin 1 (Tat-BECN1)
p62/FOX03A Selinexor
mTOR1/2 Everolimus
mTOR1/2 Temsirolimus
mTOR CC-223 (Onatasertib)
PIBK/mTOR BMK120
PI3K/mTOR PX-886
PIBK/mTOR XL 147
PIBK/mTOR WX-037
PDK/mTOR BYL719
PDK/mTOR GDCO0032
PDK/mTOR INK1117
PI3K/mTOR P7170
PIBK/mTOR BEZ235
PIBK/mTOR XL765
P13K/mTOR GDC-0980
PIBK/mTOR SF1126
PI3K/mTOR PF-05212384
PI3K/mTOR PF-4691502
PIBK/mTOR VS-558
P13K/mTOR 0sSI-027
P13K/mTOR AZD2014
P13K/mTOR AZD8055
P13K/mTOR MK-2206
PI3K/mTOR AZD5363
PIBK/mTOR GSK690693
PI3K/mTOR GDC0068
PI3K Salidroside
P13K/mTOR B-elemene
P13K/mTOR B-elemene
AMPK Phosphorylation Chichoric acid
AMPK phosphorylation Perillaldehyde

Xestosponging B

No- Preclinical’®

No- Preclinical 176

No

Planned

Yes (22 Studies GC) 193
Yes (21 Studies GC) 198

Yes (Breast Only)

No

Yes (Various Solid Tumors)

Yes (Various Solid Tumors)

Yes (1 GC)

Yes (1 GC)

Yes (Various Solid Tumors)

Yes (Refractory Solid Tumors)

Yes (Malignant Solid Tumors)

Yes (Various Solid Tumors)

Yes (Breast, NHL, Renal, Endometrial)
Yes (Advanced Metastatic Tumors)
Yes (Various Solid Tumors)

Yes (Breast Cancer)

No

Yes (Various Solid Tumor/Lymphoma)
Yes (2 Studies GC)

Yes (Various Solid Tumors)

Yes (2 Studies GC)

Yes (2 Studies GC)

Yes (2 Hematological Malignancies)
Yes (2 Studies GC)

No- Preclinical 24

No- Preclinical 205

No- Preclinical 205

No- Preclinical 206

No- Preclinical
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AUTOPHAGY TARGET GENE COMPOUND CLINICAL TRIAL VIA CLINICALTRIAL.GOV
ULK1 LYN-1604 No- Preclinical 22°
ULK1/ULK2 SBI-0206965 No- Preclinical 2
ULK1 MRT68921 HCL No- Preclinical 2
ULK1/ULK2 ULK-101 No- Preclinical 22
ATG4B NSC185058 No- Preclinical 230
ATG4B Flubendazole No- Preclinical 230
Lysosome DC661 No- Preclinical 23
Lysosome Lys05 No- Preclinical 231

Lysosome/PI3BK/mTOR
Autophagosome/Lysosome
Lysosome
Autophagy/mitophagy
PERK

PERK

PERK

ROS

BCL2

BCL-2

BCL-2

BCL-2

BCL-2

BCL-2

BCL-2

BCL-2/p53

Hydroxychloroquine
CA-5f

Eliglustat

Liensinine
GSK2606414
GSK2656157

ISRIB (Trans-isomer)
Acetylcysteine (N-Acetylcysteine)
Venetoclax (ABT-199)
TW-37

BH3I-1

563845

HA14-1

Navitoclax (ABT-263)
ABT-737

Pifithrin-u

No- Preclinical 232

No

Yes (Gaucher Disease)
No- Preclinical 233
No- Preclinical 234
No- Preclinical 235

No

No- Preclinical 236
Yes (Solid Tumors/1 GC)
No- Preclinical 237-238
No

No- Preclinical 239
No- Preclinical 240
Yes- (Solid Tumors)
No- Preclinical 241-242

No- Preclinical 243
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