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Core Tip: Understanding the intricate interplay between autophagy, epigenetics, and non-coding RNA (ncRNA) regulation in
gastrointestinal (GI) cancers is crucial for devising effective therapeutic interventions. Autophagy exhibits a dual role in
cancer progression, impacting treatment response rates, and its modulation through epigenetic alterations and ncRNA
regulation offers promising avenues for targeted therapies. Developing strategies to manipulate autophagy, particularly via
epigenetic mechanisms and nanocarrier-based ncRNA delivery systems, holds immense potential to enhance the effecti-
veness of chemotherapy and improve outcomes in GI malignancies.
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INTRODUCTION

Chang et al[1] emphasize a fundamental subject to understand human pathology and review the research progress of
autophagy in benign and malignant gastrointestinal (GI) diseases. Autophagy, a catabolic process involving the
consumption and recycling of proteins and organelles, plays a crucial role in maintaining cellular homeostasis. It is worth
noting that autophagy itself is not a mechanism of cell death. However, it has been observed to accompany cell death
induced by conditions such as nutrient starvation or hypoxia[2]. This process has been extensively implicated in the
growth, development, and various physiological functions of the GI tract, including mucosal barrier integrity[3], secretion
[4], and cell regeneration across different GI cell types[5].

In pathological contexts, however, the role of autophagy may vary widely. This discrepancy could stem from
differences in autophagic activity levels or the influence of other contributing factors, although the precise mechanisms
remain poorly understood. Notably, evidence suggests that while autophagy may impede the progression of GI tumors
in early stages, it could also confer resistance to chemotherapy in advanced stages[6] (Figure 1). The underlying reasons
for these dual effects remain elusive, but emerging evidence points toward the involvement of epigenetic changes, which
may modulate various genes at different stages of cancer, thereby influencing responses to major therapeutic
interventions. Given the significant recurrence and mortality rates associated with GI malignancies, a deeper compre-
hension of this interplay holds promise for the development of novel therapeutic strategies.

INTERPLAY BETWEEN EPIGENETIC REGULATION AND AUTOPHAGY

Non-coding RNAs regulate the autophagy axis in gastrointestinal tumors

Autophagy plays a complex and multifaceted role in cancer development and progression, exhibiting both tumor-
suppressive and tumor-promoting effects at different stages of the disease. This duality can lead to varying responses to
anticancer drugs in a phase-dependent manner[7]. The reasons behind the variability of the same phenomenon at
different stages of the disease are still under investigation, but some hypotheses have been proposed. Varying responses
are related not only to regulation by oncogenes and tumor suppressors, but also to heterogeneity that is driven both by
cell-specific and tissue-specific factors. To date, researchers have identified approximately 40 autophagy-related genes
(ATGs) implicated in the formation of autophagosomes, double-membrane structures responsible for degrading damaged
organelles[8,9]. The dysregulation of these genes, whether through over- or under-expression, directly influences tumor
proliferation. Notably, studies have revealed the significance of the ATG BECNI, encoding Beclin 1, a crucial molecule for
formation and maturation of autophagosomes. Specifically, it has been demonstrated that the E3 ubiquitin ligase CUL3
(cullin 3) can interact with BECN1, a widely recognized tumor-suppressor gene. This interaction mediates the K48-linked
ubiquitination of BECN1 at sites K53, K185, and K270, leading to its subsequent proteasomal degradation via the
ubiquitin-proteasome pathway. The Kelch-BTB domain protein, KLHL38, is essential for the recognition and interaction
between CUL3 and BECN1. Through the degradation of BECN1, the CUL3-KLHL38 complex inhibits autophagic flux by
downregulating BECN1, thereby promoting cell proliferation and predicting an unfavorable prognosis in various spectra
of human malignancies[10]. Additionally, investigations have highlighted the tumor-suppressive functions of other key
autophagy genes, including the ultraviolet radiation resistance-associated gene (UVRAG) and Bax interacting factor-1
(Bif-1), which interact with BECNT1 in its tumor-suppressive capacity. Bif-1 serves as a key activator of class III phos-
phatidylinositol 3-kinase (PI3KC3), and the absence of Bif-1 in knockout mice leads to a suppression in autophagosome
formation. Although the SH3 domain of Bif-1 can independently bind to UVRAG, the activation of PI3KC3 and the
induction of autophagosome formation require both the BAR and SH3 domains. Notably, the deletion of UVRAG and the
downregulation of Bif-1 promote tumor cell proliferation across diverse cancer types[11]. Basal autophagy initially serves
to constrain necrosis and inflammation while curtailing the invasion and dissemination of neoplastic cells, effectively
functioning as an immunosuppressor[12]. However, unbridled and prolonged autophagic activity can trigger signaling
cascades culminating in cell death, thereby fostering neoplastic growth, metastasis, and drugs resistance[13,14].
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Figure 1 Autophagy has a dual nature in cancer, exhibiting both tumor-suppressive and tumor-promoting effects at different stages of
the disease, which influences responses to anticancer treatments. Dysregulation of autophagy-related genes (ATGs), epigenetic modifications, and
non-coding RNAs emerge as crucial regulators. These factors influence autophagy flux, thereby affecting treatment responses and tumor progression, highlighting the
intricate regulation by oncogenes and tumor suppressors. ROS: Reactive oxygen species. Original figure generated by Biorender.com.

Autophagy, though inherently a cellular response to both internal and external stimuli, can become intricately
intertwined with the life cycle of tumor cells, affording them protection against the cytotoxic effects of chemotherapy[15,
16]. Moreover, autophagy can sequester organelles within the cell, hindering the expression of pro-apoptotic proteins and
shielding the tumor from apoptosis. Notably, inhibition of autophagy appears to mitigate chemoresistance in tumor cells,
whereas its overexpression inversely impacts chemotherapy response rates. Consequently, autophagy inhibition itself
exerts a pro-apoptotic influence on GI tumor cells, underscoring the intimate interplay between autophagy and apoptosis
in either promoting or suppressing tumorigenesis[17].

In addition to other factors contributing to poor therapeutic responses observed in GI cancers, epigenetic modifications
emerge as critical factors warranting consideration. Epigenetic modifications encompass chemical alterations of DNA or
chromatin that do not alter the primary DNA sequence, thereby inducing phenotypic changes[18]. Key modifications in
the pathophysiology of GI malignancies include epigenetic mechanisms such as histone modification and DNA
methylation. Furthermore, the regulation of gene expression by non-coding RNAs (ncRNAs)[19,20], functional RNA
molecules that are not translated into proteins, but wield considerable influence over DNA methylation and chromatin
organization, modulate the expression of numerous genes. However, while the pivotal role of ncRNAs in the path-
ogenesis of GI cancers is recognized, the precise molecular mechanisms through which they regulate diverse cellular
processes demand further elucidation.

ncRNAs, particularly microRNAs (miRNAs), exert regulatory control over autophagy flux[21,22], targeting gene
expression at both chromatin organization levels, either co- or post-transcriptionally, differing from other epigenetic
modifications. This modulation can significantly impact treatment response rates, depending on whether autophagy is
inhibited or overexpressed[23]. Moreover, the presence of these regulatory ncRNAs has been detected in whole blood,
indicating their potential for intercellular transfer[24]. Extensive investigations have focused on the association between
aberrant ncRNA expression and autophagy in the progression and resistance of GI tumors[25,26], with some ncRNAs
explored for diagnostic and prognostic purposes[27,28].

MiRNAs have been classified as oncogenes (called oncomiRs) or tumor-suppressor miRNAs, and both target mRNA of
ATGs rather than ATG proteins directly. Multiple instances illustrate the modulation of different cancers by miRNAs.
Among the most important, the oncogenic miR-423-3p activates BECN1-dependent autophagy, promoting gastric tumor
progression by reducing the expression of Bcl-2-interacting mediator of cell death (Bim). Specifically, Bim inhibits
autophagy by recruiting Beclin-1 to microtubules, mediated through the bridging of Beclin-1 and Dynein light chain LC8
[29]. Studies have demonstrated that autophagy triggered by the miR-423-3p-Bim pathway relies on Beclin-1[30]. When
Bim is overexpressed, it significantly curtails the proliferation and invasion of gastric cancer cells, accompanied by a
reduction in microtubule-associated protein LC3 levels. This suggests that the miR-423-3p-Bim pathway could be a
regulator of autophagy in cancer cells. On the other hand, ATG7, which is similar to E1 ubiquitin-activating enzymes, is
crucial for the maturation stage of autophagy. The deletion of ATG7 prevents the proliferation of gastric cancer cells
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driven by miR-423-3p[30].

Moreover, both in vitro and in vivo studies have shown that miR-181a plays a role in regulating autophagy in gastric
malignancies by targeting ATG5, contributing to drug response. Overexpression of miR-181a significantly reduces
autophagic activity. Since ATGS is crucial for the formation of autophagosomes, its reduction leads to impaired
autophagy. Introducing a miR-181a mimic significantly lowers ATG5 mRNA, while inhibiting endogenous miR-181a
significantly increases ATG5[31]. Many chemotherapy and targeted therapy drugs can induce autophagy, which appears
to act as a survival mechanism for cancer cells. Blocking this protective autophagy could prevent drug resistance[32]. In
fact, overexpression of miR-181a appears to counteract cisplatin resistance and enhance chemosensitivity[31].

In esophageal carcinoma, the tumor-suppressor miR-382 inhibits the mTOR signaling pathway and promotes
autophagy processes, inducing apoptosis and suppressing tumor proliferation and invasion[33]. Additionally, miR-30d
inhibits cell proliferation in hepatocellular carcinoma by reducing autophagy and targeting ATG5 and BECN1[34], while
acting similarly in colon cancer cell[35]. MiR-372 suppresses pancreatic cancer cell proliferation and invasion by directly
targeting the autophagy-initiating kinase ULK1. The activity of the ULK1 complex is inhibited by mTOR signaling, and
miR-372 induces the loss of phosphorylation in ULK1, potentially through the inhibition of autophagic cell death, thereby
playing a tumor-suppressor role[36]. Furthermore, miR-183 enhances autophagy and UVRAG-induced apoptosis in
colorectal cancer, with its inhibition suppressing tumor growth in vivo[37].

Targeting epigenetic mechanism of autophagy

Understanding the role of epigenetic regulation in autophagy is crucial to identify specific pharmacological targets and
develop potential antitumor treatments. Consequently, the debate persists regarding whether inducing or inhibiting
autophagy should be prioritized in cancer therapy. In this context, two approaches can be considered. One strategy
involves inhibiting the cytoprotective functions of autophagy to enhance the response rate of chemotherapeutic agents.
Transcriptional suppression of ATGs like those mentioned above may be considered a potential strategy to induce
chemosensitivity by inhibiting autophagy in GI cancer cells. Another method is pharmacological autophagy inhibition
using approved agents like quinolones, which effectively hinder autophagosome-lysosome fusion[38]. Alternatively,
autophagic cell death can be triggered through autophagy induction, impacting ATGs via certain chemotherapeutic
drugs, such as docetaxel, 5-fluorouracil (5-FU), and paclitaxel. 5-FU directly activates AMPK and p53[39], while docetaxel
and paclitaxel directly increase the expression of BECN1[40,41]. Based on these observations, targeting epigenetic
regulation of autophagy is pivotal to counteract or reverse chemoresistance in gastrointestinal cancer.

For instance, doxorubicin resistance in hepatocellular carcinoma cells is observed following autophagy activation
consequent to the downregulation of miR-223[42]. Conversely, inhibition of autophagy and sensitization of gastric cancer
cells to docetaxel are achieved through the upregulation of miR-361-5p[43]. Additionally, epigenetic alterations that
activate autophagy, consequently leading to 5-FU resistance in colon-rectal cancer, include the upregulation of miR-125b
[44], as well as the downregulation of miR-361[45]. Instead, oxaliplatin resistance in colon-rectal cancer is induced by the
activation of autophagy through the downregulation of miR-409-3p by inhibiting Beclin-1[46] and miR-27b-3p[47].

GAPS IN KNOWLEDGE AND FUTURE RESEARCH DIRECTIONS

Despite significant improvements in understanding the mechanisms and implications of autophagy in cancer, numerous
gaps in knowledge remain. A principal gap is the heterogeneity of autophagy regulation across different cancers. This
heterogeneity is not fully understood and poses a challenge in developing universal autophagy-targeting therapies.
Autophagy can be either upregulated or downregulated in various cancers, impacting tumor progression and treatment
responses differently. Another critical gap is the bidirectional influence between autophagy and the tumor microenvi-
ronment (TME). While autophagy can modulate the TME by affecting immune cell infiltration, the TME can also
influence autophagy within the tumor cells[48]. The precise mechanisms and implications of this interaction are poorly
delineated. Investigating these engagements is crucial to understand how autophagy and the TME co-evolve during
cancer progression and therapy resistance. Moreover, previous research on autophagy inhibition were primarily focused
on advanced cancers, but new findings highlight the importance of investigating autophagy inhibition in early-stage
diseases to potentially prevent metastasis and the initial development of cancer. Understanding the role of autophagy in
tumor-host interactions and tumor immunity necessitates the use of immunocompetent animal models as a cornerstone
of autophagy research. Finally, the identification of biomarkers to predict the response to autophagy-modulating
therapies is still lacking. Reliable biomarkers are needed to tailor therapies to individual patients, enhancing treatment
efficacy and minimizing adverse effects. High-throughput screening, genomic, and proteomic approaches can help
discover such biomarkers, enabling personalized treatment plans for cancer patients.

Among potential therapeutic strategies, regulating autophagy should be considered as one approach for future
therapy. In addition to previously reported miRNA manipulation, innovative technology aimed at enhancing treatment
effectiveness involves the use of nanocarriers designed to encapsulate various drugs and deliver them efficiently.
Scientists develop nanoparticles to deliver miRNA in hepatocellular carcinoma cells, demonstrating an increased
suppressive effect of miR-26a[49]. Similarly, the utilization of protamine sulfate-nanodiamond nanoparticles to delivering
miRNA-203 into esophageal cancer cells demonstrates the enhanced efficacy of this delivery system[50]. Recently,
polymeric nanoparticles were developed for the release of miR-204-5p in colon cancer cells, observing efficient inhibitory
effects on cell proliferation[51]. Utilizing nanoparticles as delivery systems for miRNA modulation of autophagy presents
a promising therapeutic approach for gastrointestinal cancer therapy.
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CONCLUSION

Autophagy significantly influences the efficacy of several chemotherapy drugs in GI cancers, either enhancing or
hindering therapy responses depending on the cellular stage it impacts. A comprehensive understanding of the
mechanisms governing autophagy, particularly regarding epigenetic phenomena and ncRNA regulation, holds the
potential to advance the development of therapeutic strategies that improve the response rate of malignancies with poor
prognoses.
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