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Abstract
Autophagy is a physiological mechanism in which cells degrade themselves and quickly recover the degraded cell components. Recent studies have shown that autophagy plays an important role in the occurrence, development, treatment, and prognosis of colorectal cancer. In the early stages of colorectal cancer, autophagy can inhibit the production and development of tumors through multiple mechanisms such as maintaining DNA stability, inducing tumor death, and enhancing immune surveillance. However, as colorectal cancer progresses, autophagy may mediate tumor resistance, enhance tumor metabolism, and other pathways to promote tumor development. Therefore, intervening in autophagy at the appropriate time has broad clinical application prospects. This article summarizes the recent research progress of autophagy and colorectal cancer and is expected to provide new theoretical basis and reference for clinical treatment of colorectal cancer.
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Core Tip: In the early stages of colon cancer, autophagy can inhibit the production and development of tumors through multiple mechanisms such as maintaining DNA stability, inducing tumor death, and enhancing immune surveillance. However, as colorectal cancer progresses, autophagy may mediate tumor resistance, enhance tumor metabolism, and other pathways to promote tumor development. Therefore, intervening in autophagy at the appropriate time has broad clinical application prospects.

INTRODUCTION
Colorectal cancer (CRC) refers to malignant epithelial tumors of the colon, rectum, and anal canal. In 2020, CRC was the third most common malignancy and the second most deadly cancer worldwide, with an estimated 1.88 million new cases (9.8%) and 910000 deaths (9.2%)[1]. Great progress has been made in CRC diagnosis and treatment with the availability of routine health check-ups and new techniques. At present, surgery remains the mainstay of treatment for CRC, while chemotherapy, targeted therapy, and immunotherapy have also been applied in clinical settings. However, due to its insidious onset, CRC is mostly diagnosed in advanced stages and becomes resistant to chemotherapy and targeted therapy[2]. Therefore, the prognosis of CRC is poor. Autophagy plays a critical role in regulating cancer development, and autophagy-based clinical interventions may address this clinical dilemma. This article reviews the recent progress in the research on the association between autophagy and CRC.

AUTOPHAGY
Autophagy is a highly conserved eukaryotic macromolecular degradation process that degrades and recycles macromolecular substances such as damaged organelles and sirtuins inside the cells to quickly replenish the substances required for normal physiological activities of cells[3]. Autophagy is strictly regulated by a variety of autophagy-related genes (ATGs). Under stressful conditions such as organelle damage, production of abnormal proteins, and nutrient deficiency, autophagosomes are formed, which fuse with intracellular lysosomes to form autophagolysosomes by wrapping or binding to the components to be degraded, thus initiating the degradation and recycling process[4]. In both normal and malignant cells, autophagy may be a response to cellular stresses including nutrient deficiencies, hypoxia, and toxin accumulation[5]. Nevertheless, the impact of autophagy on cells can be multi-faceted: It may be a protective factor that promotes cell survival, but can also lead to growth arrest and/or apoptosis.
Autophagy, as a metabolic regulatory mechanism widely present within cells, can lead to various diseases such as neurodegenerative diseases and tumors once dysregulated. As shown in Figure 1, the molecular mechanism via which autophagy is regulated mainly includes the following three aspects: (1) The adenosine monophosphate-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway: The mTOR kinase, as a receptor for amino acids, energy, and hormones in cells, can regulate autophagy in a negative feedback manner[6]; (2) The phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway: Different types of PI3K play different roles in autophagy regulation, among which type I PI3K can inhibit autophagy after binding to AKT, whereas type III PI3K can induce the enhancement of autophagy by binding to the ultraviolet resistance-associated gene (UURAG) product; and (3) The negative feedback signaling pathway of G protein subunit Gai3 and amino acids: GTP can bind to Gai3 intracellularly and is an inhibitory signal of autophagy; GDP binds to Gai3 protein to activate autophagy; and, as the end products of protein degradation, amino acids negatively regulate the autophagy[7-8].
Autophagy can be divided into three types depending on the mechanism by which intracellular materials are delivered into the lysosome for degradation: Macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA)[9]. Macroautophagy is a selective autophagy process that occurs mainly in macrophages. They can form phagosomes that ingest cytoplasmic proteins and damaged organelles and then further mature into double-membrane binding vesicles (known as autophagosomes). These autophagosomes are transported to lysosomes, where they degrade the damaged mitochondria, the invading microorganisms, and other components, thus maintaining the homeostasis of cells during the stress response. During macroautophagy, autophagy is mainly regulated via the AMPK/mTOR signaling pathway[10]. Microautophagy occurs through the invagination of lysosomes or endosomal membranes, which directly phagocytosize the substances to be degraded, during which the proteases in lysosomes play a degrading role. Microautophagy occurs in almost all normal cells and therefore is a widely existing intracellular energy and material circulation mechanism[11-12]. Notably, no direct link between microautophagy and tumorigenesis has been found.
Unlike macroautophagy and microautophagy, CMA is a selective lysosome-dependent protein-degrading mechanism[13]. CMA exists in most cells but exerts only basal activities under physiological conditions. Once cell stress occurs, the activity of CMA is rapidly enhanced, which facilitates the rapid circulation of intracellular proteins under stress conditions and minimizes the need for new protein degradation and production, thereby maximizing energy savings and improving cell survival. Compared to normal cells, tumor cells have increased CMA activity. Blocking CMA significantly inhibited tumor growth and induced regression of lung cancer or melanoma xenografts in mouse models[14]. Therefore, intervening in the CMA pathways may have broad antitumor activity. In the form of autophagy, all the proteins targeted by CMA contain KFERQ-like pentapeptide motifs, which can be recognized by heat shock protein family A (Hsp70) member 8 (HSPA8/HSC70) and form a complex with lysosome-associated membrane protein type 2a (LAMP-2A)[15]. No vesicle structure will be formed during this process; rather, the proteins to be degraded pass directly through the lysosomal membrane to enter the lysosomal cavity for degradation.
In addition to autophagy's important regulatory role in energy and material metabolism, the endosomal protein sorting nexin 5 (SNX5) interacts with beclin 1 and ATG14-containing class III phosphatidylinositol-3-kinase (PI3KC3) complex 1 (PI3KC3-C1), increases the lipid kinase activity of purified PI3KC3-C1, and is required for the endosomal generation of phosphatidylinositol-3-phosphate (PI3P) and recruitment of the PI3P-binding protein WIPI2 to virion-containing endosomes, thus mediating virus-induced autophagy[16]. Therefore, autophagy can also play an immune- and host-protecting role when cells are invaded by viruses.

REGULATORY ROLES OF AUTOPHAGY IN CRC
As a regulatory mechanism of intracellular substance and energy metabolism, autophagy is deeply involved in a variety of biological behaviors such as cell repair, transformation, proliferation, senescence, and apoptosis[17]. With increasing in-depth research, the roles of autophagy in the pathogenesis, drug resistance, and therapeutic options of CRC have been revealed. For CRC, autophagy is a "double-edged sword": On the one hand, autophagy can significantly suppress proliferation and induce apoptosis in CRC cells; on the other hand, it can also provide CRC cells with additional energy to promote their abnormal proliferation and can reduce the response of CRC to various treatment measures[18].

Autophagy acts as a CRC suppressor
As a housekeeping mechanism in normal cells, autophagy can scavenge and repair DNA damage, abnormal folding of proteins or abnormal accumulation of normal proteins, accumulation of oxygen free radicals, and damage to organelles (e.g. mitochondria) during normal physiological processes and under stress, which is extremely important for maintaining cell stability and avoiding carcinogenesis[3,19-21]. Therefore, as an early cancer-suppressing mechanism, autophagy can protect the human body through multiple pathways.
SRC kinases are non-receptor tyrosine kinases that mediate carcinogenesis. An abnormal elevation of SRC can be detected in about 80% of CRC patients, and sorting nexin 10 (SNX10), an endosomal protein, is negatively correlated with SRC expression. The downregulated expression of SNX10 is significantly associated with SRC activation, tumor differentiation, tumor metastasis, and patient survival. SNX10 regulates the fusion between autophagy and lysosomes. SNX10 deficiency can lead to impaired autophagic degradation of SRC, which ultimately promotes the occurrence and development of CRC. Interfering with the SRC autophagy pathway can achieve the regulation of tumor growth[22].
The level of the imprinted gene pleckstrin homology like domain family A member 2 (PHLDA2) can also be up-regulated in CRC tissues. Knockdown of PHLDA2 inhibited cellular proliferation, invasion, migration, and epithelial-mesenchymal transition (EMT) in vitro by activating the autophagy of CRC cells through the PI3K/AKT/mTOR and PI3K/AKT/GSK-3β signaling pathways[23]. Decreased or absent expressions of ATGs BeclinI and ATG5 can also lead to CRC progression and are significantly associated with poor prognosis[24,25]. Therefore, ATGs can exert a cancer-suppressing effect by inducing autophagy. In addition to ATGs that directly regulate the biological behaviors of tumor cells, epigenetic regulation of autophagy can also be a molecular basis for the body to inhibit tumorigenesis by regulating autophagy. BRG1, the ATPase subunit of the SWI/SNF chromatin remodeling complex, is required for maintaining the homeostasis of intestinal epithelial cells (IECs) to prevent inflammation and tumorigenesis. BRG1 is a key regulator that directly regulates Atg16 L1, Ambra1, Atg7, and Wipi2 transcription, which is important for autophagosome biogenesis. Defective autophagy in BRG1-deficient IECs results in excess reactive oxygen species (ROS), which leads to defects in barrier integrity and thus causes the occurrence of CRC[26].

Autophagy acts as a CRC promoter
Compared with normal tissue cells, tumor cells have unlimited self-replication ability and ultra-high metabolic level. The bulky growth of CRC creates a unique environment featured by hypoxia, low pH, and high metabolites within the tumor tissue[27]. On the one hand, it makes the energy acquisition of tumor cells more dependent on glycolytic pathways and autophagy[28-30]; on the other hand, the enhanced autophagy can further promote tumor progression by affecting the expressions of tumor suppressor genes (e.g., p53), the degradation of major histocompatibility complex I (MHC-I), and the infiltration of various immune cells[31,32]. In solid tumors, the autophagosome content receptor NBR1 mainly regulates the localization of MHC-I on the tumor cell surface, autophagosomes, and lysosomes, whereas MHC-I is closely related to the antigen presentation and anti-tumor activity of immune cells. Intervening with NBR1 can regulate autophagy, thereby affecting the expression of MHC-I and the immune status of the body[33], suggesting that autophagy may promote tumor progression via immune mechanisms.
The increased activity of autophagy in solid tumors is also closely related to the activation of intracellular oncogenes such as RAS[34]. The activation of RAS helps CRC cells maintain their energy and material supply under stress conditions[35]. Hu et al[36] have found that IL-6 accumulates in the tumor microenvironment, which can activate autophagy through the IL-6/JAK2/BECN1 pathway and promote the chemotherapy resistance of CRC cells. BECN1 Y333 phosphorylation is a predictive marker of poor prognosis and chemotherapy resistance in CRC. Under hypoxic conditions, tumor-initiating cells (TICs) can maintain their tumor initiation capacity and stemness through the autophagy-related PRKC/PKC-EZR pathway[37], thereby regulating the progression of CRC. CRC stem cells can also maintain the expressions of stemness markers Oct4, SOX2, and Nanog through autophagy-related proteins ATG5 and ATG7, and intervention in ATG5 and ATG7 can reduce stem cell proliferation and promote cell senescence and apoptosis[38,39]. E3 ubiquitin ligase TRAF6 interacts with MAP1LC3B/LC3B in colonic epithelial cells through its LC3 interaction region "YxxL" and catalyzes K63-linked LC3B polyubiquitination to trigger selective CTNNB1 degradation by autophagy, thereby playing an inhibitory role on epithelial mesenchymal transition (EMT) and CRC metastasis[40] (Table 1).

Autophagy in CRC therapies
Since autophagy plays an important role in the physiological activities of CRC cells, regulating key elements of the autophagy pathway may be a promising strategy for CRC treatment. For different tumors, autophagy can either suppress or promote tumorigenesis; therefore, the treatment strategies should be tailored (i.e., up-regulation or inhibition of autophagy according to different tumor types).
Mycobacterium tuberculosis and Bacillus Calmette–Guérin (BCG) vaccine can induce the death of autophagic cells through the TLR2 and TLR4 signaling pathways, thereby enhancing radiosensitization in CRC cell lines. In vivo evidence further supports that BCG-mediated radiosensitization is an autophagy-dependent pathway[41]. The combination of BCG and ionizing radiation can induce autophagy, providing a potential strategy to enhance the radiotherapeutic effect in CRC cells. As an antimalarial drug, chloroquine has recently been found to prevent autophagosome-lysosome fusion in tumor cells; thus, it may act as an autophagy inhibitor on the autophagy pathway of tumor cells[42].
CRC cells can develop autophagy-dependent chemotherapy resistance by activating autophagy to combat 5-fluorouracil (5-FU). Clinically, chloroquine is used in combination with chemotherapy drugs such as 5-FU[43] or trifluorothymidine (TFT)[44] to enhance the cytotoxicity of chemotherapy drugs against tumor cells. Preoperative use of chloroquine in CRC patients significantly increases the sensitivity of CRC to 5-FU and radiotherapy; in addition, it enhances intracellular ROS production in tumor cells, further promoting tumor cell death[45-46]. As a widely used antitumor drug, temsirolimus (TEM) can inhibit CRC cells by inducing G1 cell cycle arrest and reducing HIF1A and VEGF levels[47]. Meanwhile, as an mTOR inhibitor, TEM also has the function of autophagy inhibitors[48]. When used in combination with chloroquine, TEM can significantly increase the apoptosis level of CRC cells and increase the BAX: BCL2 ratio. Thus, TEM and chloroquine have synergistic anti-tumor effects, which sheds new light on the treatment of CRC. Fu et al[49] discovered an autophagy-targeting small molecule S130 by integrating into silico screening and in vitro assays. S130 binds to ATG4B with strong affinity and specifically suppresses the activity of ATG4B, thereby limiting the autophagic activity of CRC cells. In vitro and in vivo experiments confirmed that S130 could significantly inhibit the growth of CRC cells, suggesting the potential clinical value of small-molecule autophagy inhibitors.
Housekeeping and regulatory immune factors [e.g., macrophages and regulatory T lymphocytes (Tregs) in the tumor microenvironment] are also involved in the occurrence and development of CRC[50-52]. Akbari-Birgani et al[53] found that autophagy targeting Tregs and tumor cells can improve the therapeutic effect against CRC, possibly due to the fact that specific deletion of the Atg7 gene in Treg cells is associated with the increase of apoptosis and the downregulation of the transcription factor FOXP3. The loss of autophagy leads to the upregulation of metabolic mediators (such as MTORC1 and MYC), thereby removing the negative regulatory effect of Tregs on autoimmunity and improving the body's anti-tumor ability[54-56]. In addition, downregulating the autophagy activity of tumor cells and macrophages by chloroquine or other autophagy inhibitors[57,58] can avoid the downregulation of MHC-I expression on their surfaces; meanwhile, it can also enhance the presentation of tumor-associated antigens by antigen-presenting cells (APCs) and induce immune cells to exert their antitumor effects[33].
In addition to the direct use of autophagy inhibitors and the use of autophagy's regulatory role in immune cells for treating CRC, photodynamic therapy (PDT) combined with proteasome inhibitors (e.g., bortezomib) may also enhance tumor sensitivity to PDT through the autophagy pathway[59]. Protoporphyrin IX mediates PDT to induce autophagy in CRC stem cells. The inhibition of PDT-induced autophagy by gene knockout or pharmacological means can trigger apoptosis of tumor stem cells and decrease the ability of colonosphere formation in vitro and tumorigenicity in vivo[60].
In general, artificial intervention in tumor biological behavior can be achieved by directly targeting the autophagy mechanism using autophagy modulators in CRC experimental models. Autophagy modulators, chemotherapy drugs, radiotherapy, and immunotherapy have synergistic anti-tumor effects, and their combined use can enhance the efficacy of existing therapies. In fact, autophagy-based treatments have broad applications in CRC treatments.

CONCLUSION
Autophagy is an extremely potential therapeutic target for the treatment of rectal cancer, but appropriate interventions should be selected according to the different stages of colorectal cancer. Autophagy can inhibit tumorigenesis in the early stages of CRC by preventing DNA damage, maintaining genomic stability, and inducing apoptosis. However, with the progression of tumors, autophagy can promote CRC growth by enhancing energy metabolism in tumor cells, by mediating drug resistance, and by avoiding tumor cell death. Therefore, autophagy-based CRC treatment strategies should be tailored according to the specific CRC type, tumor stage, and tumor metabolic characteristics. The combination of multiple therapeutic methods can enhance the inhibitory effect of autophagy on tumors and weaken its role as a tumor promoter, therefore playing a key role in CRC treatment.
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Figure 1 Autophagy-related gene signaling pathway schematic. Autophagy can be mainly divided into five stages according to its development process: induction, autophagosome nucleation, autophagosome formation, lysosome fusion, and degradation. As shown in the diagram, the entire process is strictly regulated by over 36 autophagy-related genes and their corresponding proteins. The mammalian target of rapamycin is a key factor in autophagy. Mature autophagosomes can merge with lysosomes to form autolysosomes, which selectively remove proteins and damaged organelles through autophagy and participate in autophagic body formation. mTOR: Mammalian target of rapamycin. 
Table 1 Research advances in the role of autophagy in colorectal cancer
	Effects
	Action cells
	Targets
	Pathways and mechanisms

	As a tumor suppressor
	CRC
	SNX10
	SRC-STAT3 and SRC-TNNB1

	
	CRC
	PHLDA2
	PI3K/AKT/GSK-3β

	
	CRC
	BRG1
	Defective autophagy results in excess reactive oxygen species

	
	CRC
	BeclinI
	PI3K/AKT/mTOR

	As a tumor promoter
	CRC and macrophages
	NBR1
	After being regulated, MHC-I can affect the immune system and lead to immune evasion

	
	CRC
	RAS
	MEK/ERK

	
	Regulatory T cells (Treg)
	Atg7
	Down-regulation of the immune-suppressive protein FOXP3 promotes immune evasion

	
	CSC
	ATG5, ATG7
	Affects the expressions of stemness markers Oct4, SOX2 and Nanog

	
	Tumor-initiating cells
	PRKC
	PRKC/PKC-EZR

	
	CRC
	IL-6
	IL-6/JAK2/BECN1

	
	Normal Colonic epithelial cells
	TRAF6
	MAP1LC3B/LC3B ubiquitination


CSC: Cancer stem cell; CRC: Colorectal cancer; SNX10: Sorting nexin 10; PHLDA2: Pleckstrin homology-like domain family A member 2; PI3K: Phosphatidylinositol 3-kinase; mTOR: Mammalian target of rapamycin; MHC-I: Major histocompatibility complex I.
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