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Abstract: Programmed cell death is an important biological process, including apoptosis, autophagy and other modalities, 
which is essential for maintaining tissue and organ homeostasis. In recent years, several studies have shown that aberrant 
regulation of programmed cell death plays an important role in the development of colorectal tumors. Therefore, it is important 
to reveal the fine regulatory network of programmed cell death in colorectal carcinogenesis and progression to develop new 
clinical treatment strategies for colorectal cancer. This paper aims to review the research progress of programmed cell death in 
colorectal cancer, and provide new approaches and ideas for the clinical diagnosis and treatment of colorectal cancer. 
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According to the latest data from the International 

Agency for Research on Cancer of the World Health 
Organization, colorectal cancer (CRC) accounts for 
approximately 10% of all cancer diagnoses and cancer-
related deaths globally each year. It is the third most 
common cancer worldwide and the fourth leading cause 
of cancer-related death, with around 1.2 million new 
cases and 600,000 deaths annually [1]. With ongoing 
socio-economic development, it is projected that by 
2025, there will be an increase of 2.5 million new cases 
globally [2]. Despite significant progress in the 
prevention and treatment of CRC over the past decades, 
the disease still exhibits high incidence and mortality 
rates. Therefore, discovering new treatment strategies 
and targets to improve survival rates and quality of life 
for CRC patients is a major focus of current medical 
research. 

Programmed cell death (PCD) is a crucial process 
in the normal cell lifecycle, essential for maintaining the 
function of tissues and organs [3]. However, this process 

is often disrupted in CRC, leading to enhanced anti-
apoptotic capabilities of tumor cells and uncontrolled 
proliferation [4]. Thus, understanding the regulatory 
mechanisms and potential roles of PCD in CRC is 
important for developing new therapeutic strategies and 
improving patient prognosis. 

Recent research on PCD in CRC has made 
significant progress, including the identification of 
many molecules and signaling pathways related to cell 
death regulation and the development of novel drugs 
targeting these pathways [5]. Additionally, the 
regulatory mechanisms of PCD show potential clinical 
value in prognosis assessment and prediction for CRC.  

This review will summarize the progress in 
research on PCD in CRC, focusing on key molecules 
and signaling pathways involved in cell death regulation, 
as well as relevant therapeutic strategies and clinical 
prospects. We will explore the importance of these 
studies for understanding CRC development and 
treatment and examine how this knowledge can be used 
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to develop new treatments to improve survival and 
quality of life for CRC patients. By deepening our 
understanding of PCD in CRC, we hope to bring new 
breakthroughs in the treatment and management of the 
disease. 

1.PCD and CRC 

1.1 Apoptosis and CRC 

Apoptosis is a conserved and regulated form of cell 
death that has historically been considered the only 
regulated type of cell death [6]. It generally occurs via 
two main pathways: the intrinsic pathway, triggered by 
intracellular imbalances due to toxic substances or DNA 
damage, and the extrinsic pathway, initiated by the 
activation of cell surface death receptors. 

In 1984, scientists first identified and named the B-
cell lymphoma-2 (Bcl-2) gene on chromosome 18 in 
patients with non-Hodgkin lymphoma. Many studies 
have shown that Bcl-2 is one of the most important 
oncogenes involved in cancer by inhibiting apoptosis. 
The Bcl-2 protein family consists of pro-apoptotic and 
anti-apoptotic proteins that regulate apoptosis through 
the intrinsic pathway, primarily at the mitochondrial 
level. All Bcl-2 family members are located on the outer 
mitochondrial membrane and are involved in regulating 
membrane permeability either through dimerization or 
pore formation. The Bcl-2 family is divided into three 
main subfamilies: (1) Anti-apoptotic proteins that 
protect cells from apoptotic stimuli, including Bcl-2, 
Mcl-1, Bcl-xL, Bcl-w, A1/Bfl-1, and Bcl-B/Bcl2L10; (2) 
Pro-apoptotic effector proteins, such as BAK, BAX, and 
BOK; (3) Pro-apoptotic BH3 proteins [7]. The Bcl-2 
family plays a crucial role in the development of CRC 
[8]. Imbalances between anti-apoptotic and pro-
apoptotic Bcl-2 family members can lead to 
dysregulation of apoptosis. For example, Yes-associated 
protein (YAP) can promote CRC progression by 
upregulating Bcl-2 to inhibit autophagy in human CRC 
cells [9]. lncRNA LINC02418 can release Bcl-2 by 
competitively binding with microRNA miR-34b-5p, 
allowing cancer cells to evade cell death and re-enter the 
abnormal cell cycle. The anti-tumor drug lobaplatin can 
induce CRC cell death by phosphorylating JNK, 
recruiting BAX to the mitochondria, and stimulating 
cytochrome c release into the cytoplasm. 

Programmed cell death protein 1 (PD-1) is a cell 
surface receptor that plays an important role in 
downregulating the immune system and promoting self-
tolerance by inhibiting T cell inflammatory activity. PD-
1 is a member of the immunoglobulin superfamily 
expressed on T cells and pre-B cells. As a receptor, PD-
1 has two ligands, PD-L1 and PD-L2. When PD-1 binds 
to its ligands, it can induce PCD in antigen-specific T 
cells within lymph nodes while reducing the apoptosis 
of regulatory T cells. Studies have found that PD-L1 is 
responsible for tumor immune modulation. In the tumor 

microenvironment, PD-1 and its ligand PD-L1 evade 
immune surveillance and play a significant role in tumor 
progression and survival [12]. The classical Wnt 
signaling pathway, also known as the Wnt/β-catenin 
signaling pathway, is a recognized driver of colon 
cancer and one of the most representative signaling 
pathways, as activation of Wnt signaling can inhibit 
apoptosis [13]. The transforming growth factor-β (TGF-
β) signaling pathway also plays a critical role. 
Disruption of TGF-β signaling in CRC cells often 
promotes early tumor formation, while its activation 
may enhance cancer invasion and metastasis. Moreover, 
its activation in the tumor microenvironment typically 
suppresses tumor immunity and supports cancer cell 
survival [14]. Nuclear factor (NF)-κB, a transcription 
factor of the Rel family proteins, is widely involved in 
various cellular activities such as the cell cycle, 
proliferation, apoptosis, migration, and invasion [15]. 
NF-κB signaling mediates cytoplasmic/nuclear 
signaling pathways by upregulating anti-apoptotic gene 
expression, including Bcl-xL, Bcl-2 related genes 
(A1/BFL1), cIAP, and c-FLIP [16]. Additionally, the 
PI3K/AKT/mTOR pathway, IL-6/STAT3 pathway, Ras 
signaling pathway, and p53 signaling pathway are also 
frequently dysregulated in CRC, affecting tumor 
development. 

1.2 Autophagy and CRC 

During fasting, one of the cellular responses is the 
activation of the lysosomal degradation pathway—
autophagy, a process where cells digest their own 
components. This self-digestion not only provides 
nutrients to maintain essential cell functions during 
fasting but also clears excess or damaged organelles, 
misfolded proteins, and invading microbes, thus 
responding to differentiation and developmental 
updates and preventing genomic damage [17]. 
Macroautophagy is the most common form of 
autophagy and is a primary mechanism for degrading 
aged proteins and organelles in eukaryotic cells [18]. 

As mentioned, autophagy signaling pathways can 
also influence CRC development. Literature suggests 
that antigen-presenting cells (APC), as a regulator of the 
Wnt signaling pathway, can interfere with the 
occurrence of intestinal diseases by affecting autophagy, 
while CK1α inhibitors can reduce the AKT/β-catenin 
axis in CRC cell lines and inhibit CRC cell autophagy 
[19]. Other studies report that inhibition of PHLDA2 
can partly suppress EMT and induce autophagy through 
the PI3K/AKT/mTOR and PI3K/AKT/GSK3β 
signaling pathways, thereby impacting CRC 
progression [20]. Hu et al. [21] found that IL-6 
promoted the interaction between BECN1 and JAK2, 
enhancing BECN1 tyrosine phosphorylation and 
promoting autophagy in CRC cells. Cancer cells under 
hypoxic conditions use autophagy to maintain cell 
integrity, thus promoting survival; the hypoxia-
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autophagy-PKC-EZR signaling axis can promote CRC 
tumor stem cell self-renewal and CRC progression [22]. 
At the same time, experiments by Tang et al. [23] 
showed that members of the G protein-coupled receptor 
superfamily and GPR176 could activate the cAMP/PKA 
signaling pathway and regulate mitochondrial 
autophagy, further promoting CRC tumor occurrence 
and development. 

1.3 Necrosis and CRC 

Cell necrosis primarily refers to the loss of 
cytoplasmic membrane integrity. For a long time, 
necrosis was considered a passive form of pathological 
cell death, but recent studies suggest that necrosis may 
be another form of "PCD" when apoptosis cannot occur 
properly, and necrosis serves as an "alternative" form of 
cell death. The classic death receptor-mediated 
necroptosis pathway consists of RIPK1-RIPK3-MLKL, 
triggered downstream of death domain receptors such as 
TNFR and Fas, and Toll-like receptors 3/4 (TLR3/4). 
Active RIPK1 recruits and phosphorylates RIPK3 in the 
absence of caspase-8, forming necrosome, which then 
phosphorylates MLKL to form necrotic bodies. MLKL 
oligomers translocate to phosphoinositide-rich patches 
on the plasma membrane, forming large pores, allowing 
ion influx, cell swelling, membrane rupture, and 
uncontrolled release of intracellular contents, leading to 
necrotic cell death [24]. Necrosis has been shown to 
have dual effects: promoting or reducing tumor growth 
in different cancer types. Inducing programmed 
necrosis can kill tumor cells and inhibit tumor 
development; however, cell death releases cellular 
contents into the extracellular environment, which can 
trigger inflammatory responses and potentially promote 
tumor development [25]. 

Han et al. [26] demonstrated that RIPK3 could 
mediate necrosis in CRC cells, inhibiting tumor 
development. The fragile X mental retardation protein 
(FMRP) binds to RIPK1, and FMR1 anti-transcription 
therapy upregulates RIPK1, leading to the necrosis of 
CRC cells and inhibition of tumor growth. However, 
some studies suggest that SET and MYND domain-
containing protein 2 (SMYD2) targets RIPK1 and limits 
TNF-induced apoptosis and necrosis, supporting colon 
tumor growth [27]. The A20-binding inhibitor of NF-
κB1 (ABIN-1), also known as TNIP1, is a ubiquitin-
binding protein that inhibits RIPK1-independent 
apoptosis, necrosis, and NF-κB activation, with ABIN-
1 deficiency enhancing necrosis-based CRC therapy 
[28]. 

1.4 Ferroptosis and CRC 

Ferroptosis is a ROS-dependent form of cell death 
associated with iron accumulation and lipid 
peroxidation, characterized by mitochondrial shrinkage 
and reduced mitochondrial cristae [29]. Ferroptosis 

affects various tumor suppressors, making it a natural 
barrier to cancer development. Downregulation of 
ferroptosis by oncogenes contributes to tumor onset, 
progression, metastasis, and treatment resistance. 
However, some studies have shown that iron-deficiency 
anemia can limit tumor cell migration, invasion, and 
proliferation. Unique cancer cell metabolism, high 
oxidative stress, and genetic mutations make some cells 
prone to ferroptosis, aiding the treatment of certain 
cancers. Current literature indicates that ferroptosis is 
closely related to various diseases, including cancer [30]. 

Wang et al. [31] found that knocking down annexin 
A10 (ANXA10) induces ferroptosis in CRC cells by 
inhibiting autophagy-mediated TFRC degradation, thus 
suppressing CRC progression. Overexpression of miR-
15a-3p binds to GPX4, increasing ROS, Fe2+, and 
malondialdehyde levels in CRC cells, inducing 
ferroptosis [32]. Besides directly inhibiting GPX4 
expression, inhibiting the functional subunit SLC7A11 
of system Xc- also induces ferroptosis in CRC cells. 
Zhang et al. [33] discovered that the IMCA, the 
derivatives of centchroman, downregulated SLC7A11 
expression by modulating the AMPK/mTOR/p70S6k 
signaling pathway, thereby inhibiting CRC cell 
proliferation. 

1.5 Pyroptosis and CRC 

Pyroptosis was initially thought to be a form of 
apoptosis, sharing some features with apoptosis such as 
DNA damage and nuclear condensation. It is now 
recognized as a pro-inflammatory form of PCD. 
Pyroptosis can be triggered by extracellular or 
intracellular stimuli like bacteria, viruses, toxins, and 
chemotherapy drugs. In early stages, DNA damage in 
pyroptosis is minimal, and the nucleus remains intact. 
Initially, pyroptosis was associated with caspase-1, but 
recent studies show that other caspases, including 
caspase-3/4/5/6/8/9/11, can also induce pyroptosis in 
different cells. The effector proteins of pyroptosis are 
from the gasdermin family. Pyroptosis plays a 
significant role in various cancers, including CRC, 
gastric cancer, liver cancer, and breast cancer, making it 
a potential therapeutic target [34]. 

Chronic inflammation is a key pathogenic factor in 
CRC, with pyroptosis leading to the release of 
inflammatory factors that may contribute to CRC 
development. Downregulation of gasdermin C 
(GSDMC) weakens CRC cell proliferation, while 
overexpression of GSDMC supports proliferation and 
tumorigenesis, indicating that GSDMC has great 
potential as a therapeutic target for CRC [35]. Tan et al. 
[36] found that GSDME-mediated pyroptosis activated 
the ERK1/2 pathway via HMGB1 release, promoting 
tumor cell proliferation and proliferating cell nuclear 
antigen (PCNA) expression, which induced CRC 
development. lncRNA RP1-85F18.6 may inhibit 
pyroptosis by suppressing GSDMD activity, thus 
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promoting CRC cell proliferation, metastasis, and cell 
cycle disruption, ultimately leading to cancer 
progression [37]. 

2 PCD and Clinical Treatment of CRC 

Current CRC treatments mainly include surgical 
resection, radiotherapy, and chemotherapy. 
Programmed cell death is crucial for controlling cancer 
cell growth and spread, and treatment methods may 
influence whether cancer cells undergo PCD, impacting 
treatment responses and patient prognosis. 
Dysregulation of PCD can lead to resistance to 
radiotherapy and chemotherapy, worsening CRC 
prognosis. For instance, curcumin can significantly 
inhibit CRC by inducing caspase-3/GSDME-dependent 
pyroptosis and modulating anti-tumor immune 
responses [38]. Short-chain fatty acids like propionate 
and butyrate can induce autophagy in colon cancer cells 
to reduce apoptosis, while autophagy inhibition 
enhances apoptosis, suggesting that autophagy 
inhibitors might improve the therapeutic effects of 
short-chain fatty acids in colon cancer treatment [39]. 
The SRPK1/AKT axis enhances IKK kinase and IκB 
phosphorylation, promoting NF-κB nuclear 
translocation and enhancing the anti-apoptotic ability of 
colon cancer cells, leading to oxaliplatin resistance and 
poor CRC prognosis [40]. Thus, combining 
interventions in PCD with radiotherapy and 
chemotherapy may improve clinical efficacy and 
prognosis. Bcl-2/Bcl-xL inhibitor ABT-263 enhances 
the cytotoxic effects of radiation under normoxic 
conditions and reduces radiation resistance in cells 
exposed to acute or cyclic hypoxia [41]. Acridine 
orange, by enhancing apoptosis via the p53-dependent 
mitochondrial pathway and endoplasmic reticulum 
stress signals, can act as a radiosensitizer [42]. NF-κB 
activation can inhibit tumor cell apoptosis and induce 
chemotherapy resistance. Aspirin completely eliminates 
5-fluorouracil (5-Fu)-induced NF-κB activation and is a 
promising adjunctive therapy [43]. Alantolactone (ALT) 
has anti-tumor properties across various cancer cell 
lines. ALT induces CRC cell apoptosis through 
significant intracellular ROS accumulation and 
activation of JNK and p38 MAPK signaling pathways, 
showing stronger anti-tumor activity in combination 
with oxaliplatin, markedly reducing tumor cell 
proliferation, and can serve as an adjunctive treatment 
for oxaliplatin [44]. 

PCD is akin to a double-edged sword. Every defect 
or anomaly in the apoptotic pathway can potentially 
become an effective target in CRC treatment. There are 
many ways to alter the PCD pathways, leading to either 
reduced cell death or acquired resistance to cell death. 
Developing drugs targeting PCD and restoring the 
normal apoptosis signaling pathways to eliminate the 
defects that cancer cells rely on may represent a new 
treatment strategy for CRC. Anti-PD-1 or anti-PD-L1 

therapies are currently among the most advanced drugs, 
with the main advantage being their potential to increase 
sensitivity to traditional cancer therapies while 
producing fewer harmful side effects. Nivolumab, a 
monoclonal antibody targeting the PD-1 receptor, has 
been used in clinical treatment for CRC patients and has 
shown good tolerability, with no patients developing 
antibodies even after multiple doses, potentially 
extending the survival of patients with advanced CRC 
[12]. Using PLGA nanoparticles loaded with PD-1 
siRNA/PD-L1 siRNA to simultaneously inhibit the 
expression of PD-1 and PD-L1 on cytotoxic T 
lymphocytes (CTLs) and colon tumors has enhanced the 
effector functions of tumor-specific CTLs. Additionally, 
PD-L1 inhibition suppresses mTOR signaling, reducing 
tumor cell proliferation. Co-silencing PD-1 and PD-L1 
has a more significant impact on inhibiting tumor 
growth and reducing recurrence and metastasis, 
providing an effective therapeutic strategy for 
immunotherapy in colorectal cancer [45]. BH3-only 
proteins from the Bcl-2 family can trigger apoptosis by 
binding to and neutralizing the anti-apoptotic members 
of this family. The concept of "BH3 mimetics" has led 
to the development of small molecules that mimic BH3 
proteins to induce apoptosis. The prototype BH3 
mimetic ABT-737 selectively targets three pro-survival 
proteins: Bcl-xL, Bcl-2, and Bcl-w. Its oral derivative 
ABT-263 has shown therapeutic potential in clinical 
trials [46]. 

3 Summary and Outlook 

PCD occurs in various forms to address different 
environmental challenges, following specific 
mechanisms and appearing under certain conditions to 
determine cell fate. Dysregulation of PCD leading to 
abnormal cell growth can result in various diseases, 
particularly cancer. A large body of literature indicates 
that defects in the apoptotic pathways play a crucial role 
in cancer development, and many new therapeutic 
strategies targeting apoptosis are feasible for treating 
various types of cancer. 

In CRC research and treatment, utilizing PCD to 
predict disease progression, assess patient prognosis, 
and develop more effective treatment strategies is a 
promising direction. In recent decades, extensive 
research into the molecular mechanisms of cancer cell 
apoptosis has identified various molecules involved in 
the apoptotic pathways. Alterations in key participants 
of the apoptosis mechanisms can lead to evasion of 
apoptosis, resulting in tumor development and drug 
resistance. Therefore, evasion of apoptosis is a hallmark 
of cancer, and apoptosis-related proteins may be 
effective therapeutic targets. Researchers are focusing 
on developing strategies to reactivate apoptosis. Some 
molecules or therapeutic strategies are undergoing 
preclinical trials, while others have entered clinical 
trials. 
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However, research on PCD related to colorectal 

cancer still faces several challenges. For instance, most 
research results are derived from two-dimensional cell 
culture systems, whereas tumors are three-dimensional 
entities, and the interactions between the 
microenvironment and cancer cells play a significant 
role. This makes manipulating PCD more complex and 
necessitates further exploration. 

Overall, a deeper understanding of the regulatory 
mechanisms of programmed death in CRC cells can 
provide important guidance for prognosis assessment, 
treatment planning, and new drug development. This 
personalized approach is expected to improve treatment 
efficacy, reduce side effects, and enhance patient 
survival and quality of life. 
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