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Simple Summary: Necrosis is a type of cell death characterized by plasma membrane rupture
and the induction of inflammation. This review focuses on colorectal cancer and outlines the role
of programmed necrosis in tumor development. Potential strategies for anti-tumor treatment via
targeting programmed necrosis are also discussed.

Abstract: For quite a long time, necrosis was considered a chaotic and unorganized form of cell death.
However, studies conducted during the past few decades unveiled multiple types of programmed
necrosis, such as necroptosis, pyroptosis and ferroptosis. These types of programmed necrosis
have been shown to play crucial roles in mediating pathological processes, including tumorigenesis.
Almost all key mediators, such as RIPK3 and MLKL in necroptosis, GSDMD and caspase 1/11 in
pyroptosis and GPX4 in ferroptosis, are highly expressed in intestinal epithelial cells (IECs). An
aberrant increase or decrease in programmed necrosis in IECs has been connected to intestinal
disorders. Here, we review the pathways of programmed necrosis and the specific consequences of
regulated necrosis in colorectal cancer (CRC) development. Translational aspects of programmed
necrosis induction as a novel therapeutic alternative against CRC are also discussed.
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1. Introduction

The human gut is a complex organ with a surface area of more than 30 m2 that is
involved in multiple critical processes, including nutrient absorption and digestion, waste
excretion and barrier regulation [1]. It deals with tremendous environmental challenges,
such as microbial antigens and food allergens. These challenges alone or together with
genetic predispositions may affect intestinal homeostasis, which, in turn, leads to intestinal
disorders. Colorectal cancer (CRC) is a major health challenge and has been identified as
the third most frequent type of cancer [2]. The progressive transformation of intestinal
epithelial cells (IECs) into cancerous cells results in colorectal tumorigenesis [3]. Both
IEC and colorectal tumor cells have been shown to be sensitive to multiple types of cell
death [4,5].

Although remarkable progress in anti-tumor treatment has been achieved during the
last few years, improving the overall prognosis remains a big challenge. In this sense,
strategies developed to induce cell death in tumor cells have shown great potential in anti-
tumor treatments. Apoptosis was used mostly synonymously with regulated cell death for
quite a long time and several apoptosis inducers have been used for anti-tumor treatment [6].
However, caspase 8, a key molecule in mediating apoptosis, is frequently inactivated in
human cancers [7,8]. The inactivation of caspase 8 in tumor cells blocked apoptosis and
sensitized cells to necroptosis, a form of programmed necrosis [9]. Besides necroptosis,
our knowledge about other types of programmed necrosis, such as caspase-dependent
pyroptosis and caspase-independent ferroptosis, has also dramatically expanded. All three
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programmed necrosis forms can be therapeutically targeted [10–12]. Accumulating data
suggest that programmed necrosis regulates CRC development [13–15]. In this review, we
aim to summarize the existing data on the role of programmed necrosis in colorectal cancer
and highlight the possibility of therapeutic interventions.

2. An Overview of Programmed Necrosis

Based on the morphological characteristics, most cell death processes can be identified
as apoptosis or necrosis. Apoptosis is characterized by the shrinkage of cells and fragmen-
tation into membrane-bound apoptotic bodies, while necrosis is described as a process
involving membranous swelling of the organelles and DNA degradation [16]. Apoptosis
was considered as the only type of programmed cell death before programmed necrosis
was identified. Programmed necrosis is defined as a genetically controlled cell death mode
with necrotic morphological features [17]. Necroptosis, pyroptosis and ferroptosis are three
well-known forms of programmed necrosis.

Necroptosis was the first discovered programmed necrosis (Figure 1). It is induced
upon caspase 8 inhibition/deficiency and TNFα stimulation and induces cell death via the
necroptotic pathway [18]. Aside from TNFα, a number of other stimuli have been shown to
be able to induce necroptosis via targeting their specific receptors. These receptors include
other members of the Tumor Necrosis Factor Receptor (TNFR) superfamily, Pattern Recog-
nition Receptors (PRRs), T Cell Receptors (TCRs) and Z-DNA-binding protein 1 (ZBP1) [19].
Of the different stimuli, TNF-induced necroptosis is currently the best-characterized necrop-
totic pathway. The binding of TNF to the TNFR1 induces a conformational change in TNFR1
receptor trimers, leading to the formation of complex I, a multi-protein complex comprising
receptor-interacting serine/threonine-protein kinase 1 (RIPK1), TNFR-associated death
domain (TRADD), TNF receptor-associated factor 2 (TRAF2), cellular inhibitor of apoptosis
protein 1/2 (cIAP1/2) and others [20]. Within complex I, RIPK1 plays a crucial role in
regulating cell fate. Upon polyubiquitination by cIAP1/2, RIPK1 and other components
reinforce complex I and drive nuclear factor kappa B (NF-κB) activation, which promotes
cell survival [21]. On the other hand, RIPK1 can be deubiquitinated by cylindromatosis
(CYLD), leading to the suppression of the NF-κB pathway and instead, activation of cell
death pathways. In that situation, a protein complex known as complex II forms. It still
includes RIPK1, TRADD, TRAF2 and CIAP1/2, but now also FADD, caspase-8 and RIPK3
can be part of the complex with the potential to drive apoptosis and necroptosis. In the
presence of caspase 8, RIPK1 and RIPK3 are cleaved and cells undergo apoptosis. However,
upon pharmacological inhibition or genetic deficiency of caspase 8, RIPK1 and RIPK3
auto- and transphosphorylate each other, leading to the formation of a microfilament-like
complex called the necrosome that directs cells to necroptosis [21]. Mixed Lineage Ki-
nase Domain-like (MLKL), an effector protein downstream of RIPK1 and RIPK3, executes
necroptosis when phosphorylated via plasma membrane translocation. In addition to the
canonical necroptosis pathway, studies also identified that programmed necrosis, under
certain conditions, can still occur when one of these mediators is missing. For example,
MLKL mediates programmed necrosis in hepatocytes independently of RIPK3 [22]. Necrop-
tosis seems to be a complex cell death process. Defining its exact role in physiological
and pathophysiological processes and in relation to apoptosis requires studies in different
organs and model systems.
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Figure 1. Key programmed necrosis pathways. The classical necroptotic pathway is activated by 
TNF stimulation. TNF binds to TNFR1 and leads to the formation of complex I. In the absence of 
caspase 8 activity, RIP1 interacts with RIPK3, FADD and MLKL to form complex IIb, which medi-
ates necroptosis. Pyroptosis has been considered as gasdermin-mediated necrosis. Endogenous 
caspases and lymphocyte-derived Granzyme A/Granzyme B are able to cleave and activate individ-
ual gasdermins (GSDM) which further triggers pyroptosis. Ferroptosis is a failsafe rather than a 
typical cell death pathway. GPX4 and FSP1 prevent lipid peroxidation which is key to drive ferrop-
tosis. 

3. Programmed Necrosis in Colorectal Tumor Cells 
During the development of CRC, stress, including metabolic effects from the tumor 

microenvironment, triggers the activation of cell death pathways. Programmed necrosis 
is one of the major types of cell death in tumor cells [47]. Its induction has been shown to 
have dual effects: promoting or reducing tumor growth in different types of cancers. The 
induction of programed necrosis kills tumor cells and, therefore, inhibits tumor develop-
ment. On the other hand, programmed necrosis, as lytic cell death, also releases intracel-
lular contents into the extracellular milieu, which, in turn, triggers inflammatory re-
sponses and may promote tumor development. Here, we discuss the current knowledge 
of the roles of necroptosis, pyroptosis and ferroptosis in CRC development. 

Necroptosis in tumor cells appears to be a favorable factor for colorectal tumor clear-
ance, as downregulation of several of the key molecules in necroptotic signaling, such as 
RIPK3 and MLKL, are related to poor prognosis in CRC [48–50]. The low expression of 
RIPK3 in human colorectal tumors was found to be associated with poor disease-free sur-
vival and overall survival. Functional roles of RIPK3 in CRC were confirmed in inflam-
mation-associated and sporadic murine colorectal tumor models, as RIPK3 deficiency sig-
nificantly aggravated tumor burden in both models [51,52]. In contrast to these studies, a 
recently published study reported that RIPK3 deficiency or MLKL deficiency had no im-
pact on inflammation-associated or sporadic colorectal tumor development in mice [53], 
suggesting that necroptosis is rather irrelevant for CRC development. Further studies will 
be required to better understand these conflicting observations. However, different mouse 
backgrounds or microbiota might be underlying these differences, as genetic effects and 
gut microbiota have been identified as key players in regulating CRC development 
[54,55]. Of note, most of the current studies target MLKL or RIPK3 as a tool to study the 
consequence of blocking necroptosis in CRC development. However, accumulating data 
show necroptosis-independent functions of RIPK3 and MLKL [56,57]. More specific strat-
egies for targeting necroptosis without affecting other pathways will be very helpful to 
dissect these functions.  

Figure 1. Key programmed necrosis pathways. The classical necroptotic pathway is activated by
TNF stimulation. TNF binds to TNFR1 and leads to the formation of complex I. In the absence of
caspase 8 activity, RIP1 interacts with RIPK3, FADD and MLKL to form complex IIb, which mediates
necroptosis. Pyroptosis has been considered as gasdermin-mediated necrosis. Endogenous caspases
and lymphocyte-derived Granzyme A/Granzyme B are able to cleave and activate individual gasder-
mins (GSDM) which further triggers pyroptosis. Ferroptosis is a failsafe rather than a typical cell
death pathway. GPX4 and FSP1 prevent lipid peroxidation which is key to drive ferroptosis.

Pyroptosis is a type of gasdermin-mediated necrosis (Figure 1). Six proteins have been
included in the gasdermin protein family so far: GSDMA, GSDMB, GSDMC, GSDMD,
GSDME (also known as DFNA5) and DFNB59 (also known as pejvakin) [23]. Members of
this family contain a C-terminal and an N-terminal domain. The N-terminal domain harbors
activity in executing pyroptosis while the C-terminal domain inhibits the activity [24]. In
order to mediate pyroptosis, the N-terminal domain has to be intact and liberated from the
C-terminal domain by cleavage. Of this group of proteins, GSDMD is the most extensively
studied [25]. The linker region between the N- and C-terminal domains of GSDMD is generally
cleaved by inflammatory caspases, such as caspase 1, caspase 8 and caspase 4/5/11 [26]. In
addition to these caspases, cathepsin G and neutrophil-derived elastase are also able to
release the N-terminal domain of GSDMD [27,28]. Upon release, the N-terminal domain
translocates to the membrane where it assembles into a pore structure via a Ragulator-Rag-
mTORC1-dependent pathway [29]. As a result, small molecules, such as IL-1β, are released
from the cells via these pore structures. Subsequently, the cell-surface protein Nerve Injury-
induced Protein 1 (NINJ1) mediates plasma membrane rupture and results in the release of
lactate dehydrogenase (LDH) and other large damage-associated molecular patterns [30].
Interestingly, unlike the caspases mentioned above, which activate GSDMD, caspase 3 has
been shown to cleave the N-terminal region of GSDMD, thereby inhibiting its function in
pyroptosis induction [31]. In addition to GSDMD, the N-terminal domains released from
granzyme A-cleaved GSDMB, caspase 8-cleaved GSDMC or granzyme B/caspase 3-cleaved
GSDME have also been shown to mediate pyroptosis [25,32–36]. GSDMA has recently been
reported to be cleaved by a protease virulence factor, SpeB, released by human pathogen
group A Streptococcus [37].

Ferroptosis is another recently identified form of programmed necrosis. Ferroptosis is
mediated by iron-dependent accumulation of lipid peroxidation (Figure 1) and dysfunc-
tion of molecules that prevent lipid peroxidation results in the execution of ferroptotic
cell death [38]. Glutathione peroxidase 4 (GPX4), a phospholipid hydroperoxidase that
converts glutathione into oxidized glutathione to reduce cytotoxic lipid peroxides, is
the most-studied molecule in ferroptosis [39]. Defects in glutathione synthesis or defi-
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ciency/inhibition of GPX4 result in phospholipid hydroperoxide (PLOOH) accumulation
in cells and subsequently, leads to the induction of ferroptosis. RSL3 is frequently used
as a GPX4 inhibitor to induce ferroptosis while erastin induces ferroptosis by blocking
glutathione synthesis via targeting cysteine import. Together with genetic tools, these
two pharmacological inhibitors are indispensable for ferroptosis research. More recently,
GPX4-independent pathways of ferroptosis suppression have been identified. Ferropto-
sis suppressor protein 1 (FSP1), also known as apoptosis-inducing factor mitochondria
associated 2 (AIFM2), has been shown to be recruited to the plasma membrane to pre-
vent ferroptosis [40,41]. In addition, GTP cyclohydrolase-1 (GCH1) and prominin 2 were
identified as negative regulators of ferroptosis [42,43]. It is now widely accepted that
ferroptosis is a type of cell death involved in oxidative and metabolic stress. Cells, which
show active metabolism and ROS overload, such as cancer cells, are potentially more
sensitive to ferroptosis. Mutations of several oncogenes, including RAS and TP53, have
been associated with ferroptosis inhibition [44]. Furthermore, epithelial-to-mesenchymal
transition (EMT), a process believed to generate cancer stem cells and metastasis, sensitizes
tumor cells to ferroptosis [45,46]. Thus, targeting ferroptosis may provide new strategies
for cancer therapy.

3. Programmed Necrosis in Colorectal Tumor Cells

During the development of CRC, stress, including metabolic effects from the tumor
microenvironment, triggers the activation of cell death pathways. Programmed necrosis
is one of the major types of cell death in tumor cells [47]. Its induction has been shown to
have dual effects: promoting or reducing tumor growth in different types of cancers. The in-
duction of programed necrosis kills tumor cells and, therefore, inhibits tumor development.
On the other hand, programmed necrosis, as lytic cell death, also releases intracellular
contents into the extracellular milieu, which, in turn, triggers inflammatory responses and
may promote tumor development. Here, we discuss the current knowledge of the roles of
necroptosis, pyroptosis and ferroptosis in CRC development.

Necroptosis in tumor cells appears to be a favorable factor for colorectal tumor clear-
ance, as downregulation of several of the key molecules in necroptotic signaling, such as
RIPK3 and MLKL, are related to poor prognosis in CRC [48–50]. The low expression
of RIPK3 in human colorectal tumors was found to be associated with poor disease-
free survival and overall survival. Functional roles of RIPK3 in CRC were confirmed
in inflammation-associated and sporadic murine colorectal tumor models, as RIPK3 defi-
ciency significantly aggravated tumor burden in both models [51,52]. In contrast to these
studies, a recently published study reported that RIPK3 deficiency or MLKL deficiency
had no impact on inflammation-associated or sporadic colorectal tumor development in
mice [53], suggesting that necroptosis is rather irrelevant for CRC development. Further
studies will be required to better understand these conflicting observations. However,
different mouse backgrounds or microbiota might be underlying these differences, as
genetic effects and gut microbiota have been identified as key players in regulating CRC
development [54,55]. Of note, most of the current studies target MLKL or RIPK3 as a
tool to study the consequence of blocking necroptosis in CRC development. However,
accumulating data show necroptosis-independent functions of RIPK3 and MLKL [56,57].
More specific strategies for targeting necroptosis without affecting other pathways will be
very helpful to dissect these functions.

Pyroptosis is characterized as the consequence of gasdermin activation. The role
of pyroptosis in infectious diseases has been well established, while only a few studies
have focused on tumor development and the exact roles of pyroptosis on CRC are largely
unknown. Multiple strategies have been developed to induce pyroptosis in cultured tumor
cells via targeting different gasdermins. Lobaplatin, an anti-tumor drug, has been shown to
induce GSDME-dependent pyroptosis [58]. In a co-culture system, cytotoxic lymphocytes
induced pyroptosis in tumor cells and the killing effects resulted from the cleavage of
GSDMB by lymphocyte-derived granzyme A [32]. Interestingly, the robust pyroptosis
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induction observed in vitro seems not to directly affect tumor development in vivo, as
GSDME deficiency or GSDMB overexpression failed to alter tumor growth [32,58]. One
possible explanation for this discrepancy is the pro-inflammatory response induced by
pyroptosis in vivo, which might promote tumor cell proliferation and compensate for the
tumor cell loss associated with cell death. Of note, it has also been shown that GSDMD
deficiency switches cells from pyroptosis to apoptosis and GSDME sufficiency switches
cells from TNF-induced apoptosis to pyroptosis [35,59]. The possibility of switching types
of cell death indicates that pyroptosis may serve as an alternative cell death under certain
conditions. Thus, knocking out a particular gasdermin only blocks pyroptosis but other
types of cell death may fill the gap, so the overall cell death remains constant with or without
the gasdermin in vivo. Furthermore, pyroptosis-induced anti-tumor immunity should also
be considered as GSDMB has been shown to dramatically improve anti-tumor effects of anti
PD-1 therapy [32]. Interestingly, the effects of pyroptosis can also vary, depending on the
models used. For example, GSDME-mediated pyroptosis has been shown to promote the
development of colitis-associated colorectal cancer [14], but not in a xenograft model [58].
Little is known about the role of GSDMC in CRC, but the sparse evidence points to a
functional role of GSDMC-induced pyroptosis in tumorigenesis. GSDMC expression is
notably upregulated in experimental CRC as well as in CRC patients [60]. In 2016, it was
shown that silencing GSDMC in CRC lines promotes tumor growth in vivo and in vitro,
supporting the anti-tumor role of pyroptosis in CRC and uncovering GSDMC as a new
oncogene [60]. Furthermore, a recent publication unveiled that in an acidic environment,
tumor cells are sensitized to α-ketoglutarate (αKG)-induced pyroptosis [33]. In short,
αKG boosts ROS level and caspase 8 activation, which, in turn, cleaves GSDMC. This
opens the way of using αKG as a new strategy in CRC treatment through the induction of
GSDMC-mediated pyroptosis [33].

Ferroptosis was discovered in 2012 and, since then, the induction of ferroptosis by spe-
cific molecules has been shown to inhibit tumor growth in multiple cancer types, including
CRC [61]. RSL3-targeted GPX4 inactivation is a classical method to induce ferroptosis and
it has been shown to decrease CRC development in a xenograft mouse model [62]. Some
chemotherapeutic drugs, such as cisplatin, have been shown to induce ferroptosis [63].
Cisplatin treatment depletes intracellular GSH and results in GPX4 inhibition-induced
ferroptosis [64]. Moreover, the combination of cisplatin and classical ferroptosis inducers,
such as erastin and RSL3, significantly enhance the anticancer effects of cisplatin [64–66].
In addition, targeting ferroptosis has been shown to overcome conventional CRC drug re-
sistance [67,68]. Recent studies showed that cell density affects ferroptosis sensitivity via
E-cadherin and the Hippo pathway [46,69]. As decreased E-cadherin and the Hippo pathway
activity in tumor cells have been shown to associate with EMT and tumor metastasis [70], ferrop-
tosis may also regulate tumor metastasis. Indeed, GPX4 inhibition has been shown to sensitize
melanoma and breast tumor cells to ferroptosis and reduce metastatic capability [71,72]. This
finding is especially interesting given that tumor metastasis is the leading cause of death
in patients with cancers [73]. To the best of our knowledge, there is currently no in vivo
evidence available regarding the role of ferroptosis in CRC metastasis. However, it is likely
that metastatic CRC cells may also be sensitive to ferroptosis. Further studies are needed to
prove or disprove this assertion.

4. Crosstalk between Programmed Necrosis and Anti-Tumor Immunity

Programmed necrosis has been considered as a highly inflammatory variant of cell
death [74]. It involves the release of intracellular molecules called Danger-associated Molec-
ular Patterns (DAMPs). The DAMPs seem necessary for the recruitment and maturation
of immune cells in the tumor microenvironment. Recently, several types of programmed
necrosis, including necroptosis, pyroptosis and ferroptosis, were reported as immunogenic
cell death (ICD), associated with anti-tumor immunity [5] (Figure 2).
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Figure 2. Programmed necrosis-induced anti-tumor immunity. The induction of necroptosis in tumor
cells releases DAMPs and triggers CD8+ T cell- and dendritic cell-mediated tumor suppression.
IL1β and IL18 derived from pyroptotic tumor cells can also trigger the CD8+ T cell and NK cell-
mediated anti-tumor immunity, respectively. Ferroptosis induces anti-tumor immunity via the release
of HMGB1.

Necroptosis was firstly confirmed as an ICD in 2016 and has been shown to be par-
ticularly involved in antigen presentation and cross-priming of CD8+ T cells [75–77].
Necroptotic tumor cells release massive DAMPs to trigger CD8+ T cell-mediated cytotoxic
effects. The presence of necroptotic tumor cells also promotes proliferation of CD8+ T cells
and maturation of bone-marrow-derived dendritic cells (DC) [77]. In support of this role,
a recent study revealed the requirement of BATF3+ cDC1 cells and CD8+ leukocytes in
necroptosis-induced anti-tumor immunity [78]. Using necroptotic tumor cells as a prophy-
lactic tumor vaccination, in vivo studies showed very promising anti-tumor effects [76–78].
In addition to that, necroptotic fibroblasts can also be used for prophylactic tumor vacci-
nation. Similar to the anti-tumor effects obtained from the experiments performed with
necroptotic tumor cells, vaccination with necroptotic fibroblasts also dramatically decreases
tumor burden [78]. Both vaccination strategies that use necroptotic tumor cells or fibroblasts
induce anti-tumor immunity via CD8+ T cells [5]. However, different mechanisms were
identified. Necroptotic tumor cells induce CD8+ T cell activation via a DAMP-dependent
pathway while necroptotic fibroblasts induce DAMP-independent but NF-kB-dependent
anti-tumor immunity [77,78]. Surprisingly, unlike the strong anti-tumor immunity observed
by these two vaccination strategies, which conduct cell implantation, a genetically modified
murine model showed a complete opposite result in colon tumor development. Defective
necroptosis, due to RIPK3 depletion, increases anti-tumor immunity, as evidenced by an increase
in tumor infiltrating CD8+ T cells as well as a reduction in myeloid-derived suppressor cells
(MDSCs) and tumor-associated macrophages (TAMs) [79]. What is more, TAMs also exhibited a
shift from tumor-promoting type 2 macrophages (M2) to tumor inhibiting type 1 macrophages
(M1). A potential explanation for the observed discrepancy may be the necroptosis-independent
roles of RIPK3, as RIPK3 has been shown to regulate intestinal cell proliferation [80]. It is
possible that RIPK3 regulates anti-tumor immunity via a necroptosis-independent pathway.
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Further studies need be conducted to address the anti-tumor immunity in multiple in vivo
models with better strategies to silence or activate necroptosis.

Pyroptosis was identified as an inflammatory form of lytic cell death, which is me-
diated by gasdermin proteins. GSDMD is the best-studied gasdermin protein and the
pathways leading to GSDMD-mediated pyroptosis involve the formation of inflamma-
somes. Inflammasomes are large multiprotein complexes that recruit executioner caspases,
such as caspase 1 or caspase 4/5/11 [81]. These caspases are known for cleaving GSDMD
upon pyroptosis induction. Therefore, pyroptosis is tightly connected to inflammasomes,
especially the NLRP3 inflammasome [82]. NLRP3 mediates anti-tumor immunity in CRC
via two key cytokines, IL18 and IL1β. The formation of NLRP3 has been shown to induce
IL18 expression and NLRP3 deficiency decreased its expression [82]. NLRP3 deficiency
increased colorectal tumor burden and liver metastasis in the AOM-DSS model via an
IL18-dependent pathway. Additionally, IL18 administration significantly reduced the
effects induced by NLRP3 deficiency [83,84]. NLRP3-mediated IL18 release has been
shown to activate NK cells, which, in turn, inhibit tumorigenesis [85]. In transplantation
tumor models, IL1β has been shown to be required for cross-priming CD8+ T cells [86].
Further studies also showed that exogenous IL1β delivery enhances antigen-dependent
CD8+ T cell immunity [87,88]. In addition, IL1β administration also increased CD8+ T
cell numbers in vivo via promoting cell trafficking and survival [89]. Given the crucial
role of CD8+ T cells and NK cells in anti-tumor immunity, it is not surprising to find
that pyroptosis induction decreased tumor growth [90]. Interestingly, studies have shown
that pyroptosis can also be induced via inflammasome-independent pathways [32,58],
raising the question whether pyroptosis induces anti-tumor immunity independent of
inflammasome formation. Multiple immune cells have been shown to be necessary for
triggering pyroptosis in tumor cells. For example, cytotoxic T lymphocytes and NK cells
express and release granzyme A into targeted tumor cells to cleave and activate GSDMB,
leading to tumor cell pyroptosis [32]. Both cell types can also release granzyme B to acti-
vate GSDME-mediated pyroptosis in tumor cells [36]. The studies mentioned above also
showed that the combination of pyroptosis induction with immunotherapy significantly
decreased tumor size, further indicating a strong connection between anti-tumor immunity
and inflammasome-independent pyroptosis.

Ferroptosis is distinct from the other two forms of programmed necrosis, which are
frequently induced during immune responses. It remains largely unknown whether ferrop-
tosis induction affects anti-tumor immunity [5]. Tumor cells undergoing ferroptosis are
known to release DAMPs, such as HMGB1, which is a key protein for inducing immune
responses [91]. It is highly likely that ferroptosis is able to trigger immune response and that
the immune system, in turn, affects the ferroptotic process. However, limited functional
evidence is available at present, though we do know that CD8+ T cells sensitize tumor
cells to ferroptosis via IFNγ-STAT1-mediated SLC7A11 down-regulation [92]. Another
study provided indirect evidence, as immune-cell-derived IL4 and IL13 suppressed GPX4
expression while it increased ALOX15 expression in several cell types [93]. Since down-
regulated GPX4 or up-regulated ALOX15 has been connected to ferroptosis induction [94],
it is possible that immune-cell-derived IL4/IL13 expression sensitizes tumor cells to fer-
roptosis. On the other hand, ferroptosis induction in vivo has been shown to promote the
recruitment of immune cells, especially neutrophils [19,95,96]. The mechanism behind
neutrophil recruitment remains unknown. Further studies are needed in order to identify
the role of ferroptosis in CRC.

5. Targeting Programmed Necrosis in Colorectal Cancer

CRC is a malignant tumor with a high mortality rate worldwide and, therefore, mul-
tiple treatments, including surgery, radiotherapy, chemotherapy, immunotherapy and
biologics, are widely used to improve overall CRC survival [97]. Apoptosis was the first
identified programmed cell death mode induced in tumors, following some of these treat-
ments and since then, several treatments have been developed to induce apoptosis in
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tumor cells. Surprisingly, more and more patients have been found to be resistant to
these treatments as tumor cells develop apoptosis resistance over time [98,99]. Therefore,
targeting different types of programmed necrosis may provide a promising strategy for
cancer therapy and drugs/treatments have been summarized elsewhere [5]. Radiother-
apy, a widely used treatment in cancer therapy, was found to induce necroptosis in CRC
cells [100]. Small-molecular-weight proteins, such as apoptin, have been shown to induce
pyroptosis in cancer cells via the GSDME-dependent pathway [101]. In addition to the
classical ferroptosis inducer RSL3, chemotherapy drugs, such as cisplatin or nanoelici-
tor, were found to induce ferroptosis in tumor cells [64,102,103]. Interestingly, additional
therapeutic benefit has been achieved in tumor treatment when cell death induction was
combined with immune checkpoint inhibition [5,78]. This effect may be partly due to a
direct involvement of immune cells in programmed necrosis. Take an example of GSDMB-
induced pyroptosis, its induction requires cytotoxic lymphocyte-released granzyme A [32].
In this case, T cell activation is crucial for pyroptosis induction and tumor growth inhi-
bition. Meanwhile, induction of necroptosis and pyroptosis is associated with greater
CD8+ T cell infiltration, as discussed above. The enrichment of CD8+ T cells facilitates
immunotherapy [104]. Therefore, cell death induction and immunotherapy can have syner-
gistic effects in anticancer therapy. Clinical trials combining immune checkpoint inhibitors
with chemotherapy/radiotherapy have been recently reviewed elsewhere [5].

Despite the promising anti-tumor effects achieved by targeting programmed necrosis,
concerns remain about these treatment strategies. The major concern is the inflammatory
response induced by programmed necrosis [105]. Cells undergoing necroptosis, pyroptosis
or ferroptosis release massive amounts of intracellular contents, including DAMPs, into the
extracellular milieu, which trigger pro-inflammatory responses. The response may promote
tumor cell proliferation or induce cytokine expression, which can be harmful for patients.

6. Conclusions

Our understanding about the ways of cells undergoing programed cell death has been
accelerating over the past few decades. Several new types of programed necrosis, such as
necroptosis, ferroptosis and pyroptosis, have been identified and more detailed knowledge
of these pathways has been revealed. These three programmed necrosis pathways provide
new targets in anticancer treatment, which may help to overcome the resistance of patients
to anti-tumor therapy. Induction of programed necrosis via genetic or pharmacological
approaches has been shown to provide anti-tumor potential in preclinical models of CRC.
However, there is skepticism that drugs or treatments could also target cells other than
tumor cells, such as immune cells and healthy intestinal epithelial cells. In addition, the pro-
inflammatory effects of necroptosis, pyroptosis and ferroptosis should also be considered.
Thus, it will be important in the future to design potent treatments that activate certain
types of cell death, specifically in tumor cells, with rigorous safety testing.
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