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Abstract: Colon cancer remains a significant health challenge worldwide, with inflammatory pathways such 
as TNF-α playing a central role in its progression. TNF-α, a key proinflammatory cytokine, is implicated in 
various stages of colon cancer development, including inflammation, tumor growth, and metastasis. This re-
view provides a comprehensive overview of the molecular mechanisms through which TNF-α contributes to 
colon cancer progression, with a focus on its interaction with signaling pathways like NF-κB, oxidative stress, 
and Wnt/β-catenin. In particular, TNF-α’s involvement in promoting tumorigenesis and its complex role in the 
tumor microenvironment highlight its potential as both a therapeutic target and a challenge for effective treat-
ment. This review also delves into the potential of anti-TNF-α therapies and the emerging role of combination 
strategies with immune checkpoint inhibitors. Despite promising preclinical findings, clinical application faces 
challenges due to the dual role of TNF-α in both promoting and inhibiting tumor progression. Future research 
should focus on overcoming resistance mechanisms, developing personalized therapeutic strategies, and bal-
ancing the effects of TNF-α in cancer therapy.  

Keywords: Colon Cancer; Tumor necrosis factor-alpha: Inflammatory pathway; Tumor; Oxidative stress; DNA 
damage; Therapeutic targeting 

 

1. Introduction 
Colon cancer is the third most frequent cancer globally, and it is more common in developed 

nations, especially in North America, Europe, and Australia. Rates are rising in Asia and Eastern 
Europe, particularly among older age groups, whereas they are stabilizing or declining in high-in-
come regions [1]. Colon cancer is classified into four main stages based on the TNM (Tumor, Node, 
Metastasis) system. In Stage I, the cancer is confined to the inner lining or muscle layer of the colon 
wall. Stage II involves the spread of cancer to nearby tissues without lymph node involvement. In 
Stage III, the cancer affects regional lymph nodes but has not metastasized to distant sites. Finally, in 
Stage IV, the cancer has spread to distant organs. Early detection at stages 0, I, or II raises the survival 
rate to over 80%; however, the chance of survival drops to below 10 percent in late-stage cases (III or 
IV) when cancer has spread. [2]. 

Treatment options for colon cancer include radiation therapy, chemotherapy, targeted therapy, 
cryosurgery, and surgery. Surgery is the main treatment for colon cancer, and while it cures about 
50% of patients, recurrence is a common problem. Chemotherapy is a crucial treatment approach, but 
it has severe side effects such hematologic issues gastrointestinal toxicity, and systemic toxicity from 
non-targeted drug distribution, which also leads to drug resistance. Although results are still not 
ideal, improvements in drug delivery techniques and molecular biomarker identification are meant 
to increase treatment selectivity and decrease side effects [3]. Rather than genetic mutations, environ-
mental factors have been implicated in the majority of colon cancer cases. Certain intestinal pathogens 
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and commensals, environmental and food-borne mutagens, and persistent intestinal inflammation—
which occurs before tumor development are risk factors. An important factor in the onset and spread 
of colon cancer is inflammation. In diseases like inflammatory bowel disease (IBD), chronic intestinal 
inflammation encourages DNA damage, epigenetic modifications, and the generation of reactive ox-
ygen and nitrogen species, all of which can result in tumor suppressor gene mutations. By secreting 
proinflammatory cytokines and chemokines, this inflammatory environment also promotes tumor 
growth, metastasis, and progression. One of the main proinflammatory cytokines in this process is 
tumor necrosis factor-alpha (TNF-α). In colon cancer, TNF-α stimulates transcription factors like Nu-
clear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and signal transducer and acti-
vator of transcription 3 (Stat3), which promote angiogenesis, cell proliferation, survival, and immune 
evasion. Both sporadic and colitis-associated colorectal cancers have been found to have elevated 
TNF-α level, which makes it an important target for therapeutic intervention [4]. 

The main objective of this study is to examine how TNF-α affects the pathophysiology of colon 
cancer, with a strong focus on how it regulates inflammation, tumor growth, and immune response. 
In order to improve treatment outcomes for individuals with colon cancer, the study intends to in-
vestigate TNF-α as a possible therapeutic target. 

2. Role of Tumor Necrosis Factor-alpha in colon cancer pathophysiology 
2.1. Overview of Tumor Necrosis Factor Alpha (TNF-α) 

Tumor necrosis factor alpha (TNF-α), as the name suggests, is capable of causing necrosis of 
tumor. It is an inflammatory cytokine produced by activated macrophages, T lymphocytes, and var-
ious immune cells. TNF-α is responsible for initiating various signaling pathways such as inflamma-
tion, cell survival and proliferation, and apoptosis as well. These pathways are activated upon bind-
ing of TNF-α to two receptors TNF-α type 1 receptor (TNFR1) and TNF-α type 2 receptor (TNFR2). 
It is noted that TNF-α is also produced by tumor cells however, its effect largely depends on the type 
of tumor and is influenced by the tumor microenvironment [5]. 

2.1.1. Structure and Function of TNF-α 
TNF-α is well known for the capacity to destroy tumors and was known as cachexin for this 

particular function; however, this cytokine has a complex role in the tumor microenvironment of 
colorectal carcinoma (CRC). The family of TNF proteins consists of membrane proteins and secreted 
cytokines that can bind to the cell surface receptors. As stated earlier, activated macrophages, T cells, 
various immune cells including natural killer cells and even tumor cells produce TNF-α [5]. At mo-
lecular level, the TNF-α is synthesized as a type 2 transmembrane precursor protein (tmTNF) weigh-
ing 26 kilodaltons (kDa). The TNF-α converting enzyme (TACE), a matrix metalloproteinase, then 
cleaves the tmTNF releasing the soluble molecule (sTNF) that weighs 17 kDa. The tmTNF and sTNF 
unify into groups of three forming a homotrimer to activate their cell function. The TNF gene located 
on chromosome 6, codes for the homotrimer TNF-α protein consisting of 157 amino acids. The two 
distinct cell surface receptors, TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2) mediate the bi-
ological actions and signaling pathways of TNF-α. Among these two receptors, TNFR1 is capable of 
initiating the majority of functions of TNF-α. It is heavily expressed on almost all cell types whereas 
TNFR2 is mainly expressed by immune cells [6]. The TNFR1 is widely studied for its double role; it 
helps in facilitating cell death or apoptotic signals due to the presence of the death domain (DD) and 
on contrary, it also has the ability to induce cell proliferation and survival signals. Death domain is 
the cytoplasmic domain of the type 1 receptor that aids in initiating signaling pathways as the TNFR 
lacks its own enzyme [7]. The primary signaling pathway in the case of TNFR1 is the anti-apoptotic 
pathway where nuclear factor kappa-B (NF-κB) is activated for cell survival. TNFR2 has a pro-sur-
vival function where the signaling pathway is activated via NF-κB [6]. 

2.2. Tumor Necrosis Factor Alpha (TNF-α) and Colorectal Carcinoma 
One of the common malignancies of the gastrointestinal tract is the colorectal carcinoma and it 

has also become one of the leading causes of cancer-related deaths worldwide [8]. Tumor cells release 
inflammatory cytokines to induce inflammation that significantly contributes to the progression of 
malignancy. TNF-α has various biological actions like inflammation, apoptosis, cell proliferation and 
differentiation. However, in the TME of colorectal cancer, elevated levels of TNF-α have been 
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recognized to play a role in tumor progression and metastasis. The tumor surrounding cells produce 
proinflammatory cytokines as well as various growth factors that accelerate the process of cell tran-
sition. The epithelial cells of a tumor acquire mesenchymal-like properties, and this process is called 
epithelial mesenchymal transition (EMT). These cells gain invasive and migratory properties and 
play an important role in the progression and metastasis of CRC. To evaluate the proliferation and 
migratory potential of cells treated with TNF-α, a wound healing assay was performed. In both cell 
lines TNF-α treatment rapidly closed the wound compared with the controls (p < 0.0001) and this 
result demonstrated the role of TNF-α induced EMT in colorectal cancer cases [9]. Another study 
conducted by Wang et al. revealed that TNF-α induced EMT in highly aggressive human colorectal 
carcinoma cell line HCT116 accelerated the cancer invasion and metastasis [10]. A study investigating 
the relation of serum levels of TNF-α with survival and progression of cancer in CRC patients had 
significant results. The study included 119 CRC cases and 177 controls recording highest levels of 
TNF-α in terminal stage CRC (42.7 ± 12.5 pg/mL). Additionally, patients with low serum levels of 
TNF-α had significantly higher median survival rate compared to those with high levels of TNF-α 
[11]. 

Early stage of CRC has analyzed low serum levels of TNFα whereas the TNFα serum levels 
remain elevated in advanced stages of CRC. High levels of TNF-α also influence the activation of pro-
oncogenic signaling pathways like nuclear factor κB (NF-κB) and activator protein 1 (AP-1) that help 
in cell survival and proliferation in CRC. A recent study evaluating the effect of TNFα on HT-29 
colorectal cancer cells, observed that TNFα secreted high levels of pro-tumorigenic cytokines IL-8 
and IL-6 that aided tumor progression [8]. A downstream transcription factor of the cytokine IL-6 is 
STAT3, which has an indispensable role in the development of various cancers including CRC. TNFα 
plays an important function in increasing the phosphorylation and the expression of STAT3 and its 
target genes that are related to the cell survival and metastasis of colorectal cancer [12]. Tumor necro-
sis factor-α-induced protein 8 (TNFAIP8/TIPE) is a family of proteins whose expression is regulated 
by TNFα. This family has many types of proteins including TNFAIP8-like 1 (TIPE1), TNFAIP8-like 2 
(TIPE2), and TNFAIP8-like 3 (TIPE3) proteins. It is to be noted that over-expression of TNFAIP8 is 
associated with pathogenesis of various cancers including CRC [13]. A 2014 study was conducted to 
better understand the mechanism of TIPE2 via caspase 8 in colon cancer patients and the study dis-
covered that TIPE2 was dominantly expressed in colon cancer tissues and its expression was linked 
to lymph node distant metastasis and Dukes stage of CRC [14]. Multiple other studies have recorded 
the relationship between TNF-α, and colon cancer as seen in table 1. 
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Table 1. Overview of studies investigating TNF-α role in colon cancer. 

Study Study design Sample size Objective Findings and results Conclusion 

Al Obeed et al. 
2014 [15] 

Retrospective co-
hort study 

 
 
 

30 

To detect TNF-α ex-
pression in CRC cells 
among Saudi patients 
and correlate it with 

cancer stages.  

TNF-α mRNA expression was higher in colorectal 
cancer than in normal tissue. High expression corre-
lated with Stage III/IV neoplasms (P = 0.004). 83% of 
patients showed strong TNF-α staining, while 10% 

showed weak and 7% were negative. 

High TNF-α expression 
may serve as a diagnostic 

marker and prognostic tool 
for advanced CRC stages. 

Li et al,2011 [18] 
Case-sontrol 

study 

180 colon cancer 
patients and 180 
control subjects 

To investigate associa-
tion between TNF alpha 
308G/A gene polymor-
phism and the risk of 

colon cancer. 

Individuals with TNF-alpha-308AA genotype had a 
higher risk of developing colon cancer to those with 

other genotypes. 

The TNF-alpha-308AA 
genotype is associated 

with an increased risk of 
colon cancer. 

Kaminska et 
al.,2005 [19] 

Observational 
study 

157 untreated col-
orectal cancer pa-

tients and 50 
healthy volun-

teers 

To evaluate clinical util-
ity of measuring cyto-
kines and their recep-

tors in colorectal cancer 
patients and assess their 
correlation with clinico-

pathological features 
and prognosis. 

Certain cytokines and their receptors were elevated 
in CRC patients compared to healthy controls.specifi-
cally, soluble tumor necrosis factor type 1 levels were 

identified as independent prognostic factors. 

Measuring serum levels of 
specific cytokines,particu-
larly sTNF RI, can provide 
valuable prognostic infor-
mation in untreated colo-

rectal cancer patients. 

Kemik et al.,2010 
[20] 

Observational 
study 

126 colon cancer 
patients and 36 

controls 

To analyze the 
association between 

TNF-alpha and colon 
cancer related cachexia  

other inflammatory 
markers, cytokines, and 

hormones. 

TNF-alpha levels were higher in patients with colon 
cancer patients compared to controls 

In colon cancer-related 
cachexia, TNF-α is an 
essential cytokine that 
promotes weight loss, 

systemic inflammation, 
and the spread of the 

malignancy. 

Babic et al.,2016 
[21] 

Prospective co-
hort study 

544 CRC patients 
(225 males from 

To investigate into the 
association between 

Higher sTNF-RII levels were linked to higher overall 
and CRC-specific death rates. The study observed 

TNF-alpha signaling may 
contribute to disease 
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the Health Profes-
sionals Follow-

Up Study and 319 
women from the 
Nurses' Health 

Study).  

colorectal cancer (CRC) 
patients' mortality and 
their levels of soluble 

tumour necrosis factor 
receptor type II (sTNF-

RII).  

that sTNF-RII, a marker of inflammation, may con-
tribute to the development of colorectal cancer. 

progression and resistance 
to treatment, as elevated 

sTNF-RII levels are associ-
ated with poorer survival 
outcomes in CRC patients. 

Chan et al.,2011 
[22] 

Case-control 
study 

from a group of 
32,826 women, 

280 cases of colo-
rectal cancer and 
555 matched con-

trols.  

This study looks at the 
association between col-

orectal cancer (CRC) 
risk and plasma inflam-
matory markers (CRP, 

IL-6, and sTNFR-2) and 
whether using aspirin 
or NSAIDs has a dis-
tinct impact on CRC 

risk depending on the 
levels of inflammatory 

markers.  

An elevated risk of colorectal cancer was linked to 
higher plasma levels of sTNFR-2. 

Following blood collection, women with elevated 
sTNFR-2 levels who began taking aspirin or NSAIDs 

had a markedly decreased risk of colorectal cancer 
(CRC). 

Aspirin/NSAID use did not significantly lower the 
risk of colorectal cancer in women with low sTNFR-2 

levels.  

CRC risk is linked to 
plasma sTNFR-2 levels 
(but not CRP or IL-6). 

Women with high sTNFR-
2 levels are less likely to 

develop colorectal cancer 
(CRC) when taking aspirin 
or NSAIDs, but not those 
with low levels. This im-
plies that anti-inflamma-
tory medications may be 
more beneficial for pre-

venting colorectal cancer 
in specific subgroups 

based on inflammation in-
dicators. 

Kapitanovic,2014 
[23] 

Case control 
study 

91 patients with 
sporadic colon 

adenocarcinoma 
and 100 healthy 

controls 

Four TNF-α promoter 
SNPs were examined 

for allelic frequencies in 
patients with sporadic 
colon adenocarcinoma 

in order to look into 
their potential signifi-

cance in sporadic colon 
cancer susceptibility. 

Furthermore, to 

TNF-α mRNA expression and tumor histological 
grade were shown to be significantly correlated, with 
grade 2 and grade 3 tumors exhibiting greater expres-

sion. 
A strong correlation was found between the TNF-α-

857 C/T genotype and elevated TNF-α mRNA expres-
sion in tumor tissue. 

TNF-α protein expression was detected in 78.26% of 
tumors; however, neither TNF-α genotypes nor 

Although TNF-α polymor-
phisms are not substan-

tially linked to an in-
creased risk of developing 
sporadic colon cancer, they 
may contribute to the dis-

ease's  progression. Tumor 
behavior may be impacted 

by the TNF-α-857 C/T 
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evaluate the impact of 
these TNF-α SNPs on 

TNF-α mRNA and pro-
tein expression in colon 
tumours as well as their 
possible involvement in 

the initiation and 
spread of tumours. 

clinicopathological features were associated with this 
expression. 

Although it was not statistically significant, patients 
with malignancies that did not have TNF-α protein 

lived longer.  

genotype's influence on 
TNF-α mRNA expression. 

Zhao and Zhang, 
2018 [24] 

Experimental 
study 

Cell Culture: 
HCT-116 human 
colon cancer cells 

were used. 
  

Involved HCT-
116 colon cancer 
cells treated with 
different TNF-α 
concentrations. 

To investigate how 
TNF-α regulates TROP-
2 expression and its im-

pact on colon cancer 
cell migration and inva-

sion in vitro. 

-TROP-2 Expression: 
 Increased at low TNF-α concentrations  

Low concentrations of 
TNF-α promote colon can-
cer cell migration and in-
vasion by upregulating 

TROP-2. 

Li et al,2017 [25] 
Tissue Sample 
Analysis Study 

108 human colon 
cancer tissue sam-

ples. 
 

To evaluate the expres-
sion and prognostic sig-

nificance of TNF-α in 
colon cancer. 

High TNF-α Expression: 
-Observed in colon cancer tissues and cell lines. 

Prognostic Significance: 
-High TNF-α levels were associated with poorer sur-
vival and identified as an independent adverse prog-

nosticator in colon cancer. 

TNF-α is a poor prognostic 
marker in colon cancer. 

Blocking TNF-α may im-
prove chemotherapy effi-

cacy, potentially benefiting 
colon cancer patients. 

M. Grimm et al., 
2011 [26 

In Vitro Study 104 patients 
Association between 

TNF-α and lymph node 
status in CRC patients 

94% of the patients with CRC expressed TNF-α. High 
TNF-α expression was significantly associated with 
positive lymph node stage and recurrence of the tu-

mor. 

TNF-α expression by tu-
mor cells may be an effi-
cient immunological es-
cape mechanism by in-

flammation enhanced me-
tastases and probably by 
induction of apoptosis in 
tumor-infiltrating CD8+ 

immune cells resulting in a 
down reg-ulation of the tu-
moral immune re-sponse. 
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Guo et al., 2023 
[27] 

In vitro study 

A total of 54 CRC 
and 60 gastric 

cancer samples 
were analysed 

with immunoflu-
ores-cence stain-

ing. 

Association be-tween 
TNF-α sig-naling sup-
pression and enhanced 

an-ti-PD1 immuno-ther-
apy 

Blocking TNF-α /TNFR2 signaling in colorectal can-
cer cells reduces CCR8+T regulatory cells, improving 
the efficacy of anti-PD1 immunotherapy and poten-
tially improving prognosis in patients with CRC and 

gastric cancer. 

Study findings provide in-
sights into the regulatory 
mecha-nisms of CCR8+ 
Tregs, and we propose 
TNFR2 as a promising 

therapeutic target for the 
treatment of CRC. 
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2.3. Tumor Necrosis Factor Alpha (TNF-α) and immune response 
Upon recognition of tumor cells, the body's immune response fuels inflammatory changes that 

contribute to carcinogenic processes. This inflammation feeds tumor growth by releasing bioactive 
molecules like growth factors, cytokines and chemokines. A declined immune response aids in the 
progression of malignant neoplasm. In the case of CRC, tumor cells acquire characteristics that help 
the tumor in evading immunological surveillance [15]. 

2.3.1. Pro-Inflammatory Role and Immune Activation 
In the early stages of CRC, TNF-α generates an inflammatory response in which the immune 

cells such as neutrophils and macrophages are recruited to the site of tumor. The prominent subtype 
of neutrophils known as N1 is initially released and gets transformed into NF2 as the cancer pro-
gresses [16]. One of the key signaling pathways that is responsible for transcription of pro-inflamma-
tory genes is the NF-κB pathway that gets activated via the TNF-α receptors (TNFR1 and TNFR2). 
Natural killer (NK) cells are a primary defence against the tumor cells. These cells include both types 
of receptors, activating and inhibitory receptors. The laboratory investigations in CRC patients have 
shown a decrease in type 1 NK cells whilst there has been an increase in type 2 NK cells in the early 
stages of cancer. The member D of group 2 (NKG2D) acts as an activating receptor while the member 
A (NKG2A) is an inhibitory receptor. The interaction between the ligands of NKG2D (NKG2DL) and 
NKG2D itself influences the survival, expansion and cytotoxic activity of NK cells that activates a 
strong immune response against colorectal cancer cells [17]. 

TNF-α activates the T cells and helps in maturating the antigen presenting dendritic cells. Cer-
tain inflammatory cytokines studied earlier like IL-6 which are produced by TNF-α also amplify the 
immune response in TME in early stages [7]. 

2.3.2. Immune Evasion 
Immune evasion is a strategic mechanism that allows cancerous cells to go unnoticed by the 

immune system. In CRC patients, this mechanism is mediated by the dual role of TNF-α. The regu-
latory T cells (Tregs) are expressed by the action of TNF-α and they undermine the function of the 
effector T cells. Tregs contribute by activating a complex network of signaling pathways leading to 
immunosuppression and tumor progression in CRC. Two most important pathways activated by the 
Tregs are PI3K/Akt/mTOR and the NF-κB pathway, both of which affect the effector T cells as those 
cells are the pathways activation site. The effector T cells are responsible for fighting off tumor cells 
however due to the activation of these pathways, the prime ability of the effector T cells, to produce 
inflammatory cytokines and eliminate the tumor cells, is greatly reduced. Moreover, the Tregs helps 
in activation of the STAT3 pathway by acting on tumor cells in order to promote immune evasion 
and tumor growth. Another factor that helps tumor cells to evade the immune system include the 
immune checkpoint inhibitors expressed by the tumor cells in response to TNF-α. The increased ex-
pression of immune checkpoint inhibitor programmed death-ligand 1 (PD-L1) downregulates the T-
cell responses, helping the tumor cells to escape the destruction by the immune system [14]. 

3. Mechanistic Insights of Pathways 
3.1. NF-κB Pathway Activation 

The NF-κB signaling pathway plays a central role in inflammation, immune response, and can-
cer, particularly in the context of colon cancer. Dysregulation of this pathway is a key factor in the 
development and progression of chronic inflammatory diseases like inflammatory bowel disease 
(IBD) and colitis-associated cancer (CAC). The transcription factor NF-κB, a family of proteins, is 
essential for maintaining intestinal homeostasis, regulating epithelial integrity, and managing the 
interactions between the gut epithelium and the microbiota. In IBD, NF-κB is activated in macro-
phages and epithelial cells of the inflamed mucosa, where it contributes to the inflammatory response 
and epithelial barrier dysfunction [28-31]. 

NF-κB is activated in response to various stimuli, including cytokines like TNF-α (Tumor Ne-
crosis Factor alpha), which is a potent inducer of NF-κB. TNF-α binds to its receptor TNFR1, trigger-
ing a cascade of signaling events that lead to NF-κB activation. Upon activation, NF-κB translocates 
to the nucleus, where it regulates the expression of genes involved in inflammation, immune 
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response, and cell survival. The interaction between TNF-α and NF-κB is critical in controlling both 
the immune response and the resolution of inflammation. TNF-α can also induce cell death mecha-
nisms, including apoptosis and necroptosis, which are regulated by NF-κB. In these pathways, NF-
κB activation can prevent apoptosis by inducing the expression of survival proteins like c-FLIP, 
whereas its absence may lead to cell death. The relationship between NF-κB and TNF-α is therefore 
essential for balancing immune responses, tissue repair, and cell fate decisions, making it a key player 
in both immune defence and disease processes such as cancer and inflammatory disorders [32]. 

The activation of NF-κB in colon cancer is primarily through the canonical and non-canonical 
pathways. The canonical NF- κB activation pathway, primarily triggered by TNF-α, begins with its 
binding to the TNF-α receptor (TNFR), leading to the recruitment of the IκB kinase (IKK) complex, 
which includes IKKα, IKKβ, and NEMO, through adaptor proteins like TRAF2 and RIP1. This inter-
action induces K63 ubiquitination of RIP1, facilitated by E3 ligases cIAP-1 and cIAP-2, providing a 
platform for IKK activation. IKK is subsequently activated through phosphorylation by upstream 
kinases, such as MEKK3 and TAK1, leading to the phosphorylation of IκB proteins, marking them 
for polyubiquitination and proteasomal degradation as shown in Figure 1. This degradation releases 
NF-κB dimers (e.g., p65/p50), allowing their translocation to the nucleus where they initiate the tran-
scription of genes involved in inflammation, immune responses, and cell survival. 

In the context of CAC, studies have shown that the deletion of IKKβ in intestinal cells can reduce 
tumor incidence, although it does not significantly affect tumor size, suggesting that NF-κB activation 
in non-epithelial cells, like macrophages, may be more critical for tumor progression. In contrast, 
deletion of IKKβ in myeloid cells leads to reduced tumor size, highlighting the importance of cell-
specific NF-κB activation in CAC development. Moreover, inhibition of NF-κB in intestinal epithelial 
cells through conditional ablation of the NF-κB essential modulator (NEMO) results in severe colitis 
and epithelial barrier compromise, further emphasizing the importance of NF-κB in maintaining in-
testinal epithelial integrity and controlling inflammation. 

In addition to canonical NF-κB signaling, the non-canonical pathway also plays a role in colon 
cancer, particularly in immune regulation and cell survival. This pathway is activated by TNF recep-
tors such as BAFFR, CD40, and LTβR and involves the stabilization of NIK (NF-κB-inducing kinase), 
leading to the processing of the precursor protein p100 into p52. The p52/RelB dimer then translocate 
to the nucleus to regulate gene expression as shown in figure 1. Although slower and more persistent, 
this pathway is crucial for long-term immune responses and tissue remodelling in the colon. 

Furthermore, redox signaling significantly influences NF-κB activation. Reactive oxygen species 
(ROS), produced by various stimuli such as TNF-α and IL-1, can modify NF-κB subunits, particularly 
by oxidizing cysteine residues, which enhances DNA binding and transcriptional activation. Lipid 
signaling molecules like ceramide, derived from diacylglycerol (DAG), also contribute to NF-κB ac-
tivation. The generation of ceramide through sphingomyelinase activation further supports NF-κB 
signaling by influencing key kinases and phosphatases. 

Given the complex role of NF-κB in regulating both inflammation and tumorigenesis, targeting 
this pathway offers a promising therapeutic strategy for treating colon cancer. Preclinical studies 
have demonstrated the involvement of TNF-NF-κB signaling in both tumor initiation and progres-
sion as well as in maintaining intestinal homeostasis. As such, targeting specific components of the 
NF-κB pathway, including IKKβ, NEMO, or TNF receptors, could potentially serve as an effective 
therapeutic approach for treating CAC and other related inflammatory disorders [28-31]. 
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Figure 1. The canonical and non-canonical NF-κB signaling pathways. The canonical pathway, triggered by 
TNF-α, leads to p65/p50 translocation into the nucleus. The non-canonical pathway, activated by CD40L, results 
in p52/RelB nuclear translocation. 

3.2. Induction of Oxidative Stress and DNA Damage 
Oxidative stress plays a major role in causing DNA damage, potentially resulting in mutations 

and genomic instability, which is a characteristic of numerous diseases, such as cancer. DNA is highly 
vulnerable to oxidative harm from reactive oxygen species (ROS), including hydroxyl radicals, which 
can lead to base alterations, single-strand breaks (SSBs), and double-strand breaks (DSBs). Oxidative 
stress can indeed lead to around 10,000 DNA changes per cell each day, with a significant share of 
this damage resulting from ROS-induced lesions. A widely researched and prevalent oxidative DNA 
damage is 8-hydroxydeoxyguanosine (8-OHdG), which is formed through the oxidation of guanine, 
a base especially susceptible to changes because of its low oxidation potential. If left unrepaired, 8-
OHdG can cause mutations, especially G:C to T:A transversions, commonly observed in mutated 
oncogenes and tumor suppressor genes. 

To mend oxidative DNA damage, cells depend on various DNA repair mechanisms, such as 
base excision repair (BER) and nucleotide excision repair (NER). In BER, DNA glycosylases, includ-
ing 8-oxoguanine DNA glycosylase (OGG1), identify and eliminate damaged bases such as 8-OHdG, 
resulting in an abasic site. An AP endonuclease subsequently processes the site, kicking off the repair 
mechanism and returning the DNA sequence to its original state. NER, conversely, tackles a broader 
spectrum of DNA lesions, including those caused by ROS, by excising the damaged oligonucleotide 
and resynthesizing the strand utilizing the complementary DNA template. NER functions via two 
sub-pathways: Global Genome NER (GG-NER), which examines the complete genome for helix-dis-
torting damage, and Transcription-Coupled NER (TC-NER), which addresses damage that hinders 
transcription. The XPC protein and its accessory subunits are essential for recognizing DNA damage 
in GG-NER. Shortcomings in NER components, such as XPC, can lead to greater susceptibility to UV 
radiation and an elevated risk of skin cancer. 

Additionally, ROS can trigger DNA repair genes via the influence of transcription factors such 
as AP-1 and CREB/c-Jun. These elements attach to DNA and trigger the transcription of repair genes, 
including apex1 and neil1, which play a role in BER. This illustrates how the repair system acts in a 
coordinated way to address oxidative stress and preserve genomic integrity. Nevertheless, the exact 
processes through which ROS directly influence the expression of DNA repair genes remain unclear. 

The effects of oxidative DNA damage are considerable, as it can result in replication mistakes 
and genomic instability. The 8-OHdG lesion, for instance, may mispair with adenine or cytosine 
while DNA is replicated, thereby enhancing mutation. Moreover, ROS is capable of altering nucleo-
tides within the nucleotide pool, generating compounds such as OH8dG, which may be integrated 
into DNA during replication, possibly leading to mutations. Increased amounts of oxidative DNA 
damage indicators like 8-OHdG and 8-nitroguanine are often linked to multiple cancers and other 
illnesses as displayed in figure 2. These biomarkers act as crucial instruments for assessing oxidative 
stress and comprehending its function in disease progression [33, 34]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 April 2025 doi:10.20944/preprints202504.1204.v1

https://doi.org/10.20944/preprints202504.1204.v1


11 of 19 

 
Figure 2. Oxidative Stress and DNA Repair Mechanism. Oxidative stress induces DNA damage, leading to 8-
OHdG formation and DNA repair responses. Successful repair via base or nucleotide excision pathways main-
tains genomic stability, while failure leads to mutations, genomic instability, and increased disease risk. 

3.3. Crosstalk with Wnt/𝛃-catenin and STAT3 signaling Pathways 
Colorectal cancer (CRC) is often characterized by the dysregulation of the Wnt/β-catenin signal-

ing pathway, a crucial cascade responsible for maintaining intestinal homeostasis. In normal condi-
tions, the Wnt signaling pathway is tightly regulated to ensure appropriate cell proliferation, differ-
entiation, and apoptosis. However, in CRC, epigenetic alterations frequently disrupt this regulation. 
DNA methylation of key Wnt antagonists such as the SFRP family (Secreted Frizzled-Related Pro-
teins), WIF1 (Wnt Inhibitory Factor 1), and DKK3 (Dickkopf-related protein 3) has been well docu-
mented. These DNA methylation events lead to the transcriptional silencing of these critical Wnt 
inhibitors, removing their ability to restrain the pathway. As a result, the Wnt/β-catenin signaling 
cascade becomes abnormally activated, contributing to uncontrolled cell proliferation, survival, and 
tumor progression, hallmark features of CRC. 

The epigenetic silencing of Wnt antagonists results in the stabilization and nuclear translocation 
of β-catenin, a central player in the Wnt pathway. In the absence of Wnt inhibitors, β-catenin accu-
mulates in the cytoplasm, where it escapes degradation and translocates into the nucleus. Once in the 
nucleus, β-catenin binds to the T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) family of 
transcription factors, forming a transcriptional complex that drives the expression of genes that pro-
mote cellular proliferation, survival, and the prevention of apoptosis. This dysregulated activation of 
the Wnt/β-catenin pathway plays a central role in CRC tumorigenesis, highlighting the potential of 
targeting epigenetic modifications to restore normal Wnt signaling and suppress tumor growth. 

One therapeutic approach for reversing the methylation-driven silencing of Wnt antagonists in-
volves the inhibition of DNA methyltransferases (DNMTs), the enzymes responsible for adding me-
thyl groups to DNA. In CRC, DNMT inhibition has been shown to reduce the stem-like properties of 
cancer cells. This effect is mediated by the demethylation of key genes that normally inhibit Wnt 
signaling, such as SFRP1, leading to a reduction in the aberrant activation of the Wnt/β-catenin path-
way. Specifically, SFRP1 methylation is critical for maintaining the stem cell population within colo-
rectal tumors, suggesting that reactivating the expression of SFRP1 through DNMT inhibition could 
diminish the self-renewal potential of CRC stem cells, thereby limiting tumor progression and me-
tastasis. 

The relationship between Wnt/β-catenin signaling and TNF-α (Tumor Necrosis Factor-alpha) is 
complex, involving intricate interactions between these pathways, particularly in inflammation and 
immune regulation. Wnt signaling, especially through the canonical β-catenin-dependent pathway, 
regulates critical cellular processes such as proliferation, differentiation, and apoptosis. Under nor-
mal conditions, Wnt signaling stabilizes β-catenin, allowing it to translocate to the nucleus and acti-
vate transcription of genes involved in these processes. Conversely, TNF-α, a key pro-inflammatory 
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cytokine, typically activates the NF-κB signaling pathway, driving inflammation and immune re-
sponses. Interestingly, β-catenin has been shown to interact with NF-κB, with studies indicating that 
the stabilization of β-catenin can modulate the activity of NF-κB, either enhancing or suppressing its 
transcriptional activity depending on the cellular context. In inflammatory diseases, such as inflam-
matory bowel disease (IBD), dysregulated Wnt/β-catenin signaling often exacerbates inflammation, 
while β-catenin’s role in immune cells, particularly dendritic cells (DCs), helps maintain a balance 
between pro-inflammatory Th1/Th17 and anti-inflammatory Treg cells. This cross-talk between 
Wnt/β-catenin and TNF-α/NF-κB pathways highlights a potential regulatory mechanism in control-
ling immune responses and inflammation, with β-catenin acting as a rheostat for immune tolerance 
and inflammation. Understanding this relationship could offer insights into therapeutic strategies for 
inflammatory and autoimmune diseases [35]. 

The canonical Wnt/β-catenin signaling pathway is initiated when Wnt ligands, such as Wnt1, 
Wnt3a, or Wnt5a, bind to receptors on the cell membrane, including the Frizzled family of receptors 
and the co-receptor LRP5/6 (Low-Density Lipoprotein Receptor-Related Protein 5/6). This ligand-re-
ceptor interaction triggers a cascade of intracellular events that result in the stabilization of β-catenin. 
Under normal conditions, β-catenin is tightly regulated by a destruction complex that includes pro-
teins such as APC (Adenomatous Polyposis Coli), GSK3β (Glycogen Synthase Kinase 3 beta), and 
CK1 (Casein Kinase 1), which promote its phosphorylation and subsequent degradation. However, 
when Wnt ligands are present, this destruction complex is inhibited, leading to the accumulation of 
β-catenin in the cytoplasm. Stabilized β-catenin then translocate to the nucleus, where it interacts 
with TCF/LEF transcription factors to activate the transcription of genes involved in cell cycle pro-
gression, anti-apoptotic signaling, and cellular differentiation. 

In the context of CRC, this canonical Wnt/β-catenin signaling not only drives tumorigenesis but 
also enhances the ability of cancer cells to survive under stressful conditions, such as oxidative stress, 
which is often present in the tumor microenvironment. Under oxidative stress, reactive oxygen spe-
cies (ROS) can damage cellular components, leading to apoptosis. However, Wnt signaling can coun-
teract this damage by activating pro-survival pathways. One such pathway involves the transcription 
factor STAT3 (Signal Transducer and Activator of Transcription 3). When Wnt signaling is active, it 
triggers the phosphorylation of STAT3 at tyrosine 705 (Tyr705), a modification that activates STAT3 
and allows it to translocate into the nucleus. In the nucleus, STAT3 promotes the expression of genes 
involved in cell survival, including anti-apoptotic proteins such as Bcl-2 and Mcl-1. The activation of 
the Wnt-STAT3 signaling axis is particularly important in CRC cells, where it helps the tumor cells 
resist oxidative stress and survive in the face of harmful environmental conditions. 

The importance of STAT3 in this protective mechanism is underscored by studies showing that 
depletion of STAT3 diminishes the pro-survival effects of Wnt signaling. This suggests that STAT3 is 
a critical mediator of Wnt-driven cellular defence in CRC. In fact, the Wnt-STAT3 pathway acts as a 
key pro-survival mechanism that enables CRC cells to endure stressful conditions and maintain tu-
morigenic potential, further supporting the notion that targeting components of this pathway could 
provide therapeutic benefit in CRC treatment. 

In summary, the Wnt/β-catenin signaling pathway is central to the development and progres-
sion of CRC, with epigenetic silencing of Wnt antagonists driving its aberrant activation. This dysreg-
ulation enhances cellular survival, particularly under conditions of oxidative stress, through the ac-
tivation of STAT3. Understanding the molecular mechanisms underlying Wnt/β-catenin and Wnt-
STAT3 signaling in CRC provides critical insights into potential therapeutic strategies aimed at re-
storing normal signaling and inhibiting tumor growth. Targeting the epigenetic modifications that 
silence Wnt antagonists, as well as the Wnt-STAT3 pathway, may offer promising avenues for CRC 
treatment and prevention [34, 36-39]. 

4. TNF-α as a therapeutic Target in Colon cancer 
TNF-α plays a critical role in the progression of colon cancer, with its high expression associated 

with poor prognosis [25, 40]. TNF-α promotes tumor growth by stimulating macrophages to produce 
pro-tumorigenic factors such as colony-stimulating factor-1 (CSF-1), vascular endothelial growth fac-
tor-A (VEGF-A), and matrix metalloproteinase-2 (MMP-2) [41]. It also enhances the epithelial-to-mes-
enchymal transition, increasing tumor invasiveness [42]. 

Targeting TNF-α with monoclonal antibodies like infliximab has shown promise in colon cancer 
treatment. This therapy induces antibody-dependent cellular cytotoxicity and complement-
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dependent cytotoxicity, promoting apoptosis and enhancing cell death [40]. When combined with 
chemotherapy agents such as oxaliplatin or 5-fluorouracil, anti-TNF-α treatment demonstrates syn-
ergistic effects, leading to tumor regression in preclinical models [25, 40]. 

Moreover, TNF-α inhibitors, Infliximab, Adalimumab, and Etanercept, are used to modulate the 
inflammatory response by blocking TNF-α activity. These inhibitors have shown potential in reduc-
ing inflammation and tumor growth in colorectal cancer models [43]. For instance, the blockade of 
TNF-α signaling has been shown to suppress colorectal cancer progression and enhance the efficacy 
of immunotherapies by reducing regulatory T cell infiltration in the tumor microenvironment [27]. 
The therapeutic use of TNF-α inhibitors in colon cancer is promising, particularly in cases associated 
with chronic inflammation, such as ulcerative colitis. However, the use of TNF-α inhibitors is not 
without challenges. They can have side effects, including the potential for malignancy development, 
and their long-term safety requires careful monitoring [43]. Novel approaches, such as the use of 
selective inhibitors like Takinib, which sensitize cells to TNF-α-induced cell death, are being investi-
gated for their potential to enhance cancer treatment efficacy [44]. Additionally, the identification of 
small-molecule inhibitors that disrupt TNF-α activity offers another avenue for therapeutic develop-
ment as seen in table 2 [45]. 
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Table 2. Therapeutic Targeting of TNF-α in Colon Cancer: Mechanisms, Monoclonal Antibody Therapy, and Clinical Implications. 

Aspect Details 

Biological Role of TNF-α Plays a critical role in colon cancer progression. High expression of TNF-α correlates with poor prognosis [25,40]. 

Mechanisms of Action 
Stimulates macrophages to produce pro-tumorigenic factors such as CSF-1, VEGF-A, and MMP-2 [41]. Enhances epithelial-to-

mesenchymal transition (EMT), increasing invasiveness [42]. 

Therapeutic Targeting TNF-α is a key target in colon cancer due to its involvement in tumor-stromal interactions and inflammatory pathways. 

Monoclonal Antibody Therapy 
Infliximab (anti-TNF-α monoclonal antibody) induces antibody-dependent cellular cytotoxicity (ADCC) and complement-de-

pendent cytotoxicity (CDC), promoting tumor cell apoptosis [40]. 

Combination Therapy 
Synergistic effects when combined with chemotherapy agents like oxaliplatin or 5-fluorouracil, resulting in tumor regression in 

preclinical models [25,40]. 

Clinical Implications  TNF-α antagonists are currently being tested in clinical trials as a part of novel treatment strategies for colon cancer. 
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5. Limitations and future direction 
This review focuses mainly on TNF-α's involvement in colon cancer, possibly ignoring the con-

tributions of other cytokines, signaling pathways, and molecular mechanisms that might also be im-
portant in the development of the illness. Furthermore, some of the information presented originates 
from preclinical research, which might not accurately reflect clinical outcomes in humans. The ther-
apeutic potential of treating TNF-α in patients with colon cancer requires more clinical data, espe-
cially from randomized controlled trials. Additionally, although TNF-α is examined as a therapeutic 
target in the review, the mechanisms of resistance that may emerge during anti-TNF-α therapy are 
not thoroughly covered, despite the fact that these processes are essential for creating more potent 
and long-lasting treatment plans. 

Targeted molecular therapies and personalized immunotherapy are two examples of upcoming 
precision medicine developments that may assist overcome resistance and enhance results. The ef-
fectiveness of treatment may be improved, for instance, by targeting different immune checkpoints 
(such as Siglec-15) or combining immune checkpoint inhibitors with substances like CD40 agonists. 
Furthermore, more individualized and successful approaches may be made possible by genetic pro-
filing and advanced methods like circulating tumor cell (CTC) detection, especially for high-risk in-
dividuals [46-48]. 

Targeting TNF-α therapeutically is made more difficult by its dual function as a tumor suppres-
sor and promoter, as well as its capacity to encourage metastasis through mechanisms such mi-
croRNA-21 activation and TROP-2 overexpression. One of the challenges in creating TNF-α-based 
treatments is balancing these consequences [49,50,9]. 

The study clearly outlines the crucial role that TNF-α plays in the pathophysiology of colon 
cancer, specifically its role in inflammation, tumor growth, and immune response. It also provides 
useful insights into the processes by which TNF-α contributes to the advancement of colon cancer by 
integrating existing preclinical and clinical findings. It also emphasizes the significance of additional 
research to improve therapy methods. Despite the drawbacks associated, TNF-α remains a promising 
therapeutic target in colon cancer. 

6. Conclusion 
TNF-α plays a multifaceted role in the pathophysiology of colon cancer, acting as both a pro-

moter and a suppressor of tumor progression. The cytokine’s involvement in inflammation, immune 
modulation, and the tumor microenvironment makes it a crucial factor in cancer development. While 
preclinical studies support the therapeutic targeting of TNF-α, clinical applications have shown 
mixed results, highlighting the complexity of balancing TNF-α’s dual roles. Anti-TNF-α therapies, 
particularly monoclonal antibodies, have demonstrated promising effects in reducing inflammation 
and tumor progression, but the emergence of resistance mechanisms underscores the need for im-
proved therapeutic strategies. Ultimately, a deeper understanding of TNF-α signaling and its inter-
actions with other oncogenic pathways, such as NF-κB, Wnt/β-catenin, and STAT3, will pave the way 
for more effective and personalized treatments for colon cancer. 
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TNF-α Tumor necrosis factor alpha  
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells  
Stat3 Signal transducer and activator of transcription 3  
CRC Colorectal Cancer  
DNA Deoxyribonucleic acid 
ROS Reactive oxygen species 
Wnt Wingless-Type 
EMT Epithelial mesenchymal transition 
TNFR1 TNF-α type 1 receptor  
TNFR2 TNF-α type 2 receptor 
HT-29 Human colorectal adenocarcinoma cell line 
IBD Inflammatory bowel disease 
IKK IκB kinase 
TRAF2 Tumor necrosis factor receptor-associated factor 2 
RIP1 Kinase receptor interacting protein 1  
NEMO Nuclear factor-kappa B Essential Modulator 
8-OHdG 8-hydroxydeoxyguanosine 
GG-NER Global Genome NER  
DNMTs DNA methyltransferases 
TROP-2 Tumor-associated calcium signal transducer 2 
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