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From the Centers for Disease Control and Prevention (CDC), colorectal cancer (CRC), also known as bowel cancer,

refers to cancers that originate in the colon or rectum. This is further defined by the positioning of the cancer, dictating

whether it is termed colon cancer or rectum cancer. Biomarkers play an important role in the early diagnosis and targeted

treatment of CRC. Biomarkers of CRC can be widely characterized into two major groups: diagnostic and clinical

biomarkers. NF-κB comprises a family of five transcription factors that regulate the expression of a variety of genes

involved in several biological processes. These processes include inflammation, cellular development and differentiation,

cell cycle progression, cell migration and so on. As a major nexus of inflammation and cancer, NF-κB signaling has been

reported to be extensively implicated in CRC progression. From the formation of polyps to the development of an invasive

adenocarcinoma, NF-κB has been shown to play a role in multiple stages of malignancy development in the colon.
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1. NF-κB Signaling and Its Important Role in CRC
1.1. NF-κB Signaling

NF-κB comprises a family of five transcription factors that regulate the expression of a variety of genes involved in several

biological processes. These processes include inflammation, cellular development and differentiation, cell cycle

progression, cell migration and so on . The members of the NF-κB family include RelA/p65, RelB, c-Rel, NF-

κB1(p50/p105) and NF- κB2(p52/p100), and they function as dimers in two separate but interconnected arms of the NF-

κB pathway: the canonical pathway and the non-canonical pathway. As shown in Figure 1, in the canonical pathway,

which is often activated by growth factors, lipopolysaccharides (LPS) and cytokines, the inhibitor of κB kinaseβ (IKKβ) in

the IKK complex is phosphorylated. Phosphorylated IKKβ triggers a signaling cascade that results in the phosphorylation

of IκBα and its subsequent degradation, causing the translocation of p65 and p50 heterodimers into the nucleus . The

binding of p65/p50 dimers to their cognate κB motif leads to the expression of NF-κB target genes. On the other hand, the

non-canonical pathway, which is mainly involved in cell development, is activated by tumor necrosis factor receptor

(TNFR) superfamily members’ ligands, including cluster of differentiation 40 ligand (CD40L), B-cell activating factor

(BAFF), receptor activator of nuclear factor-κB ligand (RANKL) and lymphotoxin-β (LT-β) . The stimulation of TNFR

induces the phosphorylation of NF-κB-inducing kinase (NIK), which further phosphorylates IKKα. Then, activated IKKα

induces the phosphorylation of p100, triggering its proteasomal processing to p52. Following the transformation of p100 to

p52, the p52/RelB dimer undergoes nuclear translocation to promote gene transcription .
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Figure 1. NF-κB signaling pathways. (A) Canonical NF-κB receptors TNFR, IL-1R and TLR are activated by their

respective ligands, resulting in IKKβ activation. CRC biomarkers such as IL-6, IL-1 and TNFα can enhance this activity.

Activated IKKβ phosphorylates IκBα, which causes its subsequent ubiquitination, separation from the p65/p50 complex

and proteasomal degradation. p65/p50 heterodimers then translocate to the nucleus and can bind to their respective DNA

elements and promote gene transcription. (B) In the noncanonical NF-kB signaling pathway, activation of noncanonical

NF-κB receptors, including RANK and CD40, activates NIK, resulting in IKKα phosphorylation. Activated IKKα then

phosphorylates p100, causing its polyubiquitination and processing to p52 via proteasomal degradation. The p52/RelB

heterodimer then translocates to the nucleus to bind to its respective DNA elements.

1.2. Myriad Functions of NF-κB Signaling and Complex Interactions between Cancer Cells and the Tumor
Microenvironment (TME) in CRC

As a major nexus of inflammation and cancer, NF-κB signaling has been reported to be extensively implicated in CRC

progression. From the formation of polyps to the development of an invasive adenocarcinoma, NF-κB has been shown to

play a role in multiple stages of malignancy development in the colon . Interestingly, the aberrant activation of NF-κB

has been reported in about 50% of CRC patients, and it has also been shown to promote the development of colitis-

associated cancer . As depicted in Figure 2, this constitutive activation of NF-κB drives the establishment of a pro-

inflammatory tumor microenvironment in CRC, which feeds into multiple cancer hallmarks, including increased cell

survival, proliferation, metastasis and angiogenesis. For example, in CRC, NF-κB upregulates the expression of anti-

apoptotic proteins like Bcl-2-associated athanogene-1(BAG-1), B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma-extra-

large (Bcl-xL) proteins. Similarly, enhanced NF-κB function in CRC promotes he expression of proinflammatory cytokines

such as TNFα, IL-6 and IL-1β, increases the levels of angiogenic factors like HIF-1α, IL-8 and VEGF and facilitates the

expression of metastatic genes, including several chemokines, cytoskeletal genes and matrix metalloproteinases (MMPs)

. Moreover, as governed by dysregulated upstream proteins, such as protein arginine methyltransferase 5 (PRMT5),

NF-κB has been shown to contribute to CRC cell growth, anchorage-independent growth and cell migration . NF-

κB also hampers the effectiveness of current CRC chemotherapeutic drugs via upregulation of anti-apoptotic proteins and

chemokines .

Figure 2. The myriad and varied interactions between NF-κB signaling in cancer and the tumor microenvironment (TME).

(A) Increased NF-κB activation in cancer cells can result in the release of proinflammatory cytokines into the TME. This

results in stimulation of cancer-associated fibroblasts (CAFs), immune cell infiltrates (such as macrophages) and

noncancerous cells to release IL-6 and TNFα, as well as promoting STAT3 activation. Release of these factors back into

the TME further enhances NF-κB activation in cancer cells. (B) Mutations of proteins in other pathways or lack of

expression of those proteins have been shown to enhance NF-κB activation. These include mutant EGFR and KRAS in

the RAS-RAF signaling pathway as well as miRNAs in numerous signaling pathways. Dysregulation of key regulators in

NF-κB signaling such as PRMT5 can also contribute to upregulation of NF-κB activity. (C) NF-κB downstream target

genes can act to promote a proinflammatory microenvironment by promoting the release of antiapoptotic factors such as

Bcl-xL and Bcl-2, proinflammatory factors TNFα and IL-6, angiogenic factors VEGF and IL8 and proinflammatory

chemokines. Furthermore, release of pro-inflammatory cytokines can restimulate NF-κB activation. All these factors

contribute to a continual stimulation of NF-κB signaling and an increasingly pro-inflammatory environment.

Besides these factors, NF-κB also plays a critical role in the tumor microenvironment (TME) of cancer cells (Figure 2).

Specifically in the context of CRC, IL-6 and TNFα act to mediate inflammation and cancer in the TME . IL-6 has

been shown to be increased in the tumor tissue and serum of patients with CRC and is correlated with lower patient
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survival . TNFα has also been shown to have high serum expression in CRC patients and is linked with poor prognosis

. This high expression of IL-6 and TNFα promotes invasion, metastasis, angiogenesis, and therapeutic resistance 

. NF-κB activation can result in activation of Stat3, which can lead to greater interactions and communication between

cancer cells and the TME . Interactions between cancer cells and the TME are critical for maintenance of tumor growth

. Additionally, immune cell infiltrates of tumor-associated macrophages can produce IL-6 and TNFα in CRC . Another

important component of the TME are cancer stromal fibroblasts (CAFs), which in CRC, also produce IL-6, further

enhancing the interaction with the TME . These data suggest the critical importance and complex nature of NF-κB

signaling in relation to signaling within the TME between cancer cells and noncancerous cells in the microenvironment.

Collectively, these studies demonstrate the all-encompassing role that NF-κB plays in CRC progression and the potential

it holds as a viable target for CRC treatment.

2. NF-κB Signaling-Related CRC Biomarkers

The prototypical NF-κB is the p65/p50 heterodimer. Both subunits have been suggested as CRC biomarkers. As shown

in Table 1, p65 overexpression in CRC tissue has been correlated with increasing tumor staging and decreased overall

survival . In one study, NF-κB expression in patients who had stage-III CRC tumors resected was identified as an

independent indicator of patient survival. In addition to the p65, the p50 subunit of NF-κB also plays an important role in

CRC (Table 1). For instance, in a radiotherapy study for rectal cancer, NF-κB activation resulted in NF-κB target genes’

upregulation and increased cell survival , where the p50 subunit served as a prognostic biomarker for overall survival

. In addition to radiotherapy, hyperactivation of NF-κB has been linked to chemoresistance in CRC . For example,

NF-κB hyperactivation led to therapeutic resistance to chemo drugs, such as fluorouracil or 5-FU, oxaliplatin and

irinotecan. In particular, irinotecan resistance through NF-κB hyperactivation is a difficulty for later-stage metastatic CRC

. These results indicate the importance of NF-κB subunits p65 and p50, as both diagnostic and prognostic

biomarkers of CRC.

Table 1. NF-κB-related CRC biomarkers.

Symbol Description Type of Biomarker (Diagnostic or Clinical) References

p65 P65 subunit of NF-κB Diagnostic

p50 P50 subunit of NF-κB Clinical (radiation)

KRas Kirsten rat sarcoma viral oncogene homolog Clinical/diagnostic (chemotherapeutic)

mir-21 microRNA 21 Diagnostic

NKILA NF-κB interacting lncRNA Diagnostic

mir-103 microRNA 103 Diagnostic

mir-107 microRNA 107 Diagnostic

FOXK2 Protein forkhead box K2 Diagnostic

P2 × 7R P2 × 7 receptor Diagnostic

GADD45B Growth arrest and DNA damage inducible Beta Clinical/diagnostic (chemotherapeutic)

Apart from NF-κB itself, other biomarkers linked to NF-κB signaling include the mutational status of KRAS (Table 1). That

is determined in part because it affects treatment with anti-epidermal growth factor receptor (EGFR) monoclonal

antibodies which are commonly used for metastatic CRC treatment . Since there is crosstalk between NF-κB and the

RAS-RAF signaling pathway, oncogenic KRAS can cause NF-κB activation  (Figure 3). Unsurprisingly, knockdown of

KRAS reduces p65 expression in CRC cells, and patients with KRAS mutations also have been shown to have higher p65

expression . Overall, this evidence indicates that NF-κB activation due to KRAS mutations decreases survival and

chemotherapeutic response for patients with metastatic CRC . Importantly, one study in CRC patients with wild-type

KRAS treated with irinotecan and monoclonal antibodies for EGFR showed tumors highly expressing p65 had less

survival and chemotherapeutic response than patients with NF-κB negative tumors, suggesting the critical importance of

NF-κB expression in CRC prognosis, independent of KRAS .

Recently, some new biomarkers were identified in basic scientific settings. As summarized in Table 1, for instance,

microRNA 21 (miR-21) was identified as a positive regulator of Ki-67 and promoter of NF-κB activity in colitis-associated

CRC mouse models . Other targets were the combination of NF-κB-interacting lncRNA (NKILA) microRNA 103 (miR-
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103) and microRNA 107 (miR-107), which were shown to be upregulated or downregulated in CRC compared to normal

tissue . Another biomarker was protein forkhead box K2 (FOXK2), which was found to be upregulated in metastatic

CRC tissues . Interestingly, the P2 × 7 receptor (P2 × 7R) has been shown to be upregulated in CRC tissue and

triggers cellular proliferation and invasion through hyper NF-κB activity . Additionally, high growth arrest and DNA

damage-inducible beta (GADD45B) expression in CRC has been shown to be linked to poor prognosis and therapeutic

response through increased NF-κB activity . It will not be surprising if more candidate biomarkers continue to emerge,

some of which will surely be explored for their potential application as CRC biomarkers in clinical settings in the future.
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