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Abstract: Colorectal cancer (CRC) is the second leading cause of death in cancer patients in the USA,
whereas the major cause of CRC deaths is hepatic metastases. The liver is the most common site
of metastasis in patients with CRC due to hepatic portal veins receiving blood from the digestive
tract. Understanding the cellular and molecular mechanisms of hepatic metastases is of dire need for
the development of potent targeted therapeutics. Immuno-signaling molecules including cytokines
and chemokines play a pivotal role in hepatic metastases from CRC. This brief review discusses the
involvement of three representative cytokines (TNF-α, IL-6 and IL-1β), a lipid molecule PGE2 and
two chemokines (CXCL1 and CXCL2) in the process of CRC liver metastases.
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1. Introduction

Colorectal cancer (CRC) constitutes 10.2% of tumor-related morbidity and 9.2% of
tumor-related mortality worldwide [1]. Fifty percent of CRC patients are prone to foster
the state of hepatic metastases during their disease, and these metastases are the major
cause of deaths [2,3]. Metastasis is a process of collective steps including shedding from the
primary tumor, invasion into and survival in the circulation, combat against host defense
systems, arrival at a new site, extravasation into the tissue and proliferation at the new
site [4]. However, the mechanisms regulating CRC liver metastasis is not fully understand.
Portal drainage of the gastrointestinal tract partially contributes to the excessive rate of
hepatic metastasis in CRC. At the same time, ancillary molecular variables are certainly
crucial in ascertaining whether CRC can metastasize into the hepatic tissue.

Tumor cells are obsessive to the inflammatory stroma, indicating that the tumor
microenvironment (TME) is the lucrative target for a therapeutic approach. The stromal
cells in the TME can secrete factors such as chemokines to recruit inflammatory cells, which
can produce soluble cytokines to aid cancer cell survival by avoiding the effect of host
defense mechanisms [5–7]. Elevated levels of cytokines such as tumor necrosis factor
alpha (TNF-α), interleukin (IL)-6 and IL-1β, a lipid molecule prostaglandin E2 (PGE2), and
chemokines such as CXC chemokine ligand 1 (CXCL1) and CXCL2 in the serum of CRC
patients were associated with cancer development and progression [8–10]. Thus, cytokines,
lipid molecules and chemokines are potential targets for anticancer therapies. The current
review evaluates the mechanistic roles of cytokines and chemokines in the process of CRC
hepatic metastasis.

2. Cytokines

Cytokines are signaling molecules that play a pivotal role in divulging within the
immune system and in permitting the exchange of information between immune system
and host tissue cells. Cytokines bind to receptors and trigger signal cascades in the recipient
cells to modify the functions or phenotypes. These complex signal cascades are able to
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interconnect a wide range of environmental factors. A variety of cytokine families exist
which are structurally related but perform divergent functions. Targeting the cytokines
is a robust proven method in various ailments, and yet many of the cytokines are under
investigation as therapeutic agents or targets [11–13].

3. TNF-α
3.1. TNF-α Discovery

As its name suggests, TNF-α was originally identified in 1975 as an anticancer agent
that causes endotoxin-induced hemorrhagic necrosis in sarcoma and other tumors, and
human TNF-α was cloned in 1984 [14,15]. It has been postulated that TNF-α executes a
pivotal function in inflammation and cancer [16]. TNF-α is produced as the transmembrane
inactive protein of 26-kilodaltons (kDa) in the plasma membrane of the cell processed
by a TNF-α-converting enzyme which aids in cleaving the extracellular domain of the
TNF-α precursor to release the soluble active protein of 17 kDa TNF-α [17]. Secreted TNF-α
functions in an autocrine/paracrine manner [18].

3.2. TNF-α Expression and Regulation in Primary Colon Tumor and Hepatic Metastasis

The major source of production of TNF-α in CRC is activated macrophages [18,19].
Natural killer cells, T lymphocytes, dendritic cells (DCs) and epithelial cells can also
produce TNF-α [20]. The increased expression of TNF-α in CRC tissues and serum are
positively associated with tumor recurrence, advancement and metastasis leading to de-
creased survival of CRC patients [21,22]. The expression of TNF-α can be regulated by
hypoxia at the transcriptional level. Specifically, we demonstrated that TNF-α is a direct
target gene of hypoxia inducible factor (HIF)-2α in intestinal epithelial cells [20]. Sullivan
et al. demonstrated that TNF-α is regulated by epigenetic modifications such as DNA
methylation, relocation of the TNF-locus into euchromatin, Histone H3 lysine 9 (H3K9)
methylation, histone acetylation and Histone H3 lysine 4 (H3K4) methylation at the TNF-α
locus [23].

3.3. TNF-α Function and Therapeutic Targeting Potential

The signaling of TNF-α is through the TNF receptor (TNFR). TNFR1 is expressed in
most cells, whereas TNFR2 is limited to certain cell types (myeloid cells, regulatory T-cells
and glial cells) and some endothelial cell types. Moreover, TNFR2 can be upregulated
in epithelial cells, fibroblasts and certain T- and B-cell subsets [24]. The enactment of the
TNF-α-signaling cascade downstream of the TNFR1 occurs through following four major
mechanisms [25] (Figure 1): (1) NF-KB: The Binding of TNF-α to TNFR1 facilities the
assembly of TNFR1-associated death domain (TRADD) complex containing TRAF2 and
receptor-interacting protein (RIP), which leads to activation of transforming growth factor
beta-activated kinase 1 (TAK1) and I kappa B kinase complex (IKK), comprised of two
kinases IKKα and IKKβ, and eventually increases nuclear accumulation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), thereby leading to cell survival [26].
(2) AP-1: After binding to TNFR1, TNF-α can also trigger the phosphorylation of mitogen-
activated protein 2 kinases (MAP2Ks) and in turn activates Jun-N-terminal kinase (JNK) and
activator protein-1 (AP-1) to promote CRC [27,28]. (3) Cell death: TNF-α causes apoptosis
or necrosis through caspase enactment by binding to TRADD complex to the FAS-associated
death domain (FADD). (4) Extracellular signal-regulated kinase (ERK): Another pathway
or mechanism of action for CRC cell migration and invasion was significant enhancement
or upregulation of the tumor-associated calcium signal transduction protein (TROP-2) by
TNF-α through activating the extracellular signal-regulated kinase (ERK) pathway [29].
It was also proposed that TNF-α-induced TNFR2 expression triggers the proliferation of
CRC cells and intestinal epithelial cells by stimulating the signal transducer and activator
of transcription-3 (STAT3) protein for tumor promotion [24,30]. TNF-α can also promote
accumulation and survival of the myeloid derived suppressor cells (MDSCs) via TNFR2
signaling [31].
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binding to TRADD complex to FADD. (4) ERK: Enhancement or upregulation of TROP-2 by TNF-α 
through activating ERK pathway. 

A few studies demonstrate the dual role of TNF-α in colorectal carcinoma. On one 
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molecule 1 (VCAM1) and altering the protein complex I and II (complex I consists of 
TRADD, TRAF2 and RIP and Complex II that consists of TRADD, RIP, FADD and 
caspase-8) as described above [32,33]. On the other hand, TNF-α can also act as a tumor 
suppressor via rebuilding the TME by enhancing cytotoxic T cell activity, promoting DCs 
maturation, and preventing tumor angiogenesis. Mice deficient in both TNF-α and IL-10 
spontaneously develop severe colitis-associated colon cancer [34,35]. Increased TNF-α 
concentration in tumor-infiltrating lymphocytes and CRC tissue is an independent factor 
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[36]. The clear contribution of TNF-α to CRC tumor development and progression can be 
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ing the process of tumor formation. It was reported that hematopoietic cell-derived 
TNF-α executes a key function in the production of intestinal polyps in adenomatous 
polyposis coli (Apc)Δ468 mice, which is a sporadic CRC model [37]. Similarly, a strong de-

Figure 1. Schematic representation of TNF-α-signaling pathway in CRC. (1) NF-KB: The Binding
of TNF-α to TNFR1 facilities the assembly of TNFR1-associated death domain (TRADD) complex
containing TRAF2 and RIP, which leads to activation of TAK1 and I kappa B kinase complex (IKK),
comprised of two kinases IKKα and IKKβ, and eventually increases nuclear accumulation of NF-kB.
(2) AP-1: After binding to TNFR1, TNF-α triggers the phosphorylation of mitogen-activated protein
2 kinases (MAP2Ks) and in turn activates Jun-N-terminal kinase (JNK) and activator protein-1 (AP-1).
(3) Cell death: TNF-α causes apoptosis or necrosis through caspase enactment by binding to TRADD
complex to FADD. (4) ERK: Enhancement or upregulation of TROP-2 by TNF-α through activating
ERK pathway.

A few studies demonstrate the dual role of TNF-α in colorectal carcinoma. On one
hand, TNF-α promotes cancer cells survival by activating TNFRs, vascular cell adhesion
molecule 1 (VCAM1) and altering the protein complex I and II (complex I consists of
TRADD, TRAF2 and RIP and Complex II that consists of TRADD, RIP, FADD and caspase-
8) as described above [32,33]. On the other hand, TNF-α can also act as a tumor suppressor
via rebuilding the TME by enhancing cytotoxic T cell activity, promoting DCs maturation,
and preventing tumor angiogenesis. Mice deficient in both TNF-α and IL-10 spontaneously
develop severe colitis-associated colon cancer [34,35]. Increased TNF-α concentration in
tumor-infiltrating lymphocytes and CRC tissue is an independent factor of better sur-
vival [34,35]. Macrophage TNFR2 is critical to the antitumor effect of TNF, potentially via
increasing nitric-oxide-mediated inhibition effects of tumor angiogenesis [36]. The clear
contribution of TNF-α to CRC tumor development and progression can be categorized by
studying its secretion time and the type of immune cells secreting it during the process of
tumor formation. It was reported that hematopoietic cell-derived TNF-α executes a key
function in the production of intestinal polyps in adenomatous polyposis coli (Apc)∆468

mice, which is a sporadic CRC model [37]. Similarly, a strong decrease in tumor pro-
gression was exhibited when TNF-α was blocked in mice induced with colon tumors by
azoxymethane (AOM) and dextran sulfate sodium (DSS) [38].



Cells 2022, 11, 2313 4 of 23

A reduction in the development of tumors can be achieved by TNF-α antibody neutral-
ization blockade, knockout of TNFR1, or NF-kB inhibition [39,40]. Treatment with TNF-α
antagonists Enbrel or Remicade ameliorates HIF-2α promoted colitis, which is a high-risk
factor for CRC [20]. Furthermore, a recent population-based cohort study in Denmark on
more than 56,000 inflammatory bowel disease patients reported that there is no significant
risk of cancer when treated with TNF-α antagonists such as infliximab, adalimumab, and
certolizumab pegol [41]. This study indicates that TNF-α antagonists may reduce the risk
of colitis-associated CRC.

Mice with intrasplenic or portal injection of metastatic human CRC CX-1 cells showed
an increase in TNF-α and IL-1α production by activated Kupffer cells, which resulted in
an increase in the sinusoidal endothelial cell adhesion molecules and trans-endothelial
migration of the tumor cells. Blocking TNF-α signaling reduces the number of hepatic
metastases induced by human CRC CX-1 cells. Similarly, another report states that TNF-
α stimulates IL6 and granulocyte colony-stimulating factor production, which boosts
the Kupffer cell activation and promotes neutrophil infiltration in hepatocytes, thereby
enhancing the CRC liver metastasis [42]. In a clinical study, Infliximab treatment is safe
and well-tolerated in patients with advanced cancer, including 12 CRC, 8 ovary cancer and
4 renal cancer patients [43].

4. Interleukin-6 (IL-6)
4.1. IL-6 Discovery

At first, IL-6 was studied by different research groups with different nomenclatures,
such as B-cell stimulatory factor 2 (BSF-2), hepatocyte-stimulating factor, hybridoma growth
factor and interferon (IFN)-β2, based on its biological activity [44–46]. After the successful
cloning of BSF-2 cDNA in 1986, it was identified by various groups that all studied a single
molecule with different names, and hence coined a single name: IL-6. Structurally, IL-6 is a
four-α-helix protein with the molecular weight ranging from 21–26 kDa. Human IL-6 is a
protein of 212 amino acids, and its gene is mapped to chromosome 7p21 [47].

4.2. IL-6 Expression and Regulation in Primary Colon Tumor and Hepatic Metastasis Tissue

IL-6 is generated by diverse cell types (macrophages, monocytes stromal, hematopoi-
etic, epithelial and muscle cells) [48]. In TME, it is secreted by a wide range of cell types
such as fibroblast stromal cells, tumor infiltrating immune cells and the tumor cells them-
selves [49]. It is well-established that tumor-associated macrophages (TAMs) enhance the
cancer progression and metastasis via the release of a various cytokines including IL-6. In
addition to preventing primary T-cell activation, MDSCs secret IL-6 to attenuate functional
differentiation of the tumor-specific cluster of differentiation 4+ (CD4+) T cells into effec-
tor Th1 cells and promote tumor progression [50]. Preoperative serum IL-6 higher than
10 pg/mL is a predictor of poor prognosis for survival, independent from tumor site, grade
and stage in CRC patients [51]. CRC patients with decreased IL-6 expression in the primary
stage of the tumors show prolonged disease-free survival [52], whereas increased IL-6
expression is associated with the advanced stage of CRC and decreased survival rate in the
patients [53].
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CRC liver metastasis is supported by cancer-associated fibroblasts which are recruited
from pericryptal and distant fibroblast precursors to produce a prometastatic microen-
vironment through inflammatory activation of IL-6 and the monocyte chemo-attractant
protein-1 (MCP-1) [54–57]. Inflammatory fibroblasts from human CRC liver metastasis
produce an increased amount of IL-6 and MCP-1 in comparison with nontumor liver tissue
fibroblasts, which aids in liver metastasis [58]. IL6 is induced by various factors such
as TNF-α, NF-κB and hypoxia [59–61]. TNF-α in cancer-related fibroblasts and hepatic
fibroblasts strongly triggers the IL-6 and MCP-1 expression levels, which in turn create a
prometastatic microenvironment [58]. In another report, it was represented that TNF-α,
by binding to the TNFRs, triggers the production of NF-κB, which triggers the production
of IL-6 [26]. Xu et al. reported that in CRC, hypoxia induces IL-6 expression, and thereby
triggers the IL-6/STAT3/Bcl2 pathway and treatment resistance. They have also stated that
the HIF-1a/miR-338-5p/IL-6 feedback loop, which was the result of STAT3/Bcl2 activation,
was essential for drug resistance in CRC cells [59].

4.3. IL-6 Function and Therapeutically Targeting Potential

IL-6 has pleiotropic effects including immune response, inflammation and hematopoiesis.
It is well-documented that IL-6 is one among the key cytokines involved in inflammatory
bowel disease and CRC [62]. IL-6 exerts its effects through two different pathways called
classical and trans-signaling pathways (Figure 2A,B). In the classical signaling pathway,
IL-6 binds to the membrane-bound receptor IL-6R (mIL-6R), which then transmits the signal
through the recruitment and homodimerization of two glycoprotein 130 (gp130) subunits
(Figure 2A). Consequently, this leads to phosphorylation and activation of the Janus kinases
(JAKs) and STAT3 signaling (Figure 2C). Moreover, the IL-6-activated STAT3 in TME can
cause the malignancy of CRC via transcriptional (promoter binding) and post-translational
(K116 deacetylation) upregulation of Fructo-Oligosaccharide-like 1 (FOSL1) and FOS-
related Antigen 1 (FRA1) [63]. In addition, an increase in STAT3 activation upregulates
carcinoembryonic antigen-related cell adhesion molecule 5, which plays a pivotal role
in cell adhesion, migration, tumor invasion and metastasis in CRC [62]. Although the
gp130 protein is ubiquitously expressed, IL-6R expression is limited to certain types of
cells such as hepatocytes and leukocytes. Cells such as endothelial cells, which are not
able to secrete mIL-6R, react to IL-6 through the alternative pathway, which is referred as
the IL-6 trans-signaling pathway (Figure 2B). In this pathway, a soluble receptor of IL-6
(sIL-6R) is released by alternative splicing or by A Disintegrin and Metalloprotease 17
(ADAM17) protease-mediated receptor shedding from the membrane [47]. The IL-6/sIL-6R
complex can bind to gp130 on tumor cells, activate the JAKs and STAT3 signaling and
promote tumor cell proliferation and prevent apoptosis [51,64–66]. Genetic ablation of
IL-6 ameliorates tumor development in an AOM/DSS-elicited colitis-associated cancer
model [67].

A wide range of therapeutic approaches including anti-IL-6 or anti-IL-6 receptor
antibodies, soluble gp130Fc and selective small molecule JAKs inhibitors have been created
to block the IL-6/STAT3 pathway for treating human cancers (Figure 2C). Siltuximab
(CNTO328, Centocor, Inc., Horsham, PA, USA), an anti-IL-6 antibody, is in phase I/II clinical
trials in patients with advanced solid tumors, including CRC [68]. Preclinical experimental
studies for the development of novel and potent therapeutics for CRC treatment are in
the progress for compounds such as sgp130Fc and CEP-33779 (Cephalon, Inc., Frazer, PA,
USA), which are IL-6 trans-signaling and JAK2 inhibitors, respectively [69,70].
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Figure 2. Schematic representation of IL-6-signaling pathways in CRC. (A) Classical signaling
pathway, IL-6, binds to the membrane-bound IL-6R (mIL-6R), which then transmits the signal by
recruiting and homodimerizing two glycoprotein 130 (gp130) subunits. (B) Cells which are not
able to secrete mIL-6R, react to IL-6 through the alternative pathway, which is referred as the IL-6
trans-signaling pathway. In this pathway, a soluble receptor of IL-6 (sIL-6R) is released by alternative
splicing or by A Disintegrin and Metalloprotease 17 (ADAM17) protease-mediated receptor shedding
from the membrane. (C) The binding of the IL-6/mIL-6R or IL-6/sIL-6R complex to gp130 on tumor
cells activates Janus kinases (JAKs) and STAT3 signaling and promotes tumor cell proliferation.



Cells 2022, 11, 2313 7 of 23

5. Interleukin (IL-1β)
5.1. IL-1β Discovery

IL-1β was first identified in the early 1940s with different names such as Pyrexin,
granulocyte pyrogen, circulating endogenous pyrogen, human monocyte pyrogen, lym-
phocyte activating factor, leukocytic endogenous mediator, mononuclear cell factor and
catabolin [71]. In 1979, its nomenclature was interleukin, and in 1984 human IL-1β cDNA
was isolated from peripheral blood mononuclear cells [72]. IL-1β is a 31 kDa inactive
precursor, and the IL-1β converting enzyme caspase-1 cleaves this precursor between
Asp116 and Ala117 to form the active IL-1β precursor with 17 kDa molecular weight [73].

5.2. IL-1β Expression and Regulation in Primary Colon Tumor and Hepatic Metastasis Tissue

Macrophages, DCs, monocytes, and neutrophils can all produce IL-1β via either
TNFRs or Toll-like receptors (TLRs) signaling pathways [74–76] (Figure 3). CD4+ T cells
produce TNF-α, which employs TNFRs on mononuclear phagocytes for the transcriptional
induction of pro-IL-1β, an inactive 31 kDa protein [77]. Mechanistically, TNF-α induces
IL-1β production in the presence of dibutyryl cyclic adenosine monophosphate (cAMP).
TNF-alpha/cAMP activates protein kinase A (PKA), which phosphorylates the cAMP-
responsive element-binding protein (CREB). Phosphorylated CREB binds to the cAMP-
responsive element (CRE) that is situated in the upstream regulatory sequence of IL-1β
gene between the 2762 and 2755 base pairs (bp) and induces the transcriptional regulation
of IL-1β [78]. Bacterial-derived lipopolysaccharides can bind to TLRs and prime the
transcription of IL-1β gene via NF-κB activation. The nucleotide-binding oligomerization
domain-containing protein (NOD)-like receptor and pyrin-containing protein 3 (NLRP3)
inflammasome activation is critical for IL-1β maturation. Inflammasome activation causes
procaspase 1 cleavage to form activate caspase 1, which cleaves pro-IL-1β to produce active
17 kDa IL-1β [79] (Figure 3).
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5.3. IL-1β Function and Therapeutically Targeting Potential

Many studies reported that IL-1β plays a pivotal role in tumor growth in CRC and
its metastasis [80–83]. By acting directly on tumor cells, IL-1β can induce tumor cell
proliferation [84] and also triggers the stimulation of the MDSCs on tumors to promote the
advancement of tumors [85]. Secretion of IL-1β from macrophages, via the stimulation of
colon tumor cells, inactivates glycogen synthase kinase 3β and enhances Wnt signaling,
which in turn promotes colon cancer cell growth by producing a self-amplifying loop [86,87].
IL-1β stimulates the overexpression of matrix metalloproteinases (MMP) in Caco-2 colon
cancer epithelial cells through activation of protein kinases, AP-1 and NF-kB (Figure 4) [88].
Extracellular IL-1 binds to type I transmembrane IL-1 receptor to form a complex with
the IL-1 receptor accessory protein (IL1RAP), adaptor MyD88 and Interleukin 1 receptor-
associated kinases IRAK-1, IRAK-2 and IRAK-4. IL-1β; binding to receptors leads to the
phosphorylation of IRAK-1 on Thr-209 and Thr387 and autophosphorylation on the ProST
region (proline-, serine- and threonine-rich), reacting with tumor necrosis factor receptor-
associated factor (TRAF6) via TRAF-interacting protein with a forkhead-associated domain
(TIFA). This results in the creation of an intermediate complex IRAK-1-IRAK-4-TRAF6.
The intermediate complex dissociates after the polyubiquitinylation of TRAF6 and forms
active TRAF6. Sequentially, other complexes comprised of IRAK-1, TRAF6, TAK1 and
two TAK1-binding proteins TAB1 and TAB2, or alternatively TAK1, TAB1 and TAB3, is
generated at the cytoplasmic membrane. Then, the ubiquitinylation and degradation of
phosphorylated IRAK-1 occurs in proteasomes. Afterwards, TAB2 phosphorylation, TAK1
autophosphorylation by TAB1 and its activation occurs. Phosphorylated TAK1 and TAB2
translocate the complex to cytosol from the membrane. All these sequential events lead to
the phosphorylation of the NF-κB inhibitor (IκB) on -32 and -36 serine residues by mitogen-
activated protein kinase kinase 1 (MEKK1), covalent modification by TRAF6-mediated
and Ubc13/Uev1A-dependent ubiquitinylation at lysine-63 and the drive to proteasome
for degradation. Thus, the generated NF-κB transcription factor enters the nucleus and
activates the targeted genes transcription. Alternatively, IL-1β can also trigger the signal
via MAP kinases and AP-1, as the TAK1 kinase is capable of triggering the activation of
both the MKK4-JNK and MKK6-p38 pathways (Figure 4).
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The upregulation of MMP expression was observed in CRC, and this has a correlation
with the invasion and metastasis of tumor. IL-1β fosters the epithelial to mesenchymal
transition (EMT) process and stem cell proliferation in human primary colon cancer cells
and in HCT-116 cells through the zinc finger E-box-binding homeobox 1 (ZEB1) protein,
which contributes to the advancement of colon tumors [89]. During the EMT process,
epithelial cells acquire a phenotype of mesenchyme tissue and migratory capacity, which
plays a pivotal role in cancer metastasis [90,91]. IL-1β activates T-cells and B-cells, which
aid in the production of cytokines and antibodies, respectively [92]. IL-1β also induces the
synthesis of prostaglandins (PG), proliferation of fibroblasts and production of collagen.
IL-1β aids in the synthesis of interferon-γ from T-helper cells by synergizing with IL-12 and
also promotes the differentiation of Th17 cells into Il-17+IFN-γ + Th cells [93–95]. IL-1β
can also promote colon tumor growth and metastasis through activating inflammasome
and inducing angiogenesis at the sites of primary tumors and metastasis [96].

Tumor growth and metastasis inhibition can be achieved by the blockage of the IL-1
receptor (IL-1R) with IL-1R antagonist. Genetic ablation of IL-1R in intestinal epithelium,
and T-cells alleviated tumor formation and progression in the mouse models of CRC, which
provides evidence that IL-1R signaling aids in the advancement of CRC [97]. Inhibitors at
different levels of the IL-1β synthesis and signaling pathways help in CRC therapy [98].
The human IL-1 receptor antagonist Anakinra inhibits both IL-1β and IL-1α and reduces
metastatic CRC in an IL-17- and IL-22-dependent manner (Figure 4) [99].

6. Lipid Molecule PGE2
6.1. PGE2 Discovery

The prostaglandins, otherwise called eicosanoids, are active functional lipid molecules
which possess a wide range of hormonelike effects in living beings. PGE2 is one among
these functional eicosanoids and was first identified in sheep’s seminal vesicle by the
Swedish biochemist and Noble laureate Sune Bergstrom along with his co-researchers in
1962 [100]. Later, PGE2 was synthesized as racemic mixture in 1969 and as natural isomer
in 1970 [100,101]. As PGE2 exerts action at the site of synthesis, it is known as autacoid.

6.2. PGE2 Expression and Regulation in Primary Colon Tumor and Hepatic Metastasis

Cytosolic phospholipase A2α (cPLA2α) involves in the catabolism of plasma mem-
brane phospholipids to produce arachidonic acid (AA) [102–105] (Figure 5). The oxidative
cyclisation of AA by cyclo-oxygenase (COX) enzymes leads to the synthesis of PGH2 [106].
PGH2 is then transformed into PGE2 by microsomal prostaglandin E synthase-1 (mPGES-1),
mPGES-2 and cytosolic PGES (cPGES) [107]. PGE2 is expressed in almost all nucleated cells.
PGE2 synthesis was enhanced by the upregulation of COX-2 enzymes in HT29 and HCT116
CRC cell lines, where the increased PGE2 stimulates VEGF production and enhances the
tumor cell survival rate during hypoxia [108]. In CRC patients, the overexpression of
COX-2 and PGE2, and PGE2 binding with G protein coupled PGE2 receptors 1–4 (E-type
prostanoid receptors; EP1-4) on endothelial cells in tumor blood vessels, has been observed,
directly affecting tumor angiogenesis by increasing cell survival [109]. We showed that
HIF-2α can induce the expression of COX2 and mPGES-1 to promote PGE2 production in
CRC [110]. A recent study reported that the decreased expression of EP4 receptor in HCA-7
cells via interleukin-4 triggers the downregulation of COX2 and PGE2 expression [111].

6.3. PGE2 Function and Therapeutic Targeting Potential

PGE2 signaling is one among the critical pathways that govern tumor progression
and immune dysfunction [112]. PGE2 acts in both an autocrine and paracrine manner by
binding with EP1-4 (Figure 6). EP1: After binding with the EP1 receptor, PGE2 stimulates
and mobilizes Gαq-Gβγ proteins, which triggers phospholipase C (PLC) to subsequently
generate and activate diacylglycerol (DAG), and thereby upregulates protein kinase C
(PKC). PKC activation exerts a negative feedback effect to desensitize the EP1 activa-
tion. In addition to the aforementioned pathway, EP1 can trigger p38 mitogen-activated
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protein kinases (MAPK), ERK and CREB pathways [113]. EP2: After binding with EP2
receptor, PGE2 mobilizes the Gαs–Gβγ complex to promote the nucleus translocation of
β-catenin from cytoplasm and the activation of HIF1 and T cell factor-4 (TCF4)-signaling
pathways [114,115]. EP3: Upon binding to EP3 receptors, PGE2 induces the activation of
a wide range of G protein complexes (Gαi–Gβγ and Gα12–Gβγ), which in turn activates
PLC to subsequently generate DAG and activate PKC [116]. EP4: PGE2 binds to the EP4
receptor and stimulates the induction of the Gαs–Gβγ complex that leads to the sequential
steps of adenyl cyclase (AC) activation, which catalyze the formation of cAMP from ATP,
thus causing PKA activation [117].
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It was extensively recorded that PGE2 exhibits a variety of biochemical effects re-
lated to inflammation and induces apoptosis, angiogenesis, immuno-monitoring and cell
proliferation in tumor cells. PGE2 derived from COX-2 promotes the growth of CRC via
the activation of epidermal growth factor receptor (EGFR) signaling [10,114]. In myeloid
DCs differentiated from bone marrow, PGE2 is important in modulating the secretion of
cytokines such as TNF-α, IL-6 and IL-23 by reorienting the cell’s differentiation and matu-
ration [118]. Multiple studies reported the inhibition of DCs’ function by PGE2 [118–120].
One study reported that PGE2 inhibited murine bone-marrow-derived DCs’ function by
inhibiting its antigen-presenting potential [121]. PGE2 re-orients the differentiation of
DCs to immuno-suppressor cells, including MDSCs, which promotes tumor cell growth.
Exogenous PGE2 treatment promotes CRC progression and hepatic metastasis in ApcMin/+

mice [122]. Elevated levels of plasma PGE2 were reported in CRC patients, which indi-
cates the role of PGE2 as CRC promoter component [123]. It was thoroughly studied that
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PGE2/EP signaling is the most essential step in CRC angiogenesis, and this signaling
pathway also aids in PGE2 secretion, which plays a major role in CRC progression.
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O’Callaghan et al. reported that PGE2 triggers the upregulation of FasL expression
via EP1 receptors, which promotes CRC progression [124]. Another recent in vivo study
reported that PGE2 can also activate colonic cancer stem cell (CSC) proliferation and liver
metastasis via multiple signaling pathways, such as NF-κB, phosphoinositide 3-kinase
(PI3K)-AKT and MAPK, by binding to its EP2 cell surface receptors [125]. Löffler et al.
reported that PGE2-mediated long-term EP3 receptor activation triggers CRC cell prolif-
eration [126]. Another study reported that PGE2 binding with EP4 receptors stimulates
the secretion of TNF-α by activating TLR and disturbs the Th1 to Th2 cytokine shift in T
cells [112].

Nonsteroidal anti-inflammatory drugs (NSAIDs), including indomethacin, aspirin,
sulindac and piroxicam, are traditional COX1 and COX2 inhibitors used in CRC preven-
tion [127]. A reduction in PGE2 was reported in human primary CRC LS-174T cells treated
with EP4 antagonist ONOAE-208 via the activation of NF-kB through EP4-PI3K and EP4-
MAPK pathways [122]. An HSP-90 inhibitor (17-demethoxy-17- allylamino geldanamycin,
17-AAG) was also reported for its inhibitory effects on the levels of PGE2 in CRC HT-29
cells through the inhibition of COX2 [128]. A research report proposed that SLCO2A1, a
prostaglandin transporter, plays a significant role in maintaining the concentration and
release of PGE2 and also stated that SLCO2A1 pharmacological intervention may possess
robust scope for developing CRC therapeutics [129].

7. Chemokines

Chemokines are tiny protein molecules, called chemo-attractant cytokines, that play a
critical role in the migration of cells from the blood to the tissues and vice versa. Chemokines
also trigger the movement in the consequence of a chemical gradient by a process called
chemotaxis. Moreover, chemokines regulate and mediate the development of lymphoid
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organs, differentiation of T-cells and metastasis of tumor cells. The first chemotactic
chemokine was discovered in 1977 [130]. Chemokines exert their effects via binding to
chemokine receptors which belong to the G-protein-coupled receptor family. They are
classified or grouped based on two different criterions: (1) based on the amino acid compo-
sition (especially on the first two cysteine residues of a conserved tetra-cysteine motif), and
they are grouped as CC and CXC chemokines; (2) based on function, and they are grouped
as inflammatory or homeostatic chemokines. Furthermore, the CXC chemokines are cat-
egorized as angiogenic or angiostatic chemokines based on the possession of glutamic
acid–leucine–arginine (ELR) motif. The CXC chemokines which are ELR motif positive
tend to be angiogenic, and when ELR motif negative, tend to be angiostatic chemokines.

8. CXCL1
8.1. CXCL1 Discovery

CXCL1 belongs to the CXC chemokine family that binds to CXC receptor 2 (CXCR2), a
G-protein-coupled receptor to exert its effects. Previously, CXCL1 was named as growth-
regulated oncogene alpha (Gro-α), GRO1, melanoma growth-stimulating activity and
neutrophil-activating protein 3 [131]. During the 1980s CXCL1 was initially identified and
isolated from culture supernatants of human melanoma Hs0294 T cells, and the CXCL1
gene was located on chromosome 4 (region q13→q21). Human CXCL1 inactive precursor
protein comprises 107 amino acids and weights ~11 kDa [132]. The active or mature CXCL1
has 3 isoforms with a maximum length of 73 amino acids. CXCL1 exists in monomer and
dimer forms. The monomer comprises three antiparallel β strands and a C-terminal α
helix. The globular dimer formation involves the first β strand and the C-terminal α helix
in monomer [133].

8.2. CXCL1 Expression and Regulation in Primary Colon Tumor and Hepatic Metastasis

CXCL1 is primarily produced by TNF-stimulated endothelial cells and pericytes and
aids luminal neutrophil crawling [134]. In addition, a diverse array of immune cells such
as Th17 cells, macrophages, neutrophils and epithelial cells produce CXCL1 [135–137].
A range of reports were published regarding the overexpression of CXCL1 in colorectal
adenocarcinomas [9,138–143]. The hypersecretion of CXCL1 in K-ras mutant human CRC
epithelial cells and murine fibroblasts was also reported [9].

In vitro study in human vascular endothelial cells reveals that TNF-α activates the
JNK/AP-1 signaling pathway, which drives the transcription of CXCL1 [144]. A recent
report suggested that a drop in the levels of SMAD4 in human CRC cells resulted in the
overexpression of CXCL1 mRNA [145]. We also proved that the CXCL1 gene is a novel
HIF-2α target gene [146]. The epithelial HIF-2α-induced CXCL1 transcription triggers a
robust accumulation of neutrophils and promotes colon tumor progression through CXCR2
binding.

8.3. CXCL1 Function and Therapeutic Targeting Potential

A wide range of evidence is available to show that the inflammatory chemokines act
as tumor-promoting and metastatic factors by enhancing angiogenesis and suppressing
immune-mediated tumor eradication [147–149]. CXCL1 plays a major role in the establish-
ment of premetastatic niches in CRC hepatic metastasis [150,151]. The elevated levels of
CXCL1 are positively associated with poor survival rate in CRC [141]. One study reported
the CXCL1 contribution in the formation of hepatic premetastatic niches. CXCL1 can
directly recruit circulatory CXCR2-expressing neutrophils and MDSCs from the circulation
into inflammatory sites and tumor tissues, promoting liver metastasis [152]. Another study
reported that overexpression of CXCL1 stimulates CXCR2+ endothelial cell migration
and increases the formation of tumor microvessels in CRC patients [153]. Another study
demonstrated that excess circulation of CXCL1 leads to a reduction in an extracellular
matrix tumor-suppressor protein fibulin-1 through NF-κB/Histone Deacetylase 1 (HDAC1)
epigenetic regulation, which facilitates the invasion and metastasis of CRC cells [154,155].
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Fibulin1 plays a crucial role in tumor suppression by binding to the fibronectin and through
modulating focal adhesion kinase (FAK) and ERK1/2 signaling, which results in the inhi-
bition of cell adhesion and spreading [156] (Figure 7). CXCL1 stimulates FAK, PI3K and
Akt which in turn activates the IKKα/β complex to trigger p65 via the activation of IkBα
for tumor cell proliferation. CXCL1 also triggers the activation of MyD88-RAS-rapidly
accelerated fibrosarcoma (RAF) kinase signaling, which in turn aids in the activation of
mitogen-activated extracellular signal-regulated kinase (MEK)-ERK-Ets-like protein (ELK)
pathways that leads to CRC [157] (Figure 7).
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The receptor CXCR2 is the prime target to develop potent therapeutics to reduce the
action of CXCL1 in CRC hepatic metastasis. The receptor tyrosine kinase inhibitor TSU68
reduces the translocation of the bone-marrow-derived endothelial progenitor cells into
the premetastatic liver and suppresses endothelial cell production of CXCL1 [150]. As a
result, CXCR2+ neutrophils recruitment, angiogenesis and hepatic metastasis are reduced
in mice [150]. Two small molecule CXCR2 antagonists, SCH-527123 and SCH-479833, were
reported to be robust antimetastatic therapeutics in human CRC liver metastasis, which acts
at the metastatic site by declining the tumor vascularization and enhancing the malignant
cell apoptosis [158].

9. CXCL2
9.1. CXCL2 Discovery

The chemokine ligand 2 (CXCL2) belongs to the CXC motif chemokine family, and its
synonyms are macrophage inflammatory protein 2-alpha (MIP2-alpha), Melanoma Growth-
Stimulating Activity Beta (MGSB), Growth-Related oncogene-2 (Gro-2/ Gro-beta), Small
inducible Cytokine Subfamily B member 2 (SCYB2) and Cytokine-Induced Neutrophil
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Chemo-attractant 2 Alpha (CINC2-α) [159,160]. In 1988, CXCL2 was isolated from hu-
man melanoma cell line culture supernatants [156]. The gene is localized on chromosome
4 q21 [161,162]. CXCL2 shares 90% amino acid sequence similarity and 64% sequence iden-
tity with CXCL1 [163]. Similar to CXCL1, the inactive form of CXCL2 comprises 107 amino
acids and weighs ~11.389 kDa. By the membrane type 6-matrix metalloproteinase enzyme
proteolytic cleavage of 34 amino acid residues of inactive precursor protein produces the
active form of CXCL2 (5-73 aa) [164,165]. Similar to CXCL1, CXCL2 exerts its activity via
high-affinity binding to CXCR2 as well.

9.2. CXCL2 Expression and Regulation in Primary Colon Tumor and Hepatic Metastasis

CXCL2 is primarily produced by neutrophils, and this chemokine is required for
unidirectional paracellular neutrophil transendothelial cell migration in vivo [134]. Signif-
icant upregulation in the CXCL2 expression was noticed in the CRC tissues and in CRC
liver metastasis [166]. CXCL2 expression can be induced by a variety of inflammatory
mediators such as TNFα, IL-1β and lipopolysaccharide in endothelial cells, fibroblasts,
melanocytes, monocytes and megakaryocytes [161]. CRC treatment with chemotherapeu-
tic agents induces the synthesis of cytokine TNF-α, which in turn triggers the paracrine
release of CXCL2 and results in tumor promotion and chemo-resistance [167]. In HT-29
and HCT116 CRC cells, tumor growth and angiogenesis was promoted by guanine the
nucleotide-binding protein alpha-13 (GNA13) via upregulation of CXCL2 through the
activation of the PLC-DAG-PKC-NF-kB signaling pathway (Figure 8) [168]. It was also
reported that CXCL2 secreted by colorectal cancer stem cells (CRCSCs) from murine CRC
cell line CT26 attracts the neutrophils and promotes the tumorigenesis through NLRP3
inflammasome dependent IL-1β secretion (Figure 8) [169].

9.3. CXCL2 Function and Therapeutic Targeting Potential

CXCL2 binds to CXCR2, which in turn couples with Gαi to stimulate neutrophil
chemotaxis and endothelial cell migration for tumor transformation and growth in CRC
cells. In a study on LoVo colon cancer cells, it was elucidated that the CXCL2–CXCR2 axis in-
duces cancer stem cell properties and metastasis by the activation of Gαi and Gαq/11 [170].
MDSCs are attracted by the expression of CXCL2 in the TME and trigger the enhancement
of cancer cell survival.

CXCL2 executes a pivotal role in numerous biochemical processes such as inflamma-
tion, immune response, angiogenesis and wound healing. The overexpression of CXCL2
promotes CRC tumor progression and liver metastasis [162,169–171]. A recent report sug-
gests that miR-532-5p, a tumor-suppressor miRNA, negatively regulates CXCL2 in liver
cancer cells. They have also reported that CXCL2 downregulation induces apoptosis and in-
hibits proliferation of tumors, which in turn downregulates the expression of a wide range
of metastasis-promoting factors, including Secreted Protein and Rich in Cysteine (SPARC),
Epidermal growth factor-containing fibulin-like extracellular matrix protein (EFEMP) and
COX2 in CRC [172]. In other reports, CXCL2 dose-dependently increases the expression of
VEGF within the angiogenic front of tumor margins, thereby promoting tumor angiogene-
sis, tumor growth and hepatic metastasis in the CXCR2-expressing CT26 CRC cell-induced
CRC mice [160,173]. Similar to CXCL1, CXCR2 inhibition decreases the CXCL2-induced
neovascularization and tumor progression [158]. The CXCR2 antagonist AZD5069 was
reported to inhibit the overexpression of CXCL2, thereby inhibiting the GNA13-induced
vascular endothelial growth [169].
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10. Concluding Remarks

Immunity and cancer-promoting proinflammatory microenvironments are two key
cancer traits that contribute to cancer formation [174]. Cytokines and chemokines in the
TME trigger the activation of transcription factors for tumor advancement and metasta-
sis [174,175]. In this review, we discussed that three cytokines, a lipid molecule PGE2 and
two chemokines are overexpressed in CRC cells and liver metastasis. Findings from this
review disclose that a wide range of cytokine and chemokine inhibitors are employed in
preclinical studies for targeted therapy to prevent CRC invasion and liver metastasis. These
proinflammatory cytokines and chemokines that increase various transcription factors have
been recognized as potential cancer therapy targets. Systemic clinical trials are in dire need
to confirm their potency in CRC patients and to evaluate their beneficial effects as single or
combinational therapy.
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tumor microenvironment; TNF-α, tumor necrosis factor alpha; TNFR1, tumor necrosis
factor receptor1, VEGF, vascular endothelial growth factor; Zeb1, zinc finger E-box-binding
homeobox 1.
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Rev./Przegląd Gastroenterol. 2019, 14, 89–103. [CrossRef] [PubMed]
2. Vatandoust, S.; Price, T.J.; Karapetis, C.S. Colorectal cancer: Metastases to a single organ. World J. Gastroenterol. 2015, 21,

11767–11776. [CrossRef] [PubMed]
3. Zarour, L.R.; Anand, S.; Billingsley, K.G.; Bisson, W.H.; Cercek, A.; Clarke, M.F.; Coussens, L.M.; Gast, C.E.; Geltzeiler, C.B.;

Hansen, L.; et al. Colorectal Cancer Liver Metastasis: Evolving Paradigms and Future Directions. Cell. Mol. Gastroenterol. Hepatol.
2017, 3, 163–173. [CrossRef] [PubMed]

4. Valastyan, S.; Weinberg, R.A. Tumor metastasis: Molecular insights and evolving paradigms. Cell 2011, 147, 275–292. [CrossRef]
5. Bazzichetto, C.; Conciatori, F.; Falcone, I.; Cognetti, F.; Milella, M.; Ciuffreda, L. Advances in Tumor-Stroma Interactions: Emerging

Role of Cytokine Network in Colorectal and Pancreatic Cancer. J. Oncol. 2019, 2019, 5373580. [CrossRef]
6. Itatani, Y.; Kawada, K.; Inamoto, S.; Yamamoto, T.; Ogawa, R.; Taketo, M.M.; Sakai, Y. The Role of Chemokines in Promoting

Colorectal Cancer Invasion/Metastasis. Int. J. Mol. Sci. 2016, 17, 643. [CrossRef]
7. Guo, S.; Deng, C.-X. Effect of Stromal Cells in Tumor Microenvironment on Metastasis Initiation. Int. J. Biol. Sci. 2018, 14,

2083–2093. [CrossRef]
8. Klampfer, L. Cytokines, inflammation and colon cancer. Curr. Cancer Drug Targets 2011, 11, 451–464. [CrossRef]
9. le Rolle, A.-F.; Chiu, T.K.; Fara, M.; Shia, J.; Zeng, Z.; Weiser, M.R.; Paty, P.B.; Chiu, V.K. The prognostic significance of CXCL1

hypersecretion by human colorectal cancer epithelia and myofibroblasts. J. Transl. Med. 2015, 13, 199. [CrossRef]
10. Wang, D.; Wang, H.; Brown, J.; Daikoku, T.; Ning, W.; Shi, Q.; Richmond, A.; Strieter, R.; Dey, S.K.; DuBois, R.N. CXCL1 induced

by prostaglandin E2 promotes angiogenesis in colorectal cancer. J. Exp. Med. 2006, 203, 941–951. [CrossRef]
11. Moulton, V.R. Chapter 17—Cytokines. In Systemic Lupus Erythematosus; Tsokos, G.C., Ed.; Academic Press: Cambridge, MA, USA,

2016; pp. 137–141.
12. Donnelly, R.P.; Young, H.A.; Rosenberg, A.S. An overview of cytokines and cytokine antagonists as therapeutic agents. Ann. N. Y.

Acad. Sci. 2009, 1182, 1–13. [CrossRef]
13. Lee, S.; Margolin, K. Cytokines in cancer immunotherapy. Cancers 2011, 3, 3856–3893. [CrossRef]
14. Carswell, E.A.; Old, L.J.; Kassel, R.L.; Green, S.; Fiore, N.; Williamson, B. An endotoxin-induced serum factor that causes necrosis

of tumors. Proc. Natl. Acad. Sci. USA 1975, 72, 3666–3670. [CrossRef]
15. Pennica, D.; Nedwin, G.E.; Hayflick, J.S.; Seeburg, P.H.; Derynck, R.; Palladino, M.A.; Kohr, W.J.; Aggarwal, B.B.; Goeddel,

D.V. Human tumour necrosis factor: Precursor structure, expression and homology to lymphotoxin. Nature 1984, 312, 724–729.
[CrossRef]

16. Balkwill, F. Tumour necrosis factor and cancer. Nat. Rev. Cancer 2009, 9, 361–371. [CrossRef]

http://doi.org/10.5114/pg.2018.81072
http://www.ncbi.nlm.nih.gov/pubmed/31616522
http://doi.org/10.3748/wjg.v21.i41.11767
http://www.ncbi.nlm.nih.gov/pubmed/26557001
http://doi.org/10.1016/j.jcmgh.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28275683
http://doi.org/10.1016/j.cell.2011.09.024
http://doi.org/10.1155/2019/5373580
http://doi.org/10.3390/ijms17050643
http://doi.org/10.7150/ijbs.25720
http://doi.org/10.2174/156800911795538066
http://doi.org/10.1186/s12967-015-0555-4
http://doi.org/10.1084/jem.20052124
http://doi.org/10.1111/j.1749-6632.2009.05382.x
http://doi.org/10.3390/cancers3043856
http://doi.org/10.1073/pnas.72.9.3666
http://doi.org/10.1038/312724a0
http://doi.org/10.1038/nrc2628


Cells 2022, 11, 2313 17 of 23

17. Idriss, H.T.; Naismith, J.H. TNFα and the TNF receptor superfamily: Structure-function relationship(s). Microsc. Res. Tech. 2000,
50, 184–195. [CrossRef]

18. Zins, K.; Abraham, D.; Sioud, M.; Aharinejad, S. Colon Cancer Cell–Derived Tumor Necrosis Factor-α Mediates the Tumor
Growth–Promoting Response in Macrophages by Up-regulating the Colony-Stimulating Factor-1 Pathway. Cancer Res. 2007, 67,
1038–1045. [CrossRef]

19. Cox, G.W.; Melillo, G.; Chattopadhyay, U.; Mullet, D.; Fertel, R.H.; Varesio, L. Tumor necrosis factor-alpha-dependent production
of reactive nitrogen intermediates mediates IFN-gamma plus IL-2-induced murine macrophage tumoricidal activity. J. Immunol.
1992, 149, 3290–3296.

20. Xue, X.; Ramakrishnan, S.; Anderson, E.; Taylor, M.; Zimmermann, E.M.; Spence, J.R.; Huang, S.; Greenson, J.K.; Shah, Y.M.
Endothelial PAS Domain Protein 1 Activates the Inflammatory Response in the Intestinal Epithelium to Promote Colitis in Mice.
Gastroenterology 2013, 145, 831–841. [CrossRef]

21. Al Obeed, O.A.; Alkhayal, K.A.; Al Sheikh, A.; Zubaidi, A.M.; Vaali-Mohammed, M.-A.; Boushey, R.; McKerrow, J.H.; Abdulla,
M.-H. Increased expression of tumor necrosis factor-α is associated with advanced colorectal cancer stages. World J. Gastroenterol.
2014, 20, 18390–18396. [CrossRef]

22. Stanilov, N.; Miteva, L.; Dobreva, Z.; Stanilova, S. Colorectal cancer severity and survival in correlation with tumour necrosis
factor-alpha. Biotechnol. Biotechnol. Equip. 2014, 28, 911–917. [CrossRef] [PubMed]

23. Sullivan, K.E.; Reddy, A.B.M.; Dietzmann, K.; Suriano, A.R.; Kocieda, V.P.; Stewart, M.; Bhatia, M. Epigenetic regulation of tumor
necrosis factor alpha. Mol. Cell. Biol. 2007, 27, 5147–5160. [CrossRef] [PubMed]

24. Yi, W.; Gencheng, H.; Yu, C.; Ke, W.; Guijun, L.; Renxi, W.; He, X.; Xinying, L.; Chunmei, H.; Beifen, S.; et al. Protective role of
tumor necrosis factor (TNF) receptors in chronic intestinal inflammation: TNFR1 ablation boosts systemic inflammatory response.
Lab. Investig. 2013, 93, 1024–1035.

25. Brenner, D.; Blaser, H.; Mak, T.W. Regulation of tumour necrosis factor signalling: Live or let die. Nat. Rev. Immunol. 2015, 15,
362–374. [CrossRef]

26. Mager, L.F.; Wasmer, M.-H.; Rau, T.T.; Krebs, P. Cytokine-Induced Modulation of Colorectal Cancer. Front. Oncol. 2016, 6, 96.
[CrossRef]

27. Tam, S.Y.; Law, H.K.-W. JNK in Tumor Microenvironment: Present Findings and Challenges in Clinical Translation. Cancers 2021,
13, 2196. [CrossRef]

28. Mohebali, N.; Pandurangan, A.K.; Mustafa, M.R.; Anandasadagopan, S.K.; Alagumuthu, T. Vernodalin induces apoptosis through
the activation of ROS/JNK pathway in human colon cancer cells. J. Biochem. Mol. Toxicol. 2020, 34, e22587. [CrossRef]

29. Zhao, P.; Zhang, Z. TNF-α promotes colon cancer cell migration and invasion by upregulating TROP-2. Oncol. Lett. 2018, 15,
3820–3827. [CrossRef]

30. Hamilton, K.E.; Simmons, J.G.; Ding, S.; Van Landeghem, L.; Lund, P.K. Cytokine induction of tumor necrosis factor receptor 2 is
mediated by STAT3 in colon cancer cells. Mol. Cancer Res. MCR 2011, 9, 1718–1731. [CrossRef]

31. Zhao, X.; Rong, L.; Li, X.; Liu, X.; Deng, J.; Wu, H.; Xu, X.; Erben, U.; Wu, P.; Syrbe, U.; et al. TNF signaling drives myeloid-derived
suppressor cell accumulation. J. Clin. Investig. 2012, 122, 4094–4104. [CrossRef]

32. Wang, X.; Lin, Y. Tumor necrosis factor and cancer, buddies or foes? Acta Pharmacol. Sin. 2008, 29, 1275–1288. [CrossRef]
33. Zhang, D.; Bi, J.; Liang, Q.; Wang, S.; Zhang, L.; Han, F.; Li, S.; Qiu, B.; Fan, X.; Chen, W.; et al. VCAM1 Promotes Tumor Cell

Invasion and Metastasis by Inducing EMT and Transendothelial Migration in Colorectal Cancer. Front. Oncol. 2020, 10, 1066.
[CrossRef]

34. Hale, L.P.; Greer, P.K. A novel murine model of inflammatory bowel disease and inflammation-associated colon cancer with
ulcerative colitis-like features. PLoS ONE 2012, 7, e41797. [CrossRef]

35. Reissfelder, C.; Stamova, S.; Gossmann, C.; Braun, M.; Bonertz, A.; Walliczek, U.; Grimm, M.; Rahbari, N.N.; Koch, M.; Saadati,
M.; et al. Tumor-specific cytotoxic T lymphocyte activity determines colorectal cancer patient prognosis. J. Clin. Investig. 2015,
125, 739–751. [CrossRef]

36. Zhao, X.; Mohaupt, M.; Jiang, J.; Liu, S.; Li, B.; Qin, Z. Tumor Necrosis Factor Receptor 2–Mediated Tumor Suppression Is Nitric
Oxide Dependent and Involves Angiostasis. Cancer Res. 2007, 67, 4443–4450. [CrossRef]

37. Blatner, N.R.; Mulcahy, M.F.; Dennis, K.L.; Scholtens, D.; Bentrem, D.J.; Phillips, J.D.; Ham, S.; Sandall, B.P.; Khan, M.W.; Mahvi,
D.M.; et al. Expression of RORgammat marks a pathogenic regulatory T cell subset in human colon cancer. Sci. Transl. Med. 2012,
4, 164ra59. [CrossRef]

38. Popivanova, B.K.; Kitamura, K.; Wu, Y.; Kondo, T.; Kagaya, T.; Kaneko, S.; Oshima, M.; Fujii, C.; Mukaida, N. Blocking TNF-α in
mice reduces colorectal carcinogenesis associated with chronic colitis. J. Clin. Investig. 2008, 118, 560–570. [CrossRef]

39. Nakagawa, H.; Umemura, A.; Taniguchi, K.; Font-Burgada, J.; Dhar, D.; Ogata, H.; Zhong, Z.; Valasek Mark, A.; Seki, E.; Hidalgo,
J.; et al. ER Stress Cooperates with Hypernutrition to Trigger TNF-Dependent Spontaneous HCC Development. Cancer Cell 2014,
26, 331–343. [CrossRef]

40. Ham, B.; Fernandez, M.C.; D’Costa, Z.; Brodt, P. The diverse roles of the TNF axis in cancer progression and metastasis. Trends
Cancer Res. 2016, 11, 1–27.

41. Nyboe Andersen, N.; Pasternak, B.; Basit, S.; Andersson, M.; Svanström, H.; Caspersen, S.; Munkholm, P.; Hviid, A.; Jess, T.
Association between tumor necrosis factor-α antagonists and risk of cancer in patients with inflammatory bowel disease. JAMA
2014, 311, 2406–2413. [CrossRef]

http://doi.org/10.1002/1097-0029(20000801)50:3&lt;184::AID-JEMT2&gt;3.0.CO;2-H
http://doi.org/10.1158/0008-5472.CAN-06-2295
http://doi.org/10.1053/j.gastro.2013.07.010
http://doi.org/10.3748/wjg.v20.i48.18390
http://doi.org/10.1080/13102818.2014.965047
http://www.ncbi.nlm.nih.gov/pubmed/26019577
http://doi.org/10.1128/MCB.02429-06
http://www.ncbi.nlm.nih.gov/pubmed/17515611
http://doi.org/10.1038/nri3834
http://doi.org/10.3389/fonc.2016.00096
http://doi.org/10.3390/cancers13092196
http://doi.org/10.1002/jbt.22587
http://doi.org/10.3892/ol.2018.7735
http://doi.org/10.1158/1541-7786.MCR-10-0210
http://doi.org/10.1172/JCI64115
http://doi.org/10.1111/j.1745-7254.2008.00889.x
http://doi.org/10.3389/fonc.2020.01066
http://doi.org/10.1371/journal.pone.0041797
http://doi.org/10.1172/JCI74894
http://doi.org/10.1158/0008-5472.CAN-07-0185
http://doi.org/10.1126/scitranslmed.3004566
http://doi.org/10.1172/JCI32453
http://doi.org/10.1016/j.ccr.2014.07.001
http://doi.org/10.1001/jama.2014.5613


Cells 2022, 11, 2313 18 of 23

42. Jiao, S.-F.; Sun, K.; Chen, X.-J.; Zhao, X.; Cai, N.; Liu, Y.-J.; Xu, L.-M.; Kong, X.-M.; Wei, L.-X. Inhibition of tumor necrosis factor
alpha reduces the outgrowth of hepatic micrometastasis of colorectal tumors in a mouse model of liver ischemia-reperfusion
injury. J. Biomed. Sci. 2014, 21, 1. [CrossRef]

43. Brown, E.R.; Charles, K.A.; Hoare, S.A.; Rye, R.L.; Jodrell, D.I.; Aird, R.E.; Vora, R.; Prabhakar, U.; Nakada, M.; Corringham,
R.E.; et al. A clinical study assessing the tolerability and biological effects of infliximab, a TNF-alpha inhibitor, in patients with
advanced cancer. Ann. Oncol. 2008, 19, 1340–1346. [CrossRef] [PubMed]

44. Kishimoto, T. The biology of interleukin-6. Blood 1989, 74, 1–10. [CrossRef] [PubMed]
45. Gauldie, J.; Richards, C.; Harnish, D.; Lansdorp, P.; Baumann, H. Interferon beta 2/B-cell stimulatory factor type 2 shares identity

with monocyte-derived hepatocyte-stimulating factor and regulates the major acute phase protein response in liver cells. Proc.
Natl. Acad. Sci. USA 1987, 84, 7251–7255. [CrossRef] [PubMed]

46. Andus, T.; Geiger, T.; Hirano, T.; Northoff, H.; Ganter, U.; Bauer, J.; Kishimoto, T.; Heinrich, P.C. Recombinant human B cell
stimulatory factor 2 (BSF-2/IFN-beta 2) regulates beta-fibrinogen and albumin mRNA levels in Fao-9 cells. FEBS Lett. 1987, 221,
18–22. [CrossRef]

47. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 2014, 6,
a016295. [CrossRef] [PubMed]

48. Jawa, R.S.; Anillo, S.; Huntoon, K.; Baumann, H.; Kulaylat, M. Analytic review: Interleukin-6 in surgery, trauma, and critical care:
Part I: Basic science. J. Intensive Care Med. 2011, 26, 3–12. [CrossRef] [PubMed]

49. Mauer, J.; Denson, J.L.; Brüning, J.C. Versatile functions for IL-6 in metabolism and cancer. Trends Immunol. 2015, 36, 92–101.
[CrossRef]

50. Xu, H.; Lai, W.; Zhang, Y.; Liu, L.; Luo, X.; Zeng, Y.; Wu, H.; Lan, Q.; Chu, Z. Tumor-associated macrophage-derived IL-6 and IL-8
enhance invasive activity of LoVo cells induced by PRL-3 in a KCNN4 channel-dependent manner. BMC Cancer 2014, 14, 330.
[CrossRef]

51. Belluco, C.; Nitti, D.; Frantz, M.; Toppan, P.; Basso, D.; Plebani, M.; Lise, M.; Jessup, J.M. Interleukin-6 Blood Level Is Associated
with Circulating Carcinoembryonic Antigen and Prognosis in Patients with Colorectal Cancer. Ann. Surg. Oncol. 2000, 7, 133–138.
[CrossRef]

52. Toyoshima, Y.; Kitamura, H.; Xiang, H.; Ohno, Y.; Homma, S.; Kawamura, H.; Takahashi, N.; Kamiyama, T.; Tanino, M.; Taketomi,
A. IL6 Modulates the Immune Status of the Tumor Microenvironment to Facilitate Metastatic Colonization of Colorectal Cancer
Cells. Cancer Immunol. Res. 2019, 7, 1944–1957. [CrossRef]

53. Olsen, J.; Kirkeby, L.T.; Olsen, J.; Eiholm, S.; Jess, P.; Gögenur, I.; Troelsen, J.T. High interleukin-6 mRNA expression is a predictor
of relapse in colon cancer. Anticancer Res. 2015, 35, 2235–2240.

54. Saji, H.; Koike, M.; Yamori, T.; Saji, S.; Seiki, M.; Matsushima, K.; Toi, M. Significant correlation of monocyte chemoattractant
protein-1 expression with neovascularization and progression of breast carcinoma. Cancer 2001, 92, 1085–1091. [CrossRef]

55. Yoshidome, H.; Kohno, H.; Shida, T.; Kimura, F.; Shimizu, H.; Ohtsuka, M.; Nakatani, Y.; Miyazaki, M. Significance of monocyte
chemoattractant protein-1 in angiogenesis and survival in colorectal liver metastases. Int. J. Oncol. 2009, 34, 923–930. [CrossRef]

56. Knupfer, H.; Preiss, R. Serum interleukin-6 levels in colorectal cancer patients—A summary of published results. Int. J. Colorectal
Dis. Clin. Mol. Gastroenterol. 2010, 25, 135–140. [CrossRef]

57. Tommelein, J.; Verset, L.; Boterberg, T.; Demetter, P.; Bracke, M.; De Wever, O. Cancer-associated fibroblasts connect metastasis-
promoting communication in colorectal cancer. Front. Oncol. 2015, 5, 63. [CrossRef]

58. Mueller, L.; von Seggern, L.; Schumacher, J.; Goumas, F.; Wilms, C.; Braun, F.; Broering, D.C. TNF-α similarly induces IL-6 and
MCP-1 in fibroblasts from colorectal liver metastases and normal liver fibroblasts. Biochem. Biophys. Res. Commun. 2010, 397,
586–591. [CrossRef]

59. Xu, K.; Zhan, Y.; Yuan, Z.; Qiu, Y.; Wang, H.; Fan, G.; Wang, J.; Li, W.; Cao, Y.; Shen, X.; et al. Hypoxia Induces Drug Resistance in
Colorectal Cancer through the HIF-1α/miR-338-5p/IL-6 Feedback Loop. Mol. Ther. 2019, 27, 1810–1824. [CrossRef]

60. De Simone, V.; Franzè, E.; Ronchetti, G.; Colantoni, A.; Fantini, M.C.; Di Fusco, D.; Sica, G.S.; Sileri, P.; MacDonald, T.T.; Pallone,
F.; et al. Th17-type cytokines, IL-6 and TNF-α synergistically activate STAT3 and NF-kB to promote colorectal cancer cell growth.
Oncogene 2015, 34, 3493–3503. [CrossRef]

61. Multhoff, G.; Molls, M.; Radons, J. Chronic Inflammation in Cancer Development. Front. Immunol. 2012, 2, 98. [CrossRef]
62. Holmer, R.; Wätzig, G.H.; Tiwari, S.; Rose-John, S.; Kalthoff, H. Interleukin-6 trans-signaling increases the expression of

carcinoembryonic antigen-related cell adhesion molecules 5 and 6 in colorectal cancer cells. BMC Cancer 2015, 15, 975. [CrossRef]
[PubMed]

63. Wang, T.; Song, P.; Zhong, T.; Wang, X.; Xiang, X.; Liu, Q.; Chen, H.; Xia, T.; Liu, H.; Niu, Y.; et al. The inflammatory cytokine IL-6
induces FRA1 deacetylation promoting colorectal cancer stem-like properties. Oncogene 2019, 38, 4932–4947. [CrossRef] [PubMed]

64. Chung, Y.-C.; Chang, Y.-F. Serum interleukin-6 levels reflect the disease status of colorectal cancer. J. Surg. Oncol. 2003, 83, 222–226.
[CrossRef] [PubMed]

65. Huot, J.R.; Novinger, L.J.; Pin, F.; Bonetto, A. HCT116 colorectal liver metastases exacerbate muscle wasting in a mouse model for
the study of colorectal cancer cachexia. Dis. Models Mech. 2020, 13, dmm043166. [CrossRef]

66. Heichler, C.; Scheibe, K.; Schmied, A.; Geppert, C.I.; Schmid, B.; Wirtz, S.; Thoma, O.-M.; Kramer, V.; Waldner, M.J.; Büttner,
C.; et al. STAT3 activation through IL-6/IL-11 in cancer-associated fibroblasts promotes colorectal tumour development and
correlates with poor prognosis. Gut 2020, 69, 1269–1282. [CrossRef]

http://doi.org/10.1186/1423-0127-21-1
http://doi.org/10.1093/annonc/mdn054
http://www.ncbi.nlm.nih.gov/pubmed/18325912
http://doi.org/10.1182/blood.V74.1.1.1
http://www.ncbi.nlm.nih.gov/pubmed/2473791
http://doi.org/10.1073/pnas.84.20.7251
http://www.ncbi.nlm.nih.gov/pubmed/2444978
http://doi.org/10.1016/0014-5793(87)80344-7
http://doi.org/10.1101/cshperspect.a016295
http://www.ncbi.nlm.nih.gov/pubmed/25190079
http://doi.org/10.1177/0885066610395678
http://www.ncbi.nlm.nih.gov/pubmed/21262749
http://doi.org/10.1016/j.it.2014.12.008
http://doi.org/10.1186/1471-2407-14-330
http://doi.org/10.1007/s10434-000-0133-7
http://doi.org/10.1158/2326-6066.CIR-18-0766
http://doi.org/10.1002/1097-0142(20010901)92:5&lt;1085::AID-CNCR1424&gt;3.0.CO;2-K
http://doi.org/10.3892/ijo_00000218
http://doi.org/10.1007/s00384-009-0818-8
http://doi.org/10.3389/fonc.2015.00063
http://doi.org/10.1016/j.bbrc.2010.05.163
http://doi.org/10.1016/j.ymthe.2019.05.017
http://doi.org/10.1038/onc.2014.286
http://doi.org/10.3389/fimmu.2011.00098
http://doi.org/10.1186/s12885-015-1950-1
http://www.ncbi.nlm.nih.gov/pubmed/26673628
http://doi.org/10.1038/s41388-019-0763-0
http://www.ncbi.nlm.nih.gov/pubmed/30804456
http://doi.org/10.1002/jso.10269
http://www.ncbi.nlm.nih.gov/pubmed/12884234
http://doi.org/10.1242/dmm.043166
http://doi.org/10.1136/gutjnl-2019-319200


Cells 2022, 11, 2313 19 of 23

67. Han, J.; Xi, Q.; Meng, Q.; Liu, J.; Zhang, Y.; Han, Y.; Zhuang, Q.; Jiang, Y.; Ding, Q.; Wu, G. Interleukin-6 promotes tumor
progression in colitis-associated colorectal cancer through HIF-1α regulation. Oncol. Lett. 2016, 12, 4665–4670. [CrossRef]

68. Angevin, E.; Tabernero, J.; Elez, E.; Cohen, S.J.; Bahleda, R.; Van Laethem, J.-L.; Ottensmeier, C.; Lopez-Martin, J.A.; Clive, S.; Joly,
F. A phase I/II, multiple-dose, dose-escalation study of siltuximab, an anti-interleukin-6 monoclonal antibody, in patients with
advanced solid tumors. Clin. Cancer Res. 2014, 20, 2192–2204. [CrossRef]

69. Jones, S.A.; Scheller, J.; Rose-John, S. Therapeutic strategies for the clinical blockade of IL-6/gp130 signaling. J. Clin. Investig.
2011, 121, 3375–3383. [CrossRef]

70. Seavey, M.M.; Lu, L.D.; Stump, K.L.; Wallace, N.H.; Hockeimer, W.; O’Kane, T.M.; Ruggeri, B.A.; Dobrzanski, P. Therapeutic
efficacy of CEP-33779, a novel selective JAK2 inhibitor, in a mouse model of colitis-induced colorectal cancer. Mol. Cancer Ther.
2012, 11, 984–993. [CrossRef]

71. Dinarello, C.A. The history of fever, leukocytic pyrogen and interleukin-1. Temperature 2015, 2, 8–16. [CrossRef]
72. Dinarello, C.A. IL-1: Discoveries, controversies and future directions. Eur. J. Immunol. 2010, 40, 599–606. [CrossRef]
73. Libby, P. Interleukin-1 beta as a target for atherosclerosis therapy: Biological basis of CANTOS and beyond. J. Am. Coll. Cardiol.

2017, 70, 2278–2289. [CrossRef]
74. Ozato, K.; Tsujimura, H.; Tamura, T. Toll-like receptor signaling and regulation of cytokine gene expression in the immune system.

Biotechniques 2002, 33, S66–S75. [CrossRef]
75. Wang, Y.; Wang, K.; Han, G.C.; Wang, R.X.; Xiao, H.; Hou, C.M.; Guo, R.F.; Dou, Y.; Shen, B.F.; Li, Y.; et al. Neutrophil infiltration

favors colitis-associated tumorigenesis by activating the interleukin-1 (IL-1)/IL-6 axis. Mucosal Immunol. 2014, 7, 1106–1115.
[CrossRef]

76. Kim, J.; Bae, J.-S. Tumor-Associated Macrophages and Neutrophils in Tumor Microenvironment. Mediat. Inflamm. 2016, 2016,
6058147. [CrossRef]

77. Jain, A.; Irizarry-Caro, R.A.; McDaniel, M.M.; Chawla, A.S.; Carroll, K.R.; Overcast, G.R.; Philip, N.H.; Oberst, A.; Chervonsky,
A.V.; Katz, J.D.; et al. T cells instruct myeloid cells to produce inflammasome-independent IL-1β and cause autoimmunity. Nat.
Immunol. 2020, 21, 65–74. [CrossRef]

78. Lorenz, J.J.; Furdon, P.J.; Taylor, J.D.; Verghese, M.W.; Chandra, G.; Kost, T.A.; Haneline, S.A.; Roner, L.A.; Gray, J.G. A cyclic
adenosine 3′,5′-monophosphate signal is required for the induction of IL-1 beta by TNF-alpha in human monocytes. J. Immunol.
1995, 155, 836–844.

79. Schroder, K.; Tschopp, J. The Inflammasomes. Cell 2010, 140, 821–832. [CrossRef]
80. Ray, A.L.; Berggren, K.L.; Restrepo Cruz, S.; Gan, G.N.; Beswick, E.J. Inhibition of MK2 suppresses IL-1β, IL-6, and TNF-α-

dependent colorectal cancer growth. Int. J. Cancer 2018, 142, 1702–1711. [CrossRef]
81. Qian, H.; Zhang, D.; Bao, C. Two variants of Interleukin-1B gene are associated with the decreased risk, clinical features, and

better overall survival of colorectal cancer: A two-center case-control study. Aging 2018, 10, 4084–4092. [CrossRef]
82. Bent, R.; Moll, L.; Grabbe, S.; Bros, M. Interleukin-1 Beta-A Friend or Foe in Malignancies? Int. J. Mol. Sci. 2018, 19, 2155.

[CrossRef]
83. Johnstone, M.; Bennett, N.; Standifer, C.; Smith, A.; Han, A.; Bettaieb, A.; Whelan, J.; Donohoe, D.R. Characterization of the

Pro-Inflammatory Cytokine IL-1β on Butyrate Oxidation in Colorectal Cancer Cells. J. Cell. Biochem. 2017, 118, 1614–1621.
[CrossRef]

84. Jiang, H.Y.; Wang, F.; Chen, H.M.; Yan, X.J. κ-carrageenan induces the disruption of intestinal epithelial Caco-2 monolayers by
promoting the interaction between intestinal epithelial cells and immune cells. Mol. Med. Rep. 2013, 8, 1635–1642. [CrossRef]

85. Guo, B.; Fu, S.; Zhang, J.; Liu, B.; Li, Z. Targeting inflammasome/IL-1 pathways for cancer immunotherapy. Sci. Rep. 2016, 6,
36107. [CrossRef]

86. Kaler, P.; Galea, V.; Augenlicht, L.; Klampfer, L. Tumor associated macrophages protect colon cancer cells from TRAIL-induced
apoptosis through IL-1beta-dependent stabilization of Snail in tumor cells. PLoS ONE 2010, 5, e11700. [CrossRef]

87. Kaler, P.; Augenlicht, L.; Klampfer, L. Macrophage-derived IL-1β stimulates Wnt signaling and growth of colon cancer cells: A
crosstalk interrupted by vitamin D 3. Oncogene 2009, 28, 3892–3902. [CrossRef]
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