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Abstract 

Inflammatory Bowel Disease (IBD) is a chronic inflammatory disease with relapse and remission periods. Ulcerative 
colitis and Crohn’s disease are two major forms of the disease. IBD imposes a lot of sufferings on the patient and has 
many consequences; however, the most important is the increased risk of colorectal cancer, especially in patients with 
Ulcerative colitis. This risk is increased with increasing the duration of disease, thus preventing the progression of IBD 
to cancer is very important. Therefore, it is necessary to know the details of events contributed to the progression of 
IBD to cancer. In recent years, the importance of miRNAs as small molecules with 20–22 nucleotides has been recog‑
nized in pathophysiology of many diseases, in which IBD and colorectal cancer have not been excluded. As a result, 
the effectiveness of these small molecules as therapeutic target is hopefully confirmed. This paper has reviewed the 
related studies and findings about the role of miRNAs in the course of events that promote the progression of IBD to 
colorectal carcinoma, as well as a review about the effectiveness of some of these miRNAs as therapeutic targets.
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Introduction
IBD is a general term mainly referred to two categories 
of chronic inflammatory disorders of gastro-intestinal 
tract including Crohn’s disease and Ulcerative colitis [1]. 
Crohn’s disease and Ulcerative colitis have very similar 
pathogenesis, and both can cause chronic bowel inflam-
mation. IBD is developed in genetically predisposed indi-
viduals due to improper immune response to intestinal 
bacteria [2]. It’s safe to say that IBD is one of the most 
complex human diseases and several factors are involved 
in the pathogenesis of IBD. Recent reports also indicate 
an increase in the prevalence of this disease, especially 
in Europe [3]. Despite many studies, the exact mecha-
nisms of IBD pathogenesis are still unclear. Diagnosis 

and monitoring of the disease has always been a serious 
challenge, thus many studies have focused on identify-
ing appropriate biomarkers for diagnosis and monitor-
ing patients [4–7]. Besides, Ulcerative colitis and Crohn’s 
disease are also very similar in clinical, endoscopic and 
histological features, and it is difficult to differentiate 
between the two diseases and is a serious challenge for 
gastroenterologists. Therefore, some studies have focused 
on finding helpful indicators for differential diagnosis. 
For example, it seems that ANCA positivity is more prev-
alent in Ulcerative colitis but ASCA positivity is more 
frequent in Crohn’s disease. Crohn’s disease has been 
shown to affect any area of the GI tract, while Ulcera-
tive colitis affects the colon and rectum. Inflammatory 
lesions in Ulcerative colitis are limited to mucus and con-
tinuous, while in Crohn’s disease it is transmoral and dis-
continuous. Granuloma can also be a diagnostic clue to 
Crohn’s disease and is very rare in Ulcerative colitis. Dif-
ferential diagnosis can be useful in more effective treat-
ment. For example, antibiotic therapy is recommended 
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in the treatment of Crohn’s disease, or 5-ASA appears 
to be more effective in maintaining remission in Ulcera-
tive colitis than Crohn’s disease. Also, finding appropri-
ate and novel treatment approaches is another part of 
IBD-related research [8, 9]. On the other hand, the risk 
of colorectal cancer in patients with IBD is a serious 
problem. The results of a meta-analysis showed that, 
after 10 years of diagnosing Ulcerative colitis, the risk of 
colorectal cancer is 0.02%, after 20 years is 4.8% and after 
30  years is 13.9% [3]. Another meta-analysis has shown 
that these values in patients with Crohn’s disease were 
2.9%, 5.6% and 8.3%, respectively [10]. Therefore, the 
risk of colorectal cancer is increased with the increase in 
duration of IBD. Accordingly, this study has also focused 
on the identifying mechanisms that are involved in the 
progression of bowel chronic inflammation to colorectal 
cancer.

In this regard, miRNAs are considered as molecules 
that are important in all of the mentioned cases. miR-
NAs are small RNA molecules with 20 to 22 nucleo-
tides. The gene encoding miRNAs is transcribed by RNA 
Pol II enzyme. The primary transcription of miRNAs 
(called Pri-miRNA) is converted to Pre-miRNA inside 

the nucleus. Pre-miRNA goes to the cytoplasm and after 
a series of interactions, ultimately becomes a mature 
miRNA that binds to the target mRNA with the help of 
proteins called argonaute, which causes mRNA insta-
bility or translating suppression (Fig.  1) [11]. In recent 
years, the importance of these small molecules has been 
recognized in the molecular mechanisms of many human 
diseases and considered as a therapeutic target for many 
human diseases including IBD and colorectal cancer [12, 
13]. Thereafter, this review paper has tried to review the 
latest findings on the role of miRNAs in these events in 
addition to reviewing the events involved in the progres-
sion of IBD to colorectal cancer.

Colitis associated cancer
Colorectal cancer (CRC) is one of the most common 
malignancies. As reported by the United States Cancer 
Society in 2017, colorectal cancer is the third most com-
mon cancer in men and women in United States [14]. 
Colorectal cancer is divided into three types of familial, 
sporadic, and inflammatory related with important dif-
ferences. In general, familial type mutations are inherited 
in APC gene or genes involved in mismatch repair, and 

Fig. 1  Schematic diagram representing multiple steps in biogenesis of microRNA



Page 3 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 	

other mutations in tumor suppressor genes such as TP53 
or proto-oncogene like KRAS occur gradually. However, 
in sporadic type, genetic changes and interactions that 
lead to tumorigenesis usually occur with aging. Inflam-
matory related type of colorectal cancer is called colitis 
associated cancer (CAC) or IBD-associated cancer in lit-
erature. In this type of colorectal cancer, chronic inflam-
mation is main cause of tumorigenesis and has significant 
differences with other types of colorectal cancer. In CAC 
mutation in APC gene is not very common and its occur-
ring is in latter stages. Mutation in TP53 tumor suppres-
sant gene occurs in early stages, while in sporadic and 
familial types, mutation occurs in TP53 gene and in last 
stages [15–17]. About 15% of death’s causes belong to 
CAC among IBD patients with a weaker prognosis com-
pared to other cases [18]. The risk of CAC has a direct 
relation to the duration of IBD, as well as the extent of 
inflamed areas [3, 19].

A series of events that occur in IBD including the pen-
etration of immune cells into lamina propria, various 
cytokine secretions, oxidative stress, and etc., have effects 
on many genetic factors and cellular signaling pathways, 
which lead a normal epithelial cell to Dysplasia and met-
astatic adenocarcinoma. The course of these events from 
bowel chronic inflammation to cancer and the role of 
miRNAs in these events will be discussed.

From IBD to cancer
As mentioned above, IBD is an umbrella term that refers 
to Ulcerative colitis and Crohn’s disease. Because both 
Crohn’s disease and Ulcerative colitis can cause chronic 
inflammation in the colon tissue and this chronic inflam-
mation is associated with an increased risk of colorectal 
cancer, this review article uses the general term (IBD) to 
discuss the relationship between bowel chronic inflam-
mation and colorectal cancer. The progression of IBD to 
colorectal cancer is another confirmation of the role of 
chronic inflammation in cancer development. Chronic 
inflammation in long term leads to epithelial cells mov-
ing toward Dysplasia and ultimately adenocarcinoma. 
In this long course, several factors such as DNA dam-
age [20] and mutation in TP53 tumor suppressant gene, 
immune cells, and cytokines produced by them, signal-
ing pathways such as NFκB, STAT3, AKT/PI3K [21], and 
WNT/β-Catenin [22] are involved and miRNAs are also 
associated with all of these factors in some way. It seems 
that targeting some of them can be useful in stopping this 
dangerous course or more effective treatment of colorec-
tal cancer. Below we will cover all these events from IBD 
to colorectal cancer and will review the latest findings on 
the role of miRNAs.

IBD, immune cells and CAC: a brief overview
Immune system plays a central role in the pathogen-
esis of IBD. In fact, this is an inappropriate response of 
the immune system to some intestinal microorganisms, 
which, in addition to the genetic predisposition, leads to 
the onset of IBD. Inflammation has no harmful nature 
and is an immune response to infection or damage with a 
beneficial nature led to the removal of aggressive agents, 
repairing structures and restoring tissue function. Acute 
phase of inflammation is associated with the rapid flow 
of immune cells, especially neutrophils and inflamma-
tory macrophages to the affected tissue. Inflammatory 
macrophages have effect on the performance of tissue 
macrophages. In addition, several cytokines are pro-
duced by neutrophils and macrophages that play a very 
important role in immune response. These interactions 
cause common symptoms of inflammation such as heat, 
pain and swelling. When the harmful stimulus disap-
pears, the inflammatory reaction is subsided, and the 
immune cells are returned to the phenotype and the 
number before the inflammatory reaction. In fact, acute 
inflammation is resolved and the tissue is restored, but if 
there is a disturbance in the resolving of acute inflamma-
tion, chronic inflammation will be developed resulted an 
increased tissue damage just as in IBD [23]. In intestine, 
a mucosal barrier prevents microbes from penetrating 
into lamina propria. The stability of this mucosal barrier 
depends on the existence of tight junctions between epi-
thelial cells. In IBD, these tight junctions are loosened, so 
the mucosal barrier is weakened and the bacterial pen-
etration increased to lamina propria which is followed 
by neutrophils, then macrophages enter to the lamina 
propria to eliminate these bacteria and an inflamma-
tory reaction begins. In IBD, CD4+ T cells and innate 
immune cells such as neutrophils and macrophages 
interact closely with each other. Thus the inflammatory 
signaling pathways such as NFκB and STAT3, as well as 
inflammatory cytokines, mediate these interactions in a 
way that Innate immune cells secrete cytokines such as 
TNF-α, IL-6, IL-1, IL-12, IL-21, IL-22 and IL-23 resulted 
an increasing of pro-inflammatory CD4+ T cells recruit-
ment to lamina propria. These cells also secrete cytokines 
that increase the number of innate immune cells which 
is resulted in the continued cycle of inflammatory 
response and chronic inflammation [13, 24, 25]. Some 
of these cytokines can directly affect the epithelial cells 
and stimulate signaling pathways which are involved in 
tumorigenesis.

T cells, based on their glycoprotein co-receptor that 
they have in their surface, are divided into two major 
CD4+ and CD8+ groups. CD4+ T cells play an important 
role in the pathogenesis of IBD and CAC and divided 
into two groups under the names of effector cells and 
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regulatory cells [13]. Th1, Th2 and Th17 are three main 
categories of T-effector cells and secrete very important 
cytokines. Interferon γ is the most important cytokine 
produced by Th1 cells, while Th2 cells secreting IL-4 
significantly. IL-17, IL-22 and IL-21 are also secreted by 
Th17 cells. Regulatory T cells play a role in regulating the 
activity of T-effector cells and immune tolerance, and 
secrete cytokines such as TGF-β usually play anti-inflam-
matory activity role. CD8+ T cells which are known as 
killer cells are closely interacting with T-effector cells. In 
fact, the function of CD8+ T cells that is very important 
in the fight against cancer cells is dependent on receiving 
signals from CD4+ T cells [13]. Th1 and Th2 cells appear 
to have opposing roles in CAC so that Th1 cells play a 
protective role; however, Th2 cells interfere with tumor 
stimulation [26, 27]. Despite the high similarities in the 
immune-pathogenesis of Crohn’s disease and Ulcerative 
colitis, there are some differences in the adaptive immune 
response between the two diseases. Th2 has been shown 
to be more involved in the pathogenesis of Ulcerative 
colitis, but, Th1 and Th17 are more involved in the patho-
genesis of Crohn’s disease [13, 28]. Some of the pheno-
typic differences between Crohn’s disease and Ulcerative 
colitis mentioned in the introduction may be related to 
these differences in the adaptive immune response. For 
example, transmural inflammation in Crohn’s disease 
may be due to the predominant immune response of Th1 
and Th17 cells, whereas mucosal inflammation in Ulcer-
ative colitis is probably due to a more pronounced Th2 
immune response [28]. Granuloma formation in Crohn’s 
disease also appears to be associated with Th1 immune 
response and interferon γ [29, 30]. Granuloma forma-
tion begins following an inflammatory stimulus. As men-
tioned above, macrophages are recruited to the site of 
inflammation, as an important part of the innate immune 
response. Due to the events mentioned above and the 
chronic inflammation in Crohn’s disease, this recruit-
ment can occur continuously. Macrophages, in turn, by 
secreting cytokines such as TNF-α, IL-1, IL-6 and IL-12 
can enhance leukocyte infiltration and T cell activation. 
Th1 cells can also further enhance the recruitment of 
macrophages to the area of inflammation by secreting 
chemokines and cytokines such as TNF-α, interferon 
γ, and IL-6. In a study of colon tissue granulomas of 
patients with Crohn’s disease significant immunoreactiv-
ity was reported for IL-12 and interferon γ.

The secretion of interferon γ by Th1 cells is also 
involved in shifting the polarization of macrophages to 
the pro-inflammatory phenotype (M1), which will be dis-
cussed below [30–32]. Continuation of successive cycles 
of inflammation and secretion of TNF-α and interferon γ 
by macrophages and Th1 cells leads to further maturation 
of macrophages [33]. This maturation of macrophages 

causes the formation of structures called epithelioid cells 
that are similar to epithelial cells. These epithelioid cells 
fuse together to form multinucleated giant cells, and 
eventually a structure called a granuloma can form [31]. 
In fact, granuloma is an organized structure consisting of 
activated macrophages aggregate (epithelioid and multi-
nucleated giant cells), which are surrounded by lympho-
cytes [34]. As mentioned in the introduction, granuloma 
can be an endoscopic feature of Crohn’s disease that can 
help to distinguish Crohn’s disease from Ulcerative coli-
tis. Neutrophils and macrophages role are also inevita-
ble in the progression of IBD to cancer. Neutrophils, in 
addition to the role played by inflammatory cytokines, 
play an important role in increasing the risk of colorectal 
cancer in patients with IBD by production of free radi-
cals and carcinogenic compounds such as N-nitroso [35, 
36]. Macrophages also play an important role in IBD and 
cancer. These cells are divided into two types of inflam-
matory M1 and anti-inflammatory M2. Inflammatory 
macrophages mainly inhibit cell proliferation, while M2 
macrophages play a role in stimulating cell proliferation. 
Inflammatory macrophages release high levels of free 
radicals as well as IL-6, which play an important role in 
tumorigenesis. M2 macrophages play a role in neutral-
izing the destructive effects of these compounds, as well 
as repairing tissue damage. In fact, there is a balance 
between these two macrophages. Studies have shown 
that this balance is changed in progress of Dysplasia 
toward colorectal carcinoma in favor of M2 macrophages 
[13, 37]. In fact, M1 macrophages seem to play a role in 
cellular damage and initiate the process of tumorigenesis, 
while these are M2 macrophages that play a major role 
in progressing towards colorectal carcinoma. Another 
group of immune cells that appear to be involved in the 
pathogenesis of IBD are innate lymphoid cells (ILCs). 
These cells are originated from common lymphoid pro-
genitors (CLPs) and divided into three groups, which are 
named from 1 to 3. NK cells and ILC1s are in group 1, 
ILC2s are in group 2 and ILC3s are in group 3 of these 
cells [38]. The number of NK cells in the lamina propria 
of patients with IBD (both Ulcerative colitis and Crohn’s 
disease) appears to be increased [39].

These cells may be involved in the pathogenesis of 
IBD by secreting interferon γ and enhancing the differ-
entiation of Th1 cells from naive CD4+ T cells. In addi-
tion, excessive amount of interferon γ has destructive 
effects on the tight junctions of the intestinal mucosal 
barrier [40], which is an important event in strengthen-
ing chronic inflammation in IBD. However, some stud-
ies in animal models of colitis have shown that NK cells, 
through NKG2A inhibitory receptors and direct cell–
cell contact, attenuate the pro-inflammatory functions 
of neutrophils, including cytokine and ROS secretion, 
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and have protective effects against colitis [41]. ILC1 
cells have the ability to secrete interferon γ and express 
T-bet, which is a transcription factor. These cells can be 
developed from ILC3 cells [RORγt (+) ILC3] under the 
effect of IL-12. It seems that the frequency of ILC1 cells 
in the inflamed intestine of patients with Crohn’s disease 
increases [42]. Increased frequency of ILC1 in inflamed 
intestinal tissue of patients with established Ulcerative 
colitis has also been reported [43]. These findings sug-
gest the role of ILC1 in chronic bowel inflammation. 
However, the exact mechanism of function of these cells 
in the pathogenesis of IBD is not yet clear and needs to 
be further studied. Increased ILC2 cell populations have 
also been reported in inflamed tissues of patients with 
newly diagnosed Ulcerative colitis, and patients with 
established Crohn’s disease and Ulcerative colitis [43]. 
These cells have the ability to secrete IL-13 and IL-5, and 
in fact provide a primary source of Th2 cytokines [40]. 
ILC2 cells appear to be involved in maintaining the integ-
rity of the intestinal mucosal barrier In addition, IL-13 
derived from these cells may be involved in enhancing 
the differentiation of intestinal stem cells into Goblet and 
Turf cells and repairing intestinal damage [44]. IL-33, 
which can be released from damaged epithelial cells [45], 
appears to have an effect on ILC2 cells and this effect is 
involved in the pathogenesis of IBD, but contradictory 
results have been published in this regard. One study 
found that IL-33 deficiency impaired the differentiation 
of ILC2 and Th17 cells, and reduced levels of cytokines 
such as IL-6 and IL-1, which protected mice against DSS-
induced colitis. The results of this study also showed that 
exogenous IL-33 causes exacerbation of colitis [46]. How-
ever, the results of another study showed that IL-33 had a 
protective effect against DSS-induced colitis by enhanc-
ing the expansion of ILC2 and Treg cells [47]. Therefore, 
further studies are needed to determine the exact mecha-
nism of action of ILC2 cells in the pathogenesis of IBD. 
Besides, given that IL-33 appears to be involved in the 
progression of colorectal adenoma to colorectal cancer 
[48], it is necessary to study the role of ILC2 cells in the 
development of CAC.

ILC3 cells are another group of innate lymphoid cells 
that appear to be involved in the pathogenesis of IBD 
and CAC. Continuous expression of RORγt and aryl 
hydrocarbon receptor (AHR) is necessary for the differ-
entiation and survival of these cells [38].Lymphoid tissue 
inducer (LTi) cells, NKp44+ ILC3s and NKp44− ILC3s 
are subgroups of ILC3 cells. The majority of the popu-
lations of ILC cells in the intestinal lamina propria are 
NKp44+ ILC3s cells [40]. Interestingly, one study showed 
that the frequency of these cells in the inflamed tissue of 
IBD patients (both Ulcerative colitis and Crohn’s disease) 
was reduced [43]. These cells have the ability to produce 

IL-22 [40]. This cytokine has protective effects on IBD 
and can enhance the integrity of the intestinal mucosal 
barrier and induce antimicrobial compounds [49]. How-
ever, IL-22 can enhance STAT3 signaling in epithelial 
cells, increase proliferation, and play a role in colorectal 
cancer development [50]. NKp44+ ILC3s present in the 
inflamed intestinal tissue of patients with Crohn’s disease 
appear to secrete less IL-22 but are capable of secret-
ing interferon γ. NKp44+ ILC3s present in the inflamed 
intestinal tissue of patients with Crohn’s disease appear 
to secrete less IL-22 but are capable of secreting inter-
feron γ. These cells also enhance the accumulation of 
inflammatory monocytes by secreting GM-CSF, leading 
to promotion of intestinal inflammation [40]. Therefore, 
these cells seem to be involved in the pathogenesis of IBD 
and CAC, but their exact role is not yet clear and requires 
further study. Another group of immune cells that appear 
to be involved in the pathogenesis of IBD are NKT cells. 
The development of these cells depends on the thymus 
and most of them branch from CD4+ CD8+ double-
positive (DP) thymocytes. In fact, majority of NKT cells 
branch out from the conventional development of T cells 
in the CD4+ CD8+ DP step [51]. These cells express sur-
face molecules of both T cells (such as TCR and CD3) 
and NK cells (such as NKG2D and CD161), are divided 
into two types based on differences in TCR [52]. The 
population of NKT type 1 cells in the intestinal tissue 
and peripheral blood of IBD patients (both Crohn’s dis-
ease and Ulcerative colitis) appears to decrease, but a 
significant accumulation of NKT type 2 cells in the intes-
tinal tissue of patients with Ulcerative colitis has been 
reported [53]. It seems that the pathogenic role of NKT 
type 2 cells in Ulcerative colitis is exerted by the secre-
tion of IL-13 and this cytokine can cause apoptosis of 
intestinal epithelial cells and play a role in the destruction 
of intestinal mucosal barrier. NKT type 1 cells from the 
lamina propria of patients with Crohn’s disease also have 
the ability to secrete pro-inflammatory cytokines, such as 
TNF-α,IFN-γ, and IL-13, and are involved in the destruc-
tion of the intestinal mucosal barrier [54, 55].

Some studies have also shown that NKT type 1 cells 
have protective effects against colitis in mice by secreting 
IL-9 [56].In overall, type1 NKT cells appear to have both 
a protective and a pathogenic role in IBD but type2 NKT 
cells may enhance intestinal inflammation [52]. All of 
immune cells and cytokines produced by them involved 
in bowel chronic inflammation have an important role 
in developing CAC. As previously mentioned, the risk 
of CAC induced colorectal cancer among IBD patients. 
In recent years, extensive studies have been conducted 
to find out how IBD increases the risk of colorectal can-
cer. These studies have shown that chronic inflammation 
(a major characteristic of IBD) has harmful effects on 
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intestinal epithelial cells. Free radicals and inflamma-
tory mediators can cause DNA damage and mutation in 
important genes such as TP53 tumor suppressant gene. 
Additionally, chronic inflammation causes the epithelial 
cells to acquire the characteristics of stem cells which is 
called epithelial–mesenchymal transition (EMT) and 
eventually become a tumor cell [57]. Studies also pro-
vide significant information on cytokines produced by 
immune cells, key signaling pathways in developing CAC 
and also the role of miRNAs in all of these interactions 
(Fig. 2). Inflammation that is induced by microorganism 
leads to the removal of mucinous layer and penetration 
of bacteria in lamina propria and stimulate immune cell. 
The production of cytokine and inflammatory factors 
lead to the progression of IBD to colorectal cancer.

miRNAs, oxidative stress and DNA damage
DNA damage and mutation can be the starting point for 
cancer development. Of course, cell has mechanisms to 
repair these injuries. If these mechanisms fail to resolve 
the damage, cell destroys itself with apoptosis process. 
However, if the apoptosis has not happened, some of 
these catastrophic mutations such as mutations in TP53 
tumor suppressant gene push the cell into malignancy. 
In IBD patients, beside antioxidant defense impair-
ment, the presence of oxidative and nitrosative stress 
and the production of free radicals of oxygen and nitro-
gen in high amounts by neutrophils, macrophages and 

epithelial cells have been observed [58–61]. Free radicals 
not only damage DNA, but also appear to disrupt some 
repair mechanisms including mismatch repair [62]. Some 
inflammatory cytokines such as IL-6 and IL-22 also acti-
vate the signaling pathways of NFκB and STAT6 in epi-
thelial cells.

These signaling pathways stimulate the expression of 
anti-apoptotic genes, so chronic inflammation not only 
causes DNA damage and impaired some restorative 
processes like mismatch repair, but also eliminates the 
cell from apoptosis, raising the risk of colorectal can-
cer in patients with IBD. Oxidative stress occurs when 
the balance between the production of free radicals and 
their clearing by antioxidant system is interrupted. In 
IBD, immune cells including macrophages and neutro-
phils, in addition to produce a high level of free radicals 
themselves by inducing enzymes such as NADPH oxi-
dase and nitric oxide synthase (NOS) in colon cells could 
produce a high level of ROS and RNS [61]. The role of 
nitric oxide in pathogenesis of IBD and creation of DNA 
damage is very interesting. Nitric oxide can react with 
anion superoxide (a highly reactive free radical) and gen-
erates radical peroxynitrite (ONOO−) which is a very 
destructive oxidant factor in causing DNA fragmentation 
[61]. In addition, nitric oxide stimulates the production 
of TNF-α which is playing significant role in the patho-
genesis of IBD and causing mutation and progressing 
to CAC. Accordingly, downregulation of nitric oxide 

Fig. 2  Schematic diagram represents the regulation of epithelial cells behavior by immune system in IBD and CAC​
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synthase reduces the severity of colitis in mouse models 
[63, 64]. Furthermore, it has been shown that mesalazine 
(commonly used drug for IBD treatment) has antioxidant 
properties [65]. Some studies have also shown that some 
antioxidant compounds can be effective in protecting 
against DNA damage, as well as reducing colitis sever-
ity or even inhibiting the signaling pathway of WNT/β-
Catenin, which is very important in colorectal cancer 
development and invasion [66–68]. Although the role of 
free radicals in IBD and the early stages of tumorigenesis 
is a destructive role, it seems that these highly reactive 
compounds are useful in preventing invasion and in colo-
rectal cancer treatment [69, 70], while antioxidants may 
play a destructive role in the end stages. It seems that, 
superoxide dismutase (an antioxidant enzyme) has been 
involved in EMT and tumor cell invasion in colorectal 
cancer [71]. In addition, strengthening the antioxidant 
system seems to be one of the mechanisms of resistance 
to chemotherapy in colorectal cancer cells [12]. The rela-
tionship between miRNAs and oxidant and antioxidant 
compounds is very interesting topic addressed recently. 
For example, it has been shown that miR-212 by target-
ing superoxide dismutase mRNA neutralizes the role of 
this enzyme in invasion of tumor cells [71]. MiR-143 is 
also another miRNA whose effects have been shown to 
induce apoptosis and inhibit the proliferation of colorec-
tal cancer cells [72].

By exacerbating the oxidative stress, this miRNA 
reduces the resistance of colorectal cancer cells to treat-
ment, thus it seems that the useful role of free radicals 
in colorectal cancer treatment appears to interact with 
miRNAs such as miR-143 [69] (Table 1). Adding that the 
harmful roles of free radicals as important factors in IBD 
and in the early stages of tumorigenesis are also likely 
to interact with miRNAs. For example, free radicals can 
activate miR-21 as important oncogenic microRNA and 
more interestingly this miRNA increases the production 
of free radicals by targeting antioxidant enzyme super-
oxide dismutase, suggesting a close relationship between 
this oncomiR and free radicals [73, 74]. MiR-21 also plays 
a very active role in the pathogenesis of IBD and is prob-
ably one of the miRNAs that play a very important role 
in colorectal cancer development in patients with IBD 
[13]. Some miRNAs such as miR-23a-3p play a protective 
role against oxidative stress. This miRNA increases the 
expression of superoxide dismutase enzyme, requiring 
more studies on IBD and colorectal cancer [75]. Identify-
ing the mechanism of action and the use of these miR-
NAs or inhibiting miRNAs such as miR-21 may have a 
protective effect against oxidative stress and subsequent 
oxidative DNA damage in IBD patients and prevent the 
onset of tumorigenesis and progression towards colo-
rectal adenocarcinoma. Chronic inflammation can also 

cause damage to DNA and mutation without free radical 
involvement. TNF-α increases the expression of activa-
tion induced cytidine deaminase (AID) in colon epithelial 
cells by activating NFκB and IL-4/STAT6 signaling path-
ways [76, 77]. This enzyme causes deamination and con-
version of cytosine base to uracil in DNA structure, and it 
seems to play an important role in creating and develop-
ment of CAC [77–79]. Also, activation of this enzyme in 
the following of inflammation reaction is associated with 
an increase in the mutation of TP53 gene in colon cells 
[76]. Interestingly, it has been shown that in IL-10 (−/−) 
AID (−/−) mouse models, despite chronic inflamma-
tion, colon cancer does not occur and mutations in the 
Tp53 gene is significantly lower [80]. According to these 
findings, AID inhibition can be an effective approach to 
prevent CAC in IBD patients, and this inhibition can be 
done by miRNAs such as miR-93, miR-155 and miR-16 
[81, 82] (Fig. 3A and B).

Inflammation, P53 mutation and miRNAs
TP53 is the most important tumor suppressant gene in 
the body’s cells, which encodes p53. In the presence of 
damage in DNA, p53 is phosphorylated and activated by 
ATM and ATR protein kinases. Activated p53 increases 
the P21 production in the cell, and by preventing phos-
phorylation of retinoblastoma protein activates P21, 
subsequently, stops the cell cycle in G1 phase so that 
repairing systems can repair DNA damage. In addition, 
P53 through increasing the transcription of apoptotic 
proteins plays a key role in induction of apoptosis [83], 
so mostly the mutation of genes of this tumor suppres-
sor leads to cancer development. In many cancers includ-
ing colorectal cancer, mutation occurs in TP53 gene. As 
previously mentioned, contrary to sporadic type in CAC, 
mutation occurs in TP53 gene in the first stages of Dys-
plasia. In fact, the early start of IBD progression towards 
Dysplasia is caused by the harmful effects of free radicals 
and inflammatory interactions on DNA. Subsequently, 
the impairment of repair and mutation processes in 
TP53 gene along with chronic inflammation resulted in 
the continuous production of inflammatory cytokines 
and high activity of STAT3 and NFκB signaling path-
ways have anti-apoptosis properties running Dysplasia 
towards colorectal adenocarcinoma. Alternatively, more 
mutations in TP53 gene of colon tissue with Ulcerative 
colitis compared to healthy people as another reason for 
high risk of colorectal cancer developing have been stud-
ied [84]. p53 seems to apply some of its anti-tumor effects 
by miRNAs. For example, p53 inhibits hypoxia-inducible 
factor 1 (HIF1) which is an angiogenesis stimulator tran-
scription factor by stimulating the production of miR-107 
and inhibiting angiogenesis (a vital process for cancer 
cells) [85] (Table 1). p53 also has an inhibitory effect on 
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Table 1  Summery of miRNAs roles in bowel inflammation and colorectal cancer

miRNAs Target Possible function/effect References

miR-212 SOD Decreasing the levels of MnSOD [71]

Attenuation EMT in colorectal cancer cells

Attenuation of invasiveness of colorectal cancer cells

miR-143 SOD Down-regulation of SOD [69]

Enhancement oxidative stress

Enhancement of chemo-sensitivity of colorectal cancer cells

miR-150-5p p53 Inhibiting p53 [227]

Enhancement proliferation of colorectal cancer cells

miR‑766 MDM4 Enhancement of p53/BAX signaling [228]

Enhancement of apoptosis in colorectal cancer cells

miR-107 HIF-1β Inhibiting HIF-1β expression in colorectal cancer cell [85]

Mediating p53 effects on hypoxic signaling

Attenuation of angiogenesis and tumor growth

miR-124 DNMT3B Attenuation of DNA methylation [104]

miR-506 DNMT1 Inhibition of colorectal cancer progression

miR-342 DNMT1 Inhibiting of proliferation and invasion of colorectal cancer cells [105]

miR-143 DNMT3A Attenuation colorectal cancer cells growth [106]

miR-155 claudin1 Up-regulation of claudin1 in colorectal cancer cells [127, 192]

Jarid2 Enhancement of invasion and migration of colorectal cancer cells weaken‑
ing intestinal mucosal barrier in IBD

Down-regulation of Jarid2induction of Th17 cells differentiation in mouse 
models of colitis

Enhancing IL-22 expression in mice models of colitis

miR-19-a TNF alpha-induced protein 3 Enhancing NFκB signaling [130]

Increasing the production of TNF-α

Promoting colitis and CAC in mouse models

miR-21 PTEN Enhancing proliferation and attenuating apoptosis in colorectal cancer cells [141, 147, 229]

PTEN Enhancing NFκB signaling

Enhancing IL-6 production weakening of intestinal mucosal barrier in IBD

Increasing TNF-α and MIP-2 in mice colon

miR-181b PDCD4 Mediating the effects of IL-6/STAT3 signaling on PDCD4 [142]

Down-regulation of PDCD4

Enhancing proliferation and attenuating apoptosis in colorectal cancer cells

miR-34a S-IL-6-R1 Attenuating IL-6 effect on epithelial cells [148, 149]

Attenuating IL-6/STAT3 signaling in colorectal cancer cells

Mediating p53 suppressing effects on invasion and migration in colorectal 
cancer cells

miR-214 PTEN Mediating IL-6 suppressing effects on PTEN in colorectal cancer cells [150]

PDZ and LIM domain 2 Enhancement of PI3K/AKT and NFκB signaling in colon tissue

Enhancement of inflammation in Ulcerative colitis

Promoting the progression of colitis toward CAC​

miR-139-5p NFκB Attenuation the expression of IL-6 and TNF-α in colorectal cancer cells [153, 154]

Suppressing colorectal cancer cells proliferation

Protection against colitis and colorectal cancer

miR-200b AKT2 Attenuating AKT expression in colon tissue [156]

Attenuating NF-κB/IL-6/STAT3 signaling

Down-regulation of TNFα

Attenuating inflammatory response in mice colon

Attenuating EMT



Page 9 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 	

Table 1  (continued)

miRNAs Target Possible function/effect References

miR-223 Claudin-8 Mediating IL-23 inhibitory effects on Claudin-8 [165]

Weakening epithelial barrier of intestine

Enhancing intestinal inflammation

miR-29 IL-23 Down-regulation of IL-23 in dendritic cells [166]

Attenuating colitis

miR-193a-3p IL-17RD Down-regulation of IL-17RD [172]

Down-regulation of p-AKT

Reducing EGFR signaling in colorectal cancer cells

Attenuation colorectal cancer cells proliferation

Protection against CAC​

miR-124 STAT-3 Reducing IL-17 expression in Th17 cells [174, 175]

Attenuating the differentiation of Th17 cells

Protection against inflammation exacerbation in Ulcerative colitis

Attenuating CAC development in mice

miR-106a IL-10 Negatively regulating IL-10 expression [215, 230]

Attenuating Treg cells suppressive function

Stimulating intestinal inflammation in mice

miR-27 Smad2 Down-regulating p-STAT3 [222]

Sphingosine-1-phosphate phosphatase 1 Inhibiting colorectal cancer cells proliferation

Enhancing apoptosis in colorectal cancer cells

miR-140-5p Smad2 Decreasing Smad2 expression [225]

Decreasing colorectal cancer cells proliferation

Attenuating colorectal cancer cells invasion

Fig. 3  Crosstalk between inflammatory factors, miRNAs in oxidative stress, DNA damage and p53 functions during IBD and CAC​
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EMT via miR-15-a and miR-16-1 [86]. In addition, with 
increasing the levels of miR-16, p53 targets an important 
survival protein called Survivin and also inhibits prolif-
eration of colon tumor cells [87]. Some miRNAs also 
apply their tumorigenic effect by targeting p53, and some 
other miRNAs enhance the antitumor function of p53. 
For example, miR-19b with targeting p53 can increase 
tumor growth, inhibit apoptosis, and increase invasion 
and metastasis, so it is suggested to inhibit this miRNA 
by using appropriate antagomiR as an appropriate thera-
peutic approach [88].

In contrast, miR-766 can inhibit the cell cycle by 
enhancing the function of p53 [89]. In addition, some 
studies have shown that increasing the expression of 
miR-203 and miR-22 in colon cancer cells with a muta-
tion in TP53 can cause induction of apoptosis, inhibition 
of proliferation, decrease in survival and also increasing 
sensitivity to chemotherapy [90, 91] (Fig. 3C).

Inflammation, DNA aberrant methylation 
and tumorigenesis: what are the miRNAs’ roles?
DNA methylation in CpG Island regions of promoter of 
genes is one of the ways to silence some genes and is a 
highly regulated process. Disruptions in this setting like 
hyper methylation of tumor suppressor genes can have 
catastrophic consequences. DNA methylation is per-
formed by DNA methyl transferase enzymes (DNMT) 
and up to now three DNMT enzymes have been identi-
fied: DNMT1, DNMT3A and DNMT3B [92]. One of the 
destructive events that occur in IBD appears to be the 
increased expression of DNMT1 and DNMT3B in colon 
epithelial cells and hypermethylation of some important 
genes in inflammation and cancer such as some tumor 
suppressor genes, which is observed in active phase of 
disease [93, 94]. In pre-tumor cells as well as CAC tumor 
cells, the increased expression of DNMT1 has been 
reported compared to the sporadic type [95]. During 
chronic inflammation, cytokines such as IL-6 stimulate 
the expression of DNMT1 enzymes, and IL-6 possibly 
by inhibiting miR-148a and miR-152 plays an incite role 
because these miRNAs reduce the expression of DNMT1 
enzyme [96, 97]. Hyper methylation of some miRNAs 
in colorectal tumor cells has been observed compared 
to healthy cells, which seem to play a role in weakening 
proliferation and inhibition of metastasis [98–101]. In 
addition, increased miR-124a methylation raises the risk 
of colorectal cancer development in IBD patients, and 
likely the level of this methylation is directly related to 
the duration of IBD [102]. Considering the significance of 
this finding, the evaluation of methylation level of some 
miRNAs including miR-124, miR-16, miR-9 and espe-
cially miR-137 as a prognostic marker has been suggested 
to identify high-risk individuals for colorectal cancer 

development among IBD patients [103]. Some miRNAs 
play an antitumor role with targeting DNMT enzymes. 
For example, miR-506 and miR-124 inhibiting colorectal 
cancer progression and increasing sensitivity to chemo-
therapy by targeting DNMT1 and DNMT3B [104]. miR-
342 is involved in inhibiting of proliferation and invasion 
of colorectal tumor cells by targeting DNMT1 [105] 
(Table 1). miR-143 also plays its tumor suppressor role by 
targeting DNMT3A [106] (Fig. 4A).

Signaling pathways, IBD and cancer; a brief overview
As previously mentioned, some of the signaling pathways 
such as NFκB, STAT3 and AKT/PI3K pathways play a 
very important role in the development and progression 
of CAC. NFκB is a transcription factor that has a great 
importance in the inflammation process. NFκB has two 
subunits called p50 and p65, which form a heterodimer 
complex. NFκB is in the cytoplasm and under the Inhibi-
tion of IKB in normal state is inactive for transcription. 
Pro-inflammatory cytokines and free radicals activate 
the enzyme called IKB kinase. This enzyme with IKB 
phosphorylation causes IKB ubiquitination and degra-
dation. Subsequently, NFκB is released and goes to the 
cell’s nucleus, where it increases the transcription of the 
genes involved in inflammatory response [107]. STAT3 
is also a transcription factor involved in inflammation, 
cell growth and is also very important in controlling 
apoptosis. STAT3 is also present in cytoplasm and in 
response to inflammatory cytokines, especially IL-6 and 
IL-22 under the influence of JAK that is phosphorylated 
and comes in the form of dimer and goes to the nucleus 
[108, 109]. It seems that STAT3 has a twofold role in the 
pathophysiology of IBD. Though its important role in dif-
ferentiating of Th17-effector has been specified, it affects 
Treg cells. Indeed, it affects the process of inflammation 
both stimulatory and inhibitory [110, 111]. The activation 
of STAT3 signaling pathway in IL-22-induced epithelial 
cells increases the cell survival and inhibits apoptosis, 
which is indicative of the importance of this signaling 
pathway in progressing IBD to cancer [112]. In addition 
to STAT3, NFκB signaling pathway is also very important 
in inhibition of apoptosis in epithelial cells, as some stud-
ies have shown that inactivation of NFκB pathway inhib-
its the expression of anti-apoptotic genes and reduces 
tumor size in animal models of CAC [113]. In human 
studies, an increase in the expression of NFκB in colon 
and peripheral blood has been also reported in patients 
with colorectal carcinoma [114, 115]. There is an inter-
esting association between PI3K/AKT and NFκB signal-
ing pathways. AKT/PI3K signaling pathway can also play 
an important role in the pathogenesis of CAC. This sign-
aling pathway is started by the attachment of an extra-
cellular ligand such as IL-6 to the cell surface receptors 



Page 11 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 	

leading to phosphorylation and activation of PI3K. Active 
PI3K activates a secondary messenger called PIP3 with 
phosphorylation of membrane lipids, and this is PIP3 
that activates AKT. AKT enhances cell survival, inhibits 
apoptosis and also increases cell proliferation [116, 117].

AKT can decompose IKB and release NFκB by phos-
phorylation of IKB kinase leading to enhancement of 
NFκB signaling [118]. Additionally, AKT is also asso-
ciated with WNT/β-Catenin signaling pathway. Some 
studies have shown that activation of WNT/β-Catenin 
signaling pathway in T-effector cells, especially Th17 and 
Treg cells is involved in development of CAC [119, 120]. 
The above-mentioned signals are the most important 
signaling pathways involved in CAC development and 
progression. However, transcription factors and other 
signaling pathways are also related to CAC, among which 
SMAD proteins and aryl hydrocarbon receptors can be 
mentioned [121, 122] (Fig. 4B).

Cytokines, signaling pathways and CAC: what’s the role 
of miRNAs?
The activation of the NFκB and STAT3 signaling path-
ways in intestinal epithelial cells plays a major role 
in resistance to apoptosis and tumorigenesis. Some 
cytokines produced by immune cells have a recep-
tor on the epithelial cells of intestine and can activate 
these signaling pathways in epithelial cells and enhance 
tumorigenesis. Therefore, one of the reasons for high 
risk of colorectal cancer in IBD patients is continuous 

production of these cytokines due to chronic inflamma-
tion. In this section, we review the most important role 
of these cytokines in the progression of chronic bowel 
inflammation to colorectal cancer, and discuss the associ-
ation of miRNAs with these cytokines and their depend-
ent signaling pathways.

TNF‑α
One of the key cytokines in the pathogenesis of IBD and 
CAC is TNF-α. As previously mentioned, in IBD, due to 
mucosal barrier dysfunction and penetration of bacteria 
into lamina propria, macrophages, neutrophils and NK 
cells are also emitted to this region. Neutrophils and mac-
rophages release high levels of TNF-α, and it seems that 
this cytokine plays an essential role in the continuation 
of inflammatory responses. TNF-α, in addition to further 
damaging of mucosal barrier of intestine, can enhance 
the recruitment of other immune cells to lamina pro-
pria and stimulate the production of other inflammatory 
cytokines by attaching to its receptors on the epithelial 
cell surface as well as pre-tumor cells. TNF-α enhances 
NFκB signaling and, subsequently, stimulates inflamma-
tion, tumorigenesis, and proliferation, and increases the 
survival of pre-tumor cells [13, 113, 123].

TNF-α role in tumorigenesis is in interaction with clau-
din1. Some studies have suggested the role of claudin1 in 
development of CAC, also cladin1 inhibition decreases 
TNF-α effects on colon tumor cell proliferation and 
invasion [124–126]. Targeting TNF-α is a therapeutic 

Fig. 4  Crosstalk between inflammatory factors, miRNAs in Methylation, signaling pathways and cytokine functions during IBD and CAC​
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approach in the treatment of IBD. Attenuation of TNF-α 
effect by inhibiting claudin1 can be studied as a thera-
peutic approach to inhibiting CAC, as well as preventing 
progression of IBD to cancer. Some miRNAs may also 
be useful therapeutic targets in this regard. It seems that 
miR-155 enhances the invasion and migration of tumor 
cells, through increasing the expression of claudin1 [127] 
(Table 1). This miRNA also plays an active role in patho-
genesis of IBD and it is probably one of the miRNAs that 
contribute to the destruction of tight junction and weak-
ening of intestinal mucosal barrier [13, 128]. Therefore, 
miR-155 can be considered as a therapeutic goal both in 
IBD and CAC. Although the effectiveness of inhibiting 
this miRNA has been studied in treatment of certain can-
cers like nasopharyngeal cancer and it has been shown 
that inhibition of this miRNA inhibits the migration of 
tumor cells. It seems that the therapeutic efficacy of miR-
155 inhibition in CAC has not yet been studied [129]. 
miR-19a can also be one of the therapeutic targets in 
CAC. TNF-α exerts its stimulatory effect on NFκB sign-
aling pathway and the development of CAC by increasing 
the expression of miR-19a [130]. Another miRNA that 
appears to be related to TNF-α is miR-105. It has recently 
shown that TNF-α stimulates the expression of miR-105 
and this miRNA stimulates the invasion and metastasis 
of colorectal cancer cells [131]. There is no doubt that 
further studies will reveal more about the association of 
miRNAs with TNF-α in IBD and CAC.

IL‑6
IL-6 is key cytokine in the pathogenesis of IBD and CAC. 
IL-6 is mainly released from the inflammatory mac-
rophages and neutrophils and T cells. It can activate all 
the signaling pathways described above [132]. NFκB 
plays a major role in production of IL-6 in immune cells, 
and IL-6 has effects on intestinal epithelial cells through 
its receptors and activates JAK2-STAT3 signaling path-
way [132, 133]. IL-6 strengthens the differentiation of 
Th17 cells and somehow plays a role in production of 
IL-17 as an important inflammatory and tumorigenic 
cytokine [134]. Some studies have shown that IL-6 is 
involved in increasing the proliferation of tumor cells 
in colon and NFκB/IL-6/STAT3 signaling seems to play 
a crucial role in CAC development [133]. In addition, it 
seems that IL-6 strengthens angiogenesis by stimulat-
ing the expression of vascular endothelial growth fac-
tor receptor 2 (VEGFR2) on the surface of tumor cells. 
Therefore, inhibition of IL-6 receptor with monoclonal 
antibodies has been suggested as a therapeutic approach 
to treatment of colorectal cancer [135, 136]. There is an 
interesting relationship between some miRNAs and IL-6. 
Expression of miR-21 and miR-29b is stimulated in colon 
tumor cells in the presence of IL-6. MiR-21 is known as 

an oncogenic miRNA. This miRNA increases prolifera-
tion, inhibits apoptosis and even increases the ability of 
metastases in tumor cells probably by inhibiting PTEN 
expression, which is an inhibitor of AKT/PI3K signal-
ing pathway. More interestingly, the secretion of miR-21 
and miR-29b by tumor cells has effect on immune cells 
and increases the production of IL-6 [137]. In miR-21 
knock out mouse models, reduced expression of IL-6, 
IL-23, IL-17, IL-21 and STAT3 have also been observed. 
In addition, the size and number of tumor cells has also 
been decreased in these mice. MiR-21, as well as miR-224 
and miR-452 stimulate the proliferation of tumor cells 
by stimulating WNT/β-Catenin signaling pathway. MiR-
21 is also involved in activation of NFκB by targeting 
PDCD4 as an important tumor suppressor protein and 
NFκB inhibitor [138–141]. Targeting oncomiRs such as 
miR-21 and miR-181-b, and lack of PDCD4 in colitis and 
CAC mice models have been associated with enhanced 
IL-6 production, intensified activity of STAT3 signaling 
pathway, enhanced colitis and proliferation of tumor cells 
[142, 143].

Considering these findings, it seems that, miR-21 may 
be an important player in development and progression 
of CAC. More importantly, inhibition of the expression 
of this miRNA using LNA-antimiR-21 has been proposed 
as a therapeutic approach to the treatment of colorectal 
adenocarcinoma [144, 145]. The role of miR-21 in the 
pathogenesis of IBD is also very interesting. Some studies 
have shown that this miRNA is involved in the destruc-
tion of mucosal barrier of intestine as the most impor-
tant events in developing chronic inflammation and 
pathogenesis of IBD. In addition, it appears that miR-21 
intensifies the inflammatory process by increasing the 
expression of IL-6, macrophage Inflammatory Protein 2 
(MIP2) and TNF-α [146, 147]. Therefore, miR-21 along 
with cytokines such as IL-6 is may be a very impor-
tant link between IBD and cancer. MiR-34a is another 
miRNA linked to IL-6, however, its effects on IL-6 and 
tumorigenesis is inhibitory. By targeting IL-6 receptor 
(S-IL-6-R1), this miRNA inhibits the effect of IL-6 on 
epithelial cells and attenuate IL-6/STAT3 signaling and 
thereby has an inhibitory effect on tumorigenesis, inva-
sion and metastasis. The expression of this miRNA can 
be enhanced by the p53, a well-known tumor suppressor 
[148, 149]. It seems that, IL-6 can activate STAT3 sign-
aling by stimulating miR-214 expression in colon tissue. 
MiR-214 can also play a role in tumorigenesis beside its 
role in IBD pathogenesis. This miRNA stimulates NFκB 
signaling pathway, and strengthens AKT/PI3K signaling 
pathway by reducing PTEN expression. Furthermore, 
this miRNA increases the disease severity in IBD patients 
and stimulates progresses towards CAC. Some studies 
have shown that the inhibition of this miRNA reduces: 
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(1) the number and size of tumors in mouse models, (2) 
the proliferation of colon tumor cells, and (3) the sever-
ity of inflammation in colon tissue of Ulcerative colitis 
patients [13, 150–152]. Another miRNA that has an anti-
inflammatory and anti-tumor role is miR-139-5p. This 
miRNA can reduce the expression of IL-6 and TNF-α 
in colorectal cancer cells, possibly by suppressing NFκB 
signaling [153]. This miRNA has an inhibitory effect on 
NFκB and STAT3signaling pathways. One study have 
shown that the activity of STAT3, NFκB, and MAPK 
signaling pathways have been enhanced, and more severe 
inflammation and tumorigenicity can be occurred in 
on miR-139-5p knock out mice [154]. Another miRNA 
with anti-inflammatory properties is miR-200b that is 
also associated with IL-6/STAT3 signaling, TNF-α and 
NFκB. This miRNA not only plays a role in enhancing the 
mucosal barrier of intestine, it also weakens the tumo-
rigenesis process in mice models of colitis. In addition, 
this miRNA seems to play an important role in inhibit-
ing metastasis and increasing chemotherapy sensitivity in 
patients with colorectal cancer [123, 155–157] (Table 1).

The role of miR-200b in reducing the resistance to 
chemotherapy is very interesting and it seems that some 
other miRNAs such as miR-146a in an antagonistic 
action increase drug resistance in colorectal cancer cells 
[158]. These new findings promise that using RNA mim-
ics and antagomiR in the future may overcome the drug 
resistance in cancers.

IL‑23
In addition to IL-6 and TNF-α, other cytokines such as 
IL-22 and IL-17 can directly affect epithelial cells. Th17 
cells that play a very active role in the pathogenesis of IBD 
and in addition to IL-17, secrete other cytokines includ-
ing IL-21, IL-22, and IL-6 [13, 57, 159]. The production of 
cytokines by Th17 cells is largely dependent on IL-23. In 
IBD innate immune cells such as macrophages that pen-
etrated the lamina propria secrete high levels of IL-23. 
This cytokine causes the differentiation and recruitment 
of Th17 cells and by binding to its receptors on the sur-
face of these cells activates STAT3 signaling pathway and 
subsequently produces IL-17 and IL-22 [160–162]. These 
cytokines can exert their tumorigenic effects by effect on 
epithelial cells and activating NFκB and STAT3 signaling 
pathways [161, 163]. miRNAs are related to all the above-
mentioned events and have effect on the differentiation, 
cytokine producing ability of T cells [13]. For exam-
ple, miR-223 is associated with IL-23, and it seems that 
IL-23 (through this miRNA) can attenuate the produc-
tion of a key tight junction protein called Claudin-8, and 
apply its damaging effect on mucosal barrier of intestine 
through this process which is resulted in a greater pen-
etration of bacteria into lamina propria that is led to the 

penetration of immune cells and continuation of inflam-
matory reaction [164, 165]. It seems that, miR-29 has an 
inhibitory effect on the secretion of IL-23 in patients with 
IBD [166]. According to the above results, it seems that 
IL-23, in addition to its role in the pathogenesis of IBD 
and its destructive effects on intestinal mucosal barrier, 
which can lead to chronic intestinal inflammation, is able 
to activate STAT3 signaling and enhance the production 
cytokines such as IL-17 and IL-22. These cytokines can 
also affect colon epithelial cells and enhance tumorigen-
esis, which will be discussed below. Therefore, inhibition 
of miRNAs such as miR-223 and enhancement of miR-
29 expression can be useful in attenuating the destructive 
effects of IL-23 and have an inhibitory effect on the pro-
gression of chronic intestinal inflammation to colorectal 
cancer.

IL‑17
IL-17 expression appears to be increased in the colon 
tissue of IBD patients (both Crohn’s disease and Ulcera-
tive colitis) and some studies have also shown that IL-17 
plays a key role in the pathogenesis of colitis in mice[167, 
168]. It is apparent from studies on mouse models that 
IL-17 may play a very important role in development of 
CAC. One study of mouse models of CAC has clearly 
shown that IL-17 deficiency in mice can reduce p-STAT3 
and p-AKT levels and attenuate tumorigenesis. [169], 
suggesting that IL-17 may enhance the progression of 
chronic bowel inflammation to colorectal cancer by 
amplifying STAT3 and PI3K/ AKT signaling. One study 
also showed that inhibition of IL-17 by antibodies had 
positive effects in attenuating the progression of colitis to 
colorectal cancer in mice [170]. Therefore, miRNAs such 
as miR-146a that appear to stimulate the production of 
this cytokine can be further studied as therapeutic tar-
get [171]. Some other miRNAs including miR-193a-3p 
and miR-23-b also inhibit the function of IL-17 cells, as 
it has been shown that miR-193a-5p weakens the produc-
tion of one type of IL-17 receptor called IL-17RD. More 
interestingly, the expression of this miRNA is reduced in 
CAC [172, 173]. Therefore, the use of miR-223 mimic and 
miR-193a-5p mimic may have positive effects in weaken-
ing the progression of chronic intestinal inflammation 
to colorectal cancer. It appears that miR-124 can also 
reduce IL-17 expression in Th17 cells by reducing STAT3 
expression and attenuating its binding activity to the 
IL-17 promoter. miR-124 mimic also had positive effects 
on attenuating CAC development in mice [174]. Some 
studies have shown that reducing the level of this miRNA 
in intestinal tissue of pediatric patients with Ulcerative 
colitis increases the expression and activity of STAT3, 
subsequently exacerbates inflammation [175] (Table  1). 
Increasing the methylation of the gene of miR-124a 
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is also associated with the risk of CAC in patients with 
Ulcerative colitis [102]. Therefore, miR-124 can be fur-
ther studied as one of the therapeutic targets for weaken-
ing the progression of chronic intestinal inflammation to 
colorectal cancer.

IL‑21
In addition to increasing the differentiation of Th17 cells, 
IL-21 also appear to attenuate the production of IFN-γ by 
Th1 cells which may lead to attenuation of CD8+ T cells 
function in targeting tumor cells. Therefore, it is not sur-
prising that lack of IL-21 reduces the severity of inflam-
mation and tumorigenesis in mouse models [176–178]. 
Although IL-21 appears to be involved in enhancing the 
Th2 response, significant expression of this cytokine in 
intestinal tissue has been reported in both patients with 
active Ulcerative colitis and patients with Crohn’s dis-
ease [177, 179, 180]. A study of sporadic colorectal can-
cer has shown that IL-21 deficiency may be associated 
with impaired STAT3 and NFκB signaling activity in 
immune and neoplastic cells [181]. However, the associa-
tion of IL-21 with these signaling pathways in the CAC is 
not yet clear. In addition, the relationship between IL-21 
and miRNAs has not yet been well studied. It seems that 
miR-30a can target the receptor of this cytokine and 
inhibit the differentiation of Th17 cells [182]. The stim-
ulatory effect of miR-155 on the production of IL-21 is 
also reported in a study conducted on patients with lupus 
erythematosus [183]. Previously, the role of miR-155 in 
the pathogenesis of IBD and colorectal cancer were men-
tioned, therefor, clarifying the association of this miRNA 
with IL-21 in CAC may be helpful.

IL‑22
IL-22 is also one of the most important cytokines in 
development and progression of CAC. IL-23, IL-21 
and IL-6 play a role in production of IL-22 through the 
STAT3 signaling. IL-22 can also stimulate its production 
by activating STAT3 signaling pathway. IL-22 is another 
cytokine that directly affect intestinal epithelial cells and 
plays an important role in wound healing. This cytokine 
can also be secreted by Th1, Th22, NKp44 + ILC3s cells 
and even NKT cells in addition to Th17 cells [40, 184]. 
IL-22 not only activates STAT3 signaling pathway in epi-
thelial cells and involved in tumorigenesis and CACs, it 
also appears to be involved in the resistance to chemo-
therapy in colon cancer cells [185]. IL-22 is regulated by 
aryl hydrocarbon receptor signaling pathway [184]. This 
receptor plays a role in attenuating the function of Th17 
cells, attenuating inflammation, and wound healing [13, 
186, 187], In addition, this receptor may attenuate tum-
origenesis in mouse models of colitis by increasing the 
expression of miR-132 [188].

It has also shown that inhibiting the expression of 
this receptor by miR-124 exacerbates inflammation in 
IBD [189]. However, aryl hydrocarbon receptor prob-
ably stimulates the production of IL-22 by affecting Th22 
cells [184, 190], mighty due to the role of this receptor 
and IL-22 in wound healing. MiR-155 is also associated 
with IL-22. This miRNA stimulates the production of 
IL-22 by Th17 cells, which applies this effect by target-
ing jarid2 as a DNA-binding protein with the inhibitory 
properties on cytokines production [184]. Though jarid2 
has inhibitory effects on differentiation of Th17 cells and 
inflammation process, it has a stimulatory effect on EMT 
which is shown in lung cancer cells, bladder, and clone 
while its inhibition is suggested as a therapeutic approach 
in treatment of bladder cancer [191–194]. Therefore, it 
seems that miR-155 cannot be regarded as merely onco-
genic and many dimensions of the functions this miRNA, 
jarid2 and IL-22, their association with one another as 
well as their association with other miRNAs such as miR-
219-5p, a miRNA with inhibitory effect on EMT, are still 
unclear [195, 196].

IL‑10
The role of Treg cells in the pathogenesis of IBD and 
CAC is very important. As previously mentioned, these 
cells play a role in regulating the function of T-cells and 
immune tolerance. Anti-inflammatory function of these 
cells is associated with a transcription factor called 
FOXP3, but PORγ expression including anti-inflam-
matory and colitis preventative properties, along with 
FOXP3 seem to increase Immunosuppressive proper-
ties of these cells [197, 198]. Treg cells play a role in pre-
venting the development of CAC, although the presence 
of a tumor suppressor protein in epithelial cells (called 
RUNX3) is necessary to enhance the action of Treg cells 
in preventing the colitis progression toward cancer [199–
201]. miR-532-5p by targeting this protein plays a stimu-
latory role in development and progression of colorectal 
cancer[202]. Treg cells secrete IL-10 and TGF-β. In addi-
tion to Treg cells, IL-10 is also secreted by macrophages 
and is among cytokines that play an important role in 
IBD and CAC [13, 203, 204]. Some studies have shown 
that the level of IL-10 in patients with colorectal cancer is 
increased, and a positive correlation is found between the 
level of this cytokine and the proliferation of colon tumor 
cells [205, 206]. In addition, IL-10 has been suggested as 
a prognostic marker of recurrence after the treatment of 
colorectal cancer and seems to be associated with poor 
prognosis [207, 208]. However, IL-10 level is decreased in 
colon mouse models of colitis and seems to play a protec-
tive role against the IBD [209, 210].

Therefore, the role of this cytokine in CAC is prob-
ably in the late stages and due to its immunosuppressive 
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properties. Accordingly, macrophages have effect on 
colon tumor cells by IL-6 production and by activat-
ing STAT3 signaling pathway stimulate the production 
of IL-10. This cytokine by weakening the function of 
CD8+ killer cells promotes the progression of tumors and 
resistance to chemotherapy [203, 208]. The association 
of miRNAs with IL-10 in CAC is not yet clear. Recently, 
it has also been shown that by using a long non-coding 
RNA (called GAS5) and inhibiting IL-10 and VEGEF-
A, progression of colorectal cancer can be inhibited. In 
addition, GAS5 induces apoptosis and inhibits the pro-
liferation of colorectal tumor cells by applying inhibitory 
effects on miR-182-5p and miR-221 [211–213]. miR-221 
and miR-222 appear to have a tumorigenic effect and 
can activate STAT3 signaling pathway. One study on 
mice models of colitis showed that the inhibition of these 
miRNAs can be associated with reduced tumorigenesis 
[214]. Therefore, investigating the relationship between 
these miRNAs and IL-10 in CAC can be an interesting 
topic for future studies. A study of mouse models showed 
that knocking down miR-106-a could weaken ileal 
inflammation. The results of this study also showed that 
a deficiency of this miRNA could enhance the suppres-
sive function of Treg cells and increase IL-10 production 
[215] (Table 1). These findings may indicate the destruc-
tive role of miR-106-a in chronic intestinal inflammation, 
but the effects of the association of this miRNA and IL-10 
on the progression of chronic intestinal inflammation 
to colorectal cancer are unclear. MiR-98 appears to be a 
negative regulator of IL-10 production in macrophages 
[216]. It appears that this miRNA can attenuate the pro-
liferation of colorectal cancer cells and enhance apoptosis 
[217]. Therefore, examining the relationship between this 
miRNA and IL-10 in CAC could be an interesting topic 
for future studies and may be useful in elucidating the 
mechanism of IBD progression to colorectal cancer.

TGF‑β
TGF-β is another cytokine secreted by Treg cells. This 
cytokine has a dual role in the inflammation process. 
TGF-β can stimulate the differentiation of Th17 cells. On 
the other hand, this cytokine can attenuate the produc-
tion of inflammatory cytokines in macrophages, by inhib-
iting NFκB. In addition, TGF-β has a stimulatory effect 
on the differentiation of Treg cells [218–220]. TGF-β 
mainly transmits its message to the cell through tran-
scription factors called SAMADs [221]. Although TGF-β 
has anti-inflammatory effects and can exert an inhibitory 
effect on the proliferation of epithelial cell, and may play 
a role in preventing the progression of IBD to colorectal 
cancer, it seems that this cytokine also has a stimulatory 
role in the late stages of tumorigenesis. Few studies have 
examined the association between miRNAs with TGF-β 

signaling in the CAC, and more studies are needed. Stud-
ies have shown that some miRNAs such as miR-27a and 
miR-140-5p can exert their tumor suppressant effects on 
colorectal cancer cells by targeting SMAD2 as a key com-
ponent of TGF-β signaling [222–225] (Table.1). MiR-155 
may also have an inhibitory effect on TGF-β/SMAD sign-
aling. In a study performed on mouse models of CAC, it 
was shown that the activity of this signaling pathway is 
enhanced in miR-155−/− mice, and this increase in activ-
ity is associated with enhanced tumorigenesis [226].

Conclusion
Chronic inflammation, which is the main characteristic 
of IBD, increases the amount of free radicals and also 
some inflammatory cytokines such as TNF-α, causing 
damage to the DNA of colon and rectum epithelial cells. 
Over time, with the function of some cytokines that are 
continuously produced due to the chronic inflammatory 
response and their associated signaling pathways, the cell 
which is susceptible to be cancerous, survives apoptosis 
and goes from Dysplasia to colorectal carcinoma. Some 
miRNAs are associated with these events and have been 
studied as therapeutic targets. These miRNAs are impor-
tant actors in this dangerous pathway, requiring more 
attention in future.

Acknowledgements
The authors would like to thank Shohada Clinical Research Development Unit, 
Shohada Hospital, Tabriz University of Medical Science, Tabriz, Iran.

Authors’ contributions
MV-T and SM drafted this article. FA contributed to visualization. NT, MM, and 
SY revised the manuscript. DQ contributed to the acquisition and sorting of 
the data for this article. ZA and BY designed and supervision this project. All 
authors participated in the review, editing, and revision of the manuscript. All 
authors read and approved the final manuscript.

Funding
None.

Availability of data and materials
Data sharing is not applicable to this article as no new data were created or 
analyzed in this study.

Declarations

Ethics approval and consent to participate
This article does not contain any studies with human participants or animals 
performed by any authors.

Consent for publication
We agree to the publication of this article.

Competing interests
The authors declared no conflict of interests.

Author details
1 Student Research Committee, Tabriz University of Medical Sciences, Tabriz, 
Iran. 2 Department of Clinical Biochemistry and Laboratory Medicine, Faculty 
of Medicine, Tabriz University of Medical Sciences, Tabriz, Iran. 3 Medicinal 
Plants Processing Research Center, Shiraz University of Medical Sciences, 
Shiraz, Iran. 4 Department of Biochemistry, Faculty of Medicine, Hormozgan 



Page 16 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 

University of Medical Sciences, Bandar Abbas, Iran. 5 Cellular and Molecular 
Biology Research Center (CMBRC), Health Research Institute, Babol Univer‑
sity of Medical Sciences, Babol, Iran. 6 Department of Clinical Biochemistry, 
Babol University of Medical Sciences, Babol, Iran. 7 Solid Tumor Research 
Center, Urmia University of Medical Sciences, Urmia, Iran. 8 Schoole of Health 
and Biomedical Sciences, RMIT University, Melborne, VIC, Australia. 9 Research 
Center for Biochemistry and Nutrition in Metabolic Diseases, Kashan University 
of Medical Sciences, Kashan, Iran. 10 Molecular Medicine Research Center, 
Tabriz University of Medical Sciences, Tabriz, Iran. 

Received: 24 August 2021   Accepted: 21 March 2022

References
	 1.	 Cummings SA, Rubin DT. The complexity and challenges of genetic 

counseling and testing for inflammatory bowel disease. J Genet Couns. 
2006;15(6):465–76.

	 2.	 Clarke K, Chintanaboina J. Allergic and immunologic perspec‑
tives of inflammatory bowel disease. Clin Rev Allergy Immunol. 
2018;57(2):179–93.

	 3.	 Bopanna S, Ananthakrishnan AN, Kedia S, Yajnik V, Ahuja V. Risk of 
colorectal cancer in Asian patients with ulcerative colitis: a sys‑
tematic review and meta-analysis. Lancet Gastroenterol hepatol. 
2017;2(4):269–76.

	 4.	 Moein S, Qujeq D, Vaghari Tabari M, Kashifard M, Hajian-Tilaki K. 
Diagnostic accuracy of fecal calprotectin in assessing the severity of 
inflammatory bowel disease: from laboratory to clinic. Caspian J Intern 
Med. 2017;8(3):178–82.

	 5.	 Schoepfer AM, Beglinger C, Straumann A, Safroneeva E, Romero Y, 
Armstrong D, Schmidt C, Trummler M, Pittet V, Vavricka SR. Fecal calpro‑
tectin more accurately reflects endoscopic activity of ulcerative colitis 
than the Lichtiger index, C-reactive protein, platelets, hemoglobin, and 
blood leukocytes. Inflamm Bowel Dis. 2013;19(2):332–41.

	 6.	 Schoepfer AM, Beglinger C, Straumann A, Trummler M, Vavricka SR, 
Bruegger LE, Seibold F. Fecal calprotectin correlates more closely with 
the simple endoscopic score for Crohn’s disease (SES-CD) than CRP, 
blood leukocytes, and the CDAI. Am J Gastroenterol. 2010;105(1):162–9.

	 7.	 Vaghari-Tabari M, Moein S, Qujeq D, Kashifard M, Alaoddolehei H, 
Hajian-Tilaki K. Sensitivity and specificity of mean platelet volume as 
a laboratory marker for irritable bowel syndrome: can it be added to 
Rome criteria? Afr J Lab Med. 2020;9(1):1001.

	 8.	 Imdad A, Nicholson MR, Tanner-Smith EE, Zackular JP, Gomez-Duarte 
OG, Beaulieu DB, Acra S. Fecal transplantation for treatment of inflam‑
matory bowel disease. Cochrane Database Syst Rev. 2018;11:CD012774.

	 9.	 Kumar J, Newton A. Colon targeted rifaximin nanosuspension for the 
treatment of inflammatory bowel disease (IBD). Anti-Inflam Anti-Allergy 
Agents Med Chem. 2016;15(2):101–17.

	 10.	 Canavan C, Abrams KR, Mayberry J. Meta-analysis: colorectal and small 
bowel cancer risk in patients with Crohn’s disease. Aliment Pharmacol 
Ther. 2006;23(8):1097–104.

	 11.	 Wahid F, Shehzad A, Khan T, Kim YY. MicroRNAs: synthesis, mecha‑
nism, function, and recent clinical trials. Biochem Biophys Acta. 
2010;1803(11):1231–43.

	 12.	 Vaghari-Tabari M, Majidinia M, Moein S, Qujeq D, Asemi Z, Alemi F, 
Mohamadzadeh R, Targhazeh N, Safa A, Yousefi B. MicroRNAs and 
colorectal cancer chemoresistance: new solution for old problem. Life 
Sci. 2020;259:118255.

	 13.	 Moein S, Vaghari-Tabari M, Qujeq D, Majidinia M, Nabavi SM, Yousefi B. 
MiRNAs and inflammatory bowel disease: an interesting new story. J 
Cell Physiol. 2019;234(4):3277–93.

	 14.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA. 2017;67(1):7–30.
	 15.	 Dolatkhah R, Somi MH, Bonyadi MJ, Asvadi Kermani I, Farassati F, Dast‑

giri S. Colorectal cancer in iran: molecular epidemiology and screening 
strategies. J Cancer Epidemiol. 2015;2015:643020.

	 16.	 Grivennikov SI, Cominelli F. Colitis-associated and sporadic colon 
cancers: different diseases, different mutations? Gastroenterology. 
2016;150(4):808–10.

	 17.	 Stidham RW, Higgins PDR. Colorectal cancer in inflammatory bowel 
disease. Clin Colon Rectal Surg. 2018;31(3):168–78.

	 18.	 Zhen Y, Luo C, Zhang H. Early detection of ulcerative colitis-associated 
colorectal cancer. Gastroenterol Rep. 2018;6(2):83–92.

	 19.	 Gong W, Lv N, Wang B, Chen Y, Huang Y, Pan W, Jiang B. Risk of ulcera‑
tive colitis-associated colorectal cancer in China: a multi-center retro‑
spective study. Dig Dis Sci. 2012;57(2):503–7.

	 20.	 Sadoughi F, Hallajzadeh J, Asemi Z, Mansournia MA, Alemi F, Yousefi B. 
Signaling pathways involved in cell cycle arrest during the DNA breaks. 
DNA Repair. 2021;98:103047.

	 21.	 Alemi F, Raei Sadigh A, Malakoti F, Elhaei Y, Ghaffari SH, Maleki M, Asemi 
Z, Yousefi B, Targhazeh N, Majidinia M. Molecular mechanisms involved 
in DNA repair in human cancers: an overview of PI3k/Akt signaling and 
PIKKs crosstalk. J Cell Physiol. 2022;237(1):313–28.

	 22.	 Hosseini F, Alemi F, Malakoti F, Mahmoodpoor A, Younesi S, Yousefi B, 
Asemi Z. Targeting Wnt/β-catenin signaling by microRNAs as a thera‑
peutic approach in chemoresistant osteosarcoma. Biochem Pharmacol. 
2021;193:114758.

	 23.	 Medzhitov R. Origin and physiological roles of inflammation. Nature. 
2008;454(7203):428–35.

	 24.	 Abraham C, Cho JH. Inflammatory bowel disease. N Engl J Med. 
2009;361(21):2066–78.

	 25.	 Vaghari-Tabari M, Jafari-Gharabaghlou D, Sadeghsoltani F, Hassanpour 
P, Qujeq D, Rashtchizadeh N, Ghorbanihaghjo A. Zinc and selenium in 
inflammatory bowel disease: trace elements with key roles? Biol Trace 
Elem Res. 2021;199(9):3190–204.

	 26.	 Formica V, Cereda V, Nardecchia A, Tesauro M, Roselli M. Immune 
reaction and colorectal cancer: friends or foes? World J Gastroenterol. 
2014;20(35):12407–19.

	 27.	 Hou N, Zhang X, Zhao L, Zhao X, Li Z, Song T, Huang C. A novel chronic 
stress-induced shift in the Th1 to Th2 response promotes colon cancer 
growth. Biochem Biophys Res Commun. 2013;439(4):471–6.

	 28.	 Ramos GP, Papadakis KA. Mechanisms of disease: inflammatory bowel 
diseases. Mayo Clin Proc. 2019;94(1):155–65.

	 29.	 Matsumoto T, Nakamura S, Jin-No Y, Sawa Y, Hara J, Oshitani N, Arakawa 
T, Otani H, Nagura H. Role of granuloma in the immunopathogenesis of 
Crohn’s disease. Digestion. 2001;63(Suppl 1):43–7.

	 30.	 Kakazu T, Hara J, Matsumoto T, Nakamura S, Oshitani N, Arakawa 
T, Kitano A, Nakatani K, Kinjo F, Kuroki T. Type 1 T-helper cell pre‑
dominance in granulomas of Crohn’s disease. Am J Gastroenterol. 
1999;94(8):2149–55.

	 31.	 Timmermans WM, van Laar JA, van Hagen PM, van Zelm MC. Immu‑
nopathogenesis of granulomas in chronic autoinflammatory diseases. 
Clin Transl Immunol. 2016;5(12):e118.

	 32.	 Shah KK, Pritt BS, Alexander MP. Histopathologic review of granuloma‑
tous inflammation. J Clin Tuberc Other Mycobac Dis. 2017;7:1–12.

	 33.	 Sarraf P, Kay J, Friday RP, Reginato AM. Wegener’s granulomatosis: is 
biologic therapy useful? Curr Rheumatol Rep. 2006;8(4):303–11.

	 34.	 Almadi MA, Aljebreen AM, Sanai FM, Marcus V, Almeghaiseeb ES, Ghosh 
S. New insights into gastrointestinal and hepatic granulomatous disor‑
ders. Nat Rev Gastroenterol Hepatol. 2011;8(8):455–66.

	 35.	 Hebels DG, Jennen DG, Kleinjans JC, de Kok TM. Molecular signatures 
of N-nitroso compounds in Caco-2 cells: implications for colon carcino‑
genesis. Toxicol Sci. 2009;108(2):290–300.

	 36.	 Lakshmi VM, Hsu FF, Zenser TV. Nitric oxide-mediated nitrosation of 
2-amino-3,8-dimethylimidazo[4,5-f ]quinoxaline potentiated by hemin 
and myeloperoxidase. Chem Res Toxicol. 2005;18(6):1038–47.

	 37.	 Sica A, Schioppa T, Mantovani A, Allavena P. Tumour-associated mac‑
rophages are a distinct M2 polarised population promoting tumour 
progression: potential targets of anti-cancer therapy. Eur J Cancer. 
2006;42(6):717–27.

	 38.	 Luo W, Tian L, Tan B, Shen Z, Xiao M, Wu S, Meng X, Wu X, Wang X. 
Update: innate lymphoid cells in inflammatory bowel disease. Dig Dis 
Sci. 2022;67(1):56–66.

	 39.	 Steel AW, Mela CM, Lindsay JO, Gazzard BG, Goodier MR. Increased 
proportion of CD16(+) NK cells in the colonic lamina propria of inflam‑
matory bowel disease patients, but not after azathioprine treatment. 
Aliment Pharmacol Ther. 2011;33(1):115–26.

	 40.	 Li J, Glover SC. Innate lymphoid cells in inflammatory bowel disease. 
Arch Immunol Ther Exp. 2018;66(6):415–21.

	 41.	 Hall LJ, Murphy CT, Quinlan A, Hurley G, Shanahan F, Nally K, Melgar S. 
Natural killer cells protect mice from DSS-induced colitis by regulating 



Page 17 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 	

neutrophil function via the NKG2A receptor. Mucosal Immunol. 
2013;6(5):1016–26.

	 42.	 Bernink JH, Peters CP, Munneke M, te Velde AA, Meijer SL, Weijer K, 
Hreggvidsdottir HS, Heinsbroek SE, Legrand N, Buskens CJ, et al. Human 
type 1 innate lymphoid cells accumulate in inflamed mucosal tissues. 
Nat Immunol. 2013;14(3):221–9.

	 43.	 Forkel M, van Tol S, Höög C, Michaëlsson J, Almer S, Mjösberg J. Distinct 
alterations in the composition of mucosal innate lymphoid cells in 
newly diagnosed and established Crohn’s disease and ulcerative colitis. 
J Crohns Colitis. 2019;13(1):67–78.

	 44.	 Saez A, Gomez-Bris R, Herrero-Fernandez B, Mingorance C, Rius C, 
Gonzalez-Granado JM. Innate lymphoid cells in intestinal homeostasis 
and inflammatory bowel disease. Int J Mol Sci. 2021. https://​doi.​org/​10.​
3390/​ijms2​21476​18.

	 45.	 Huang Q, Cao W, Mielke LA, Seillet C, Belz GT, Jacquelot N. Innate 
lymphoid cells in colorectal cancers: a double-edged sword. Front 
Immunol. 2019;10:3080.

	 46.	 Qiu X, Qi C, Li X, Fang D, Fang M. IL-33 deficiency protects mice from 
DSS-induced experimental colitis by suppressing ILC2 and Th17 cell 
responses. Inflamm Res. 2020;69(11):1111–22.

	 47.	 Phuong NNT, Palmieri V, Adamczyk A, Klopfleisch R, Langhorst J, Hansen 
W, Westendorf AM, Pastille E. IL-33 drives expansion of type 2 innate 
lymphoid cells and regulatory T cells and protects mice from severe, 
acute colitis. Front Immunol. 2021;12:669787.

	 48.	 Cui G, Qi H, Gundersen MD, Yang H, Christiansen I, Sørbye SW, Goll R, 
Florholmen J. Dynamics of the IL-33/ST2 network in the progression 
of human colorectal adenoma to sporadic colorectal cancer. Cancer 
Immunol Immunother. 2015;64(2):181–90.

	 49.	 Li LJ, Gong C, Zhao MH, Feng BS. Role of interleukin-22 in inflammatory 
bowel disease. World J Gastroenterol. 2014;20(48):18177–88.

	 50.	 Kirchberger S, Royston DJ, Boulard O, Thornton E, Franchini F, Szabady 
RL, Harrison O, Powrie F. Innate lymphoid cells sustain colon cancer 
through production of interleukin-22 in a mouse model. J Exp Med. 
2013;210(5):917–31.

	 51.	 Pellicci DG, Koay HF, Berzins SP. Thymic development of unconventional 
T cells: how NKT cells, MAIT cells and γδ T cells emerge. Nat Rev Immu‑
nol. 2020;20(12):756–70.

	 52.	 Lai LJ, Shen J, Ran ZH. Natural killer T cells and ulcerative colitis. Cell 
Immunol. 2019;335:1–5.

	 53.	 Liao CM, Zimmer MI, Wang CR. The functions of type I and type II 
natural killer T cells in inflammatory bowel diseases. Inflamm Bowel Dis. 
2013;19(6):1330–8.

	 54.	 Brailey PM, Lebrusant-Fernandez M, Barral P. NKT cells and the 
regulation of intestinal immunity: a two-way street. FEBS J. 
2020;287(9):1686–99.

	 55.	 Burrello C, Pellegrino G, Giuffrè MR, Lovati G, Magagna I, Bertocchi 
A, Cribiù FM, Boggio F, Botti F, Trombetta E, et al. Mucosa-associated 
microbiota drives pathogenic functions in IBD-derived intestinal iNKT 
cells. Life Sci Alliance. 2019;2(1):e201800229.

	 56.	 Kim HS, Chung DH. IL-9-producing invariant NKT cells protect against 
DSS-induced colitis in an IL-4-dependent manner. Mucosal Immunol. 
2013;6(2):347–57.

	 57.	 Foersch S, Neurath MF. Colitis-associated neoplasia: molecular basis and 
clinical translation. Cell Mol Life Sci. 2014;71(18):3523–35.

	 58.	 Mohammadi E, Qujeq D, Taheri H, Hajian-Tilaki K. Evaluation of serum 
trace element levels and superoxide dismutase activity in patients with 
inflammatory bowel disease: translating basic research into clinical 
application. Biol Trace Elem Res. 2017;177(2):235–40.

	 59.	 Vaghari Tabari M, Moein S, Qujeq D, Kashifard M, Shokri Shirvani J, 
Hajian Tilaki K, Farshidfar G. Evaluation of the potential antioxidant role 
of high-density lipoprotein-cholesterol (HDL-C) in patients with ulcera‑
tive colitis. Ann Colorectal Res. 2017;5(3–4):e13699.

	 60.	 Vaghari-Tabari M, Moein S, Qujeq D, Kashifard M, Hajian-Tilaki K. Positive 
correlation of fecal calprotectin with serum antioxidant enzymes in 
patients with inflammatory bowel disease: accidental numerical cor‑
relation or a new finding? Am J Med Sci. 2018;355(5):449–55.

	 61.	 Piechota-Polanczyk A, Fichna J. Review article: the role of oxidative 
stress in pathogenesis and treatment of inflammatory bowel diseases. 
Naunyn Schmiedebergs Arch Pharmacol. 2014;387(7):605–20.

	 62.	 Chang CL, Marra G, Chauhan DP, Ha HT, Chang DK, Ricciardiello L, 
Randolph A, Carethers JM, Boland CR. Oxidative stress inactivates 

the human DNA mismatch repair system. Am J Physiol Cell Physiol. 
2002;283(1):C148-154.

	 63.	 Krieglstein CF, Cerwinka WH, Laroux FS, Salter JW, Russell JM, Schuer‑
mann G, Grisham MB, Ross CR, Granger DN. Regulation of murine 
intestinal inflammation by reactive metabolites of oxygen and 
nitrogen: divergent roles of superoxide and nitric oxide. J Exp Med. 
2001;194(9):1207–18.

	 64.	 Yasukawa K, Tokuda H, Tun X, Utsumi H, Yamada K. The detrimental 
effect of nitric oxide on tissue is associated with inflammatory events in 
the vascular endothelium and neutrophils in mice with dextran sodium 
sulfate-induced colitis. Free Radical Res. 2012;46(12):1427–36.

	 65.	 Managlia E, Katzman RB, Brown JB, Barrett TA. Antioxidant properties 
of mesalamine in colitis inhibit phosphoinositide 3-kinase signaling in 
progenitor cells. Inflamm Bowel Dis. 2013;19(10):2051–60.

	 66.	 Barrett CW, Reddy VK, Short SP, Motley AK, Lintel MK, Bradley AM, Free‑
man T, Vallance J, Ning W, Parang B, et al. Selenoprotein P influences 
colitis-induced tumorigenesis by mediating stemness and oxidative 
damage. J Clin Investig. 2015;125(7):2646–60.

	 67.	 Barros KV, Xavier RA, Abreu GG, Martinez CA, Ribeiro ML, Gambero A, 
Carvalho PO, Nascimento CM, Silveira VL. Soybean and fish oil mixture 
increases IL-10, protects against DNA damage and decreases colonic 
inflammation in rats with dextran sulfate sodium (DSS) colitis. Lipids 
Health Dis. 2010;9:68.

	 68.	 Bradford EM, Thompson CA, Goretsky T, Yang GY, Rodriguez LM, Li L, 
Barrett TA. Myo-inositol reduces beta-catenin activation in colitis. World 
J Gastroenterol. 2017;23(28):5115–26.

	 69.	 Gomes SE, Pereira DM, Roma-Rodrigues C, Fernandes AR, Borralho PM, 
Rodrigues CMP. Convergence of miR-143 overexpression, oxidative 
stress and cell death in HCT116 human colon cancer cells. PloS ONE. 
2018;13(1):e0191607.

	 70.	 Pathi SS, Jutooru I, Chadalapaka G, Sreevalsan S, Anand S, Thatcher GR, 
Safe S. GT-094, a NO-NSAID, inhibits colon cancer cell growth by activa‑
tion of a reactive oxygen species-microRNA-27a: ZBTB10-specificity 
protein pathway. Mol Cancer Res. 2011;9(2):195–202.

	 71.	 Meng X, Wu J, Pan C, Wang H, Ying X, Zhou Y, Yu H, Zuo Y, Pan Z, Liu 
RY, et al. Genetic and epigenetic down-regulation of microRNA-212 
promotes colorectal tumor metastasis via dysregulation of MnSOD. 
Gastroenterology. 2013;145(2):426-436.E6.

	 72.	 Borralho PM, Simoes AE, Gomes SE, Lima RT, Carvalho T, Ferreira DM, 
Vasconcelos MH, Castro RE, Rodrigues CM. miR-143 overexpression 
impairs growth of human colon carcinoma xenografts in mice with 
induction of apoptosis and inhibition of proliferation. PloS ONE. 
2011;6(8):e23787.

	 73.	 Jajoo S, Mukherjea D, Kaur T, Sheehan KE, Sheth S, Borse V, Rybak 
LP, Ramkumar V. Essential role of NADPH oxidase-dependent 
reactive oxygen species generation in regulating microRNA-21 
expression and function in prostate cancer. Antioxid Redox Signal. 
2013;19(16):1863–76.

	 74.	 Zhang X, Ng WL, Wang P, Tian L, Werner E, Wang H, Doetsch P, Wang 
Y. MicroRNA-21 modulates the levels of reactive oxygen species by 
targeting SOD3 and TNFalpha. Can Res. 2012;72(18):4707–13.

	 75.	 Zhao H, Tao Z, Wang R, Liu P, Yan F, Li J, Zhang C, Ji X, Luo Y. MicroRNA-
23a-3p attenuates oxidative stress injury in a mouse model of focal 
cerebral ischemia-reperfusion. Brain Res. 2014;1592:65–72.

	 76.	 Endo Y, Marusawa H, Chiba T. Involvement of activation-induced 
cytidine deaminase in the development of colitis-associated colorectal 
cancers. J Gastroenterol. 2011;46(Suppl 1):6–10.

	 77.	 Endo Y, Marusawa H, Kou T, Nakase H, Fujii S, Fujimori T, Kinoshita K, 
Honjo T, Chiba T. Activation-induced cytidine deaminase links between 
inflammation and the development of colitis-associated colorectal 
cancers. Gastroenterology. 2008;135(3):889-898.E3.

	 78.	 Marusawa H, Takai A, Chiba T. Role of activation-induced cytidine deam‑
inase in inflammation-associated cancer development. Adv Immunol. 
2011;111:109–41.

	 79.	 Munoz DP, Lee EL, Takayama S, Coppe JP, Heo SJ, Boffelli D, Di Noia JM, 
Martin DI. Activation-induced cytidine deaminase (AID) is necessary for 
the epithelial-mesenchymal transition in mammary epithelial cells. Proc 
Natl Acad Sci USA. 2013;110(32):E2977-2986.

	 80.	 Takai A, Marusawa H, Minaki Y, Watanabe T, Nakase H, Kinoshita K, 
Tsujimoto G, Chiba T. Targeting activation-induced cytidine deaminase 

https://doi.org/10.3390/ijms22147618
https://doi.org/10.3390/ijms22147618


Page 18 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 

prevents colon cancer development despite persistent colonic inflam‑
mation. Oncogene. 2012;31(13):1733–42.

	 81.	 Borchert GM, Holton NW, Larson ED. Repression of human activation 
induced cytidine deaminase by miR-93 and miR-155. BMC Cancer. 
2011;11:347.

	 82.	 Frasca D, Diaz A, Romero M, Ferracci F, Blomberg BB. MicroRNAs 
miR-155 and miR-16 decrease AID and E47 in B cells from elderly 
individuals. J Immunol. 2015;195(5):2134–40.

	 83.	 Harris SL, Levine AJ. The p53 pathway: positive and negative feed‑
back loops. Oncogene. 2005;24(17):2899–908.

	 84.	 Hussain SP, Amstad P, Raja K, Ambs S, Nagashima M, Bennett WP, 
Shields PG, Ham AJ, Swenberg JA, Marrogi AJ, et al. Increased 
p53 mutation load in noncancerous colon tissue from ulcerative 
colitis: a cancer-prone chronic inflammatory disease. Can Res. 
2000;60(13):3333–7.

	 85.	 Yamakuchi M, Lotterman CD, Bao C, Hruban RH, Karim B, Men‑
dell JT, Huso D, Lowenstein CJ. P53-induced microRNA-107 
inhibits HIF-1 and tumor angiogenesis. Proc Natl Acad Sci USA. 
2010;107(14):6334–9.

	 86.	 Shi L, Jackstadt R, Siemens H, Li H, Kirchner T, Hermeking H. p53-
induced miR-15a/16-1 and AP4 form a double-negative feedback 
loop to regulate epithelial-mesenchymal transition and metastasis in 
colorectal cancer. Can Res. 2014;74(2):532–42.

	 87.	 Ma Q, Wang X, Li Z, Li B, Ma F, Peng L, Zhang Y, Xu A, Jiang B. micro‑
RNA-16 represses colorectal cancer cell growth in vitro by regulating 
the p53/survivin signaling pathway. Oncol Rep. 2013;29(4):1652–8.

	 88.	 Fan Y, Yin S, Hao Y, Yang J, Zhang H, Sun C, Ma M, Chang Q, Xi JJ. miR-
19b promotes tumor growth and metastasis via targeting TP53. RNA. 
2014;20(6):765–72.

	 89.	 Wang Q, Selth LA, Callen DF. MiR-766 induces p53 accumula‑
tion and G2/M arrest by directly targeting MDM4. Oncotarget. 
2017;8(18):29914–24.

	 90.	 Li J, Chen Y, Zhao J, Kong F, Zhang Y. miR-203 reverses chemoresistance 
in p53-mutated colon cancer cells through downregulation of Akt2 
expression. Cancer Lett. 2011;304(1):52–9.

	 91.	 Li J, Zhang Y, Zhao J, Kong F, Chen Y. Overexpression of miR-22 
reverses paclitaxel-induced chemoresistance through activation of 
PTEN signaling in p53-mutated colon cancer cells. Mol Cell Biochem. 
2011;357(1–2):31–8.

	 92.	 Zhang W, Xu J. DNA methyltransferases and their roles in tumorigen‑
esis. Biomark Res. 2017;5:1.

	 93.	 Saito S, Kato J, Hiraoka S, Horii J, Suzuki H, Higashi R, Kaji E, Kondo Y, 
Yamamoto K. DNA methylation of colon mucosa in ulcerative colitis 
patients: correlation with inflammatory status. Inflamm Bowel Dis. 
2011;17(9):1955–65.

	 94.	 Tahara T, Hirata I, Nakano N, Nagasaka M, Nakagawa Y, Shibata T, 
Ohmiya N. Comprehensive DNA methylation profiling of inflammatory 
mucosa in ulcerative colitis. Inflamm Bowel Dis. 2017;23(1):165–73.

	 95.	 Foran E, Garrity-Park MM, Mureau C, Newell J, Smyrk TC, Limburg PJ, 
Egan LJ. Upregulation of DNA methyltransferase-mediated gene silenc‑
ing, anchorage-independent growth, and migration of colon cancer 
cells by interleukin-6. Mol Cancer Res. 2010;8(4):471–81.

	 96.	 Braconi C, Huang N, Patel T. MicroRNA-dependent regulation of 
DNA methyltransferase-1 and tumor suppressor gene expression 
by interleukin-6 in human malignant cholangiocytes. Hepatology. 
2010;51(3):881–90.

	 97.	 Li Y, Deuring J, Peppelenbosch MP, Kuipers EJ, de Haar C, van der 
Woude CJ. IL-6-induced DNMT1 activity mediates SOCS3 promoter 
hypermethylation in ulcerative colitis-related colorectal cancer. Carcino‑
genesis. 2012;33(10):1889–96.

	 98.	 Balaguer F, Link A, Lozano JJ, Cuatrecasas M, Nagasaka T, Boland CR, 
Goel A. Epigenetic silencing of miR-137 is an early event in colorectal 
carcinogenesis. Can Res. 2010;70(16):6609–18.

	 99.	 Bi WP, Xia M, Wang XJ. miR-137 suppresses proliferation, migration 
and invasion of colon cancer cell lines by targeting TCF4. Oncol Lett. 
2018;15(6):8744–8.

	100.	 Chen WS, Leung CM, Pan HW, Hu LY, Li SC, Ho MR, Tsai KW. Silencing of 
miR-1-1 and miR-133a-2 cluster expression by DNA hypermethylation 
in colorectal cancer. Oncol Rep. 2012;28(3):1069–76.

	101.	 Tang JT, Wang JL, Du W, Hong J, Zhao SL, Wang YC, Xiong H, Chen HM, 
Fang JY. MicroRNA 345, a methylation-sensitive microRNA is involved in 

cell proliferation and invasion in human colorectal cancer. Carcinogen‑
esis. 2011;32(8):1207–15.

	102.	 Ueda Y, Ando T, Nanjo S, Ushijima T, Sugiyama T. DNA methylation of 
microRNA-124a is a potential risk marker of colitis-associated cancer in 
patients with ulcerative colitis. Dig Dis Sci. 2014;59(10):2444–51.

	103.	 Toiyama Y, Okugawa Y, Tanaka K, Araki T, Uchida K, Hishida A, Uchino M, 
Ikeuchi H, Hirota S, Kusunoki M, et al. A panel of methylated microRNA 
biomarkers for identifying high-risk patients with ulcerative colitis-
associated colorectal cancer. Gastroenterology. 2017;153(6):1634-1646.
E8.

	104.	 Chen Z, Liu S, Tian L, Wu M, Ai F, Tang W, Zhao L, Ding J, Zhang L, Tang A. 
miR-124 and miR-506 inhibit colorectal cancer progression by targeting 
DNMT3B and DNMT1. Oncotarget. 2015;6(35):38139–50.

	105.	 Wang H, Wu J, Meng X, Ying X, Zuo Y, Liu R, Pan Z, Kang T, Huang W. 
MicroRNA-342 inhibits colorectal cancer cell proliferation and inva‑
sion by directly targeting DNA methyltransferase 1. Carcinogenesis. 
2011;32(7):1033–42.

	106.	 Ng EK, Tsang WP, Ng SS, Jin HC, Yu J, Li JJ, Rocken C, Ebert MP, Kwok TT, 
Sung JJ. MicroRNA-143 targets DNA methyltransferases 3A in colorectal 
cancer. Br J Cancer. 2009;101(4):699–706.

	107.	 Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. 
Cold Spring Harb Perspect Biol. 2009;1(6):a001651.

	108.	 Levy DE, Lee CK. What does Stat3 do? J Clin Investig. 
2002;109(9):1143–8.

	109.	 Nagalakshmi ML, Rascle A, Zurawski S, Menon S, de Waal MR. Interleu‑
kin-22 activates STAT3 and induces IL-10 by colon epithelial cells. Int 
Immunopharmacol. 2004;4(5):679–91.

	110.	 Li Y, de Haar C, Peppelenbosch MP, van der Woude CJ. New insights into 
the role of STAT3 in IBD. Inflamm Bowel Dis. 2012;18(6):1177–83.

	111.	 Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D, Watowich SS, 
Dong C. STAT3 regulates cytokine-mediated generation of inflamma‑
tory helper T cells. J Biol Chem. 2007;282(13):9358–63.

	112.	 Nguyen PM, Putoczki TL, Ernst M. STAT3-activating cytokines: a 
therapeutic opportunity for inflammatory bowel disease? J Interferon 
Cytokine Res. 2015;35(5):340–50.

	113.	 Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan LJ, Kagnoff MF, 
Karin M. IKKbeta links inflammation and tumorigenesis in a mouse 
model of colitis-associated cancer. Cell. 2004;118(3):285–96.

	114.	 Alamro RA, Mustafa M, Al-Asmari AK. Inflammatory gene mRNA expres‑
sion in human peripheral blood and its association with colorectal 
cancer. J Inflamm Res. 2018;11:351–7.

	115.	 Negi RR, Rana SV, Gupta R, Gupta V, Chadha VD, Dhawan DK. Increased 
nuclear factor-kappaB/RelA expression levels in human colorectal carci‑
noma in north Indian patients. Indian J Clin Biochem. 2018;33(4):473–8.

	116.	 Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold Spring Harb 
Perspect Biol. 2012;4(9):a011189.

	117.	 Vaghari-Tabari M, Ferns GA, Qujeq D, Andevari AN, Sabahi Z, Moein 
S. Signaling, metabolism, and cancer: an important relationship for 
therapeutic intervention. J Cell Physiol. 2021;236(8):5512–32.

	118.	 Bai D, Ueno L, Vogt PK. Akt-mediated regulation of NFkappaB and the 
essentialness of NFkappaB for the oncogenicity of PI3K and Akt. Int J 
Cancer. 2009;125(12):2863–70.

	119.	 Keerthivasan S, Aghajani K, Dose M, Molinero L, Khan MW, Ven‑
kateswaran V, Weber C, Emmanuel AO, Sun T, Bentrem DJ, et al. beta-
Catenin promotes colitis and colon cancer through imprinting of proin‑
flammatory properties in T cells. Sci Transl Med. 2014;6(225):225ra228.

	120.	 Lee G, Goretsky T, Managlia E, Dirisina R, Singh AP, Brown JB, May R, 
Yang GY, Ragheb JW, Evers BM, et al. Phosphoinositide 3-kinase signal‑
ing mediates beta-catenin activation in intestinal epithelial stem and 
progenitor cells in colitis. Gastroenterology. 2010;139(3):869-881.E9.

	121.	 Chandrasinghe P, Cereser B, Moorghen M, Al Bakir I, Tabassum N, Hart A, 
Stebbing J, Warusavitarne J. Role of SMAD proteins in colitis-associated 
cancer: from known to the unknown. Oncogene. 2018;37(1):1–7.

	122.	 Díaz-Díaz CJ, Ronnekleiv-Kelly SM, Nukaya M, Geiger PG, Balbo S, Dator 
R, Megna BW, Carney PR, Bradfield CA, Kennedy GD. The Aryl hydro‑
carbon receptor is a repressor of inflammation-associated colorectal 
tumorigenesis in mouse. Ann Surg. 2016;264(3):429–36.

	123.	 Shen Y, Zhou M, Yan J, Gong Z, Xiao Y, Zhang C, Du P, Chen Y. miR-200b 
inhibits TNF-α-induced IL-8 secretion and tight junction disruption of 
intestinal epithelial cells in vitro. Am J Physiol Gastrointest Liver Physiol. 
2017;312(2):G123–32.



Page 19 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 	

	124.	 Bhat AA, Ahmad R, Uppada SB, Singh AB, Dhawan P. Claudin-1 
promotes TNF-alpha-induced epithelial-mesenchymal transition 
and migration in colorectal adenocarcinoma cells. Exp Cell Res. 
2016;349(1):119–27.

	125.	 Pope JL, Ahmad R, Bhat AA, Washington MK, Singh AB, Dhawan P. Clau‑
din-1 overexpression in intestinal epithelial cells enhances susceptibility 
to adenamatous polyposis coli-mediated colon tumorigenesis. Mol 
Cancer. 2014;13:167.

	126.	 Weber CR, Nalle SC, Tretiakova M, Rubin DT, Turner JR. Claudin-1 
and claudin-2 expression is elevated in inflammatory bowel disease 
and may contribute to early neoplastic transformation. Lab Invest. 
2008;88(10):1110–20.

	127.	 Zhang GJ, Xiao HX, Tian HP, Liu ZL, Xia SS, Zhou T. Upregulation of 
microRNA-155 promotes the migration and invasion of colorectal 
cancer cells through the regulation of claudin-1 expression. Int J Mol 
Med. 2013;31(6):1375–80.

	128.	 Cichon C, Sabharwal H, Rüter C, Schmidt MA. MicroRNAs regulate tight 
junction proteins and modulate epithelial/endothelial barrier functions. 
Tissue Barriers. 2014;2(4):e944446.

	129.	 Jiang YX, Du ZM, Jiao L, Shao Q, Fu S, Shao JY, Zhu XF, Ernberg I, Li 
YH. Inhibition of MiR-155 suppresses cell migration in nasopharyn‑
geal carcinoma through targeting ZDHHC2. Int J Clin Exp Med. 
2015;8(6):8472–84.

	130.	 Wang T, Xu X, Xu Q, Ren J, Shen S, Fan C, Hou Y. miR-19a promotes 
colitis-associated colorectal cancer by regulating tumor necrosis fac‑
tor alpha-induced protein 3-NF-kappaB feedback loops. Oncogene. 
2017;36(23):3240–51.

	131.	 Shen Z, Zhou R, Liu C, Wang Y, Zhan W, Shao Z, Liu J, Zhang F, Xu L, 
Zhou X, et al. MicroRNA-105 is involved in TNF-alpha-related tumor 
microenvironment enhanced colorectal cancer progression. Cell Death 
Dis. 2017;8(12):3213.

	132.	 Waldner MJ, Foersch S, Neurath MF. Interleukin-6—a key regulator of 
colorectal cancer development. Int J Biol Sci. 2012;8(9):1248–53.

	133.	 Grivennikov S, Karin E, Terzic J, Mucida D, Yu GY, Vallabhapurapu S, 
Scheller J, Rose-John S, Cheroutre H, Eckmann L, et al. IL-6 and Stat3 are 
required for survival of intestinal epithelial cells and development of 
colitis-associated cancer. Cancer Cell. 2009;15(2):103–13.

	134.	 Neurath MF, Finotto S. IL-6 signaling in autoimmunity, chronic inflam‑
mation and inflammation-associated cancer. Cytokine Growth Factor 
Rev. 2011;22(2):83–9.

	135.	 Waldner MJ, Wirtz S, Jefremow A, Warntjen M, Neufert C, Atreya R, 
Becker C, Weigmann B, Vieth M, Rose-John S, et al. VEGF receptor signal‑
ing links inflammation and tumorigenesis in colitis-associated cancer. J 
Exp Med. 2010;207(13):2855–68.

	136.	 Ying J, Tsujii M, Kondo J, Hayashi Y, Kato M, Akasaka T, Inoue T, Shiraishi 
E, Inoue T, Hiyama S, et al. The effectiveness of an anti-human IL-6 
receptor monoclonal antibody combined with chemotherapy to target 
colon cancer stem-like cells. Int J Oncol. 2015;46(4):1551–9.

	137.	 Patel SA, Gooderham NJ. IL6 mediates immune and colorectal 
cancer cell cross-talk via miR-21 and miR-29b. Mol Cancer Res. 
2015;13(11):1502–8.

	138.	 Hwang SK, Baker AR, Young MR, Colburn NH. Tumor suppressor PDCD4 
inhibits NF-kappaB-dependent transcription in human glioblastoma 
cells by direct interaction with p65. Carcinogenesis. 2014;35(7):1469–80.

	139.	 Li T, Jian X, He H, Lai Q, Li X, Deng D, Liu T, Zhu J, Jiao H, Ye Y, et al. MiR-
452 promotes an aggressive colorectal cancer phenotype by regulating 
a Wnt/beta-catenin positive feedback loop. J Exp Clin Cancer Res. 
2018;37(1):238.

	140.	 Li T, Lai Q, Wang S, Cai J, Xiao Z, Deng D, He L, Jiao H, Ye Y, Liang L, et al. 
MicroRNA-224 sustains Wnt/beta-catenin signaling and promotes 
aggressive phenotype of colorectal cancer. J Exp Clin Cancer Res. 
2016;35:21.

	141.	 Shi C, Yang Y, Xia Y, Okugawa Y, Yang J, Liang Y, Chen H, Zhang P, Wang 
F, Han H, et al. Novel evidence for an oncogenic role of microRNA-21 in 
colitis-associated colorectal cancer. Gut. 2016;65(9):1470–81.

	142.	 Liu Y, Uzair Ur R, Guo Y, Liang H, Cheng R, Yang F, Hong Y, Zhao C, Liu M, 
Yu M, et al. miR-181b functions as an oncomiR in colorectal cancer by 
targeting PDCD4. Protein Cell. 2016;7(10):722–34.

	143.	 Wang L, Zhao M, Guo C, Wang G, Zhu F, Wang J, Wang X, Wang 
Q, Zhao W, Shi Y, et al. PDCD4 deficiency aggravated colitis and 

colitis-associated colorectal cancer via promoting IL-6/STAT3 pathway 
in mice. Inflamm Bowel Dis. 2016;22(5):1107–18.

	144.	 Nedaeinia R, Sharifi M, Avan A, Kazemi M, Nabinejad A, Ferns GA, 
Ghayour-Mobarhan M, Salehi R. Inhibition of microRNA-21 via locked 
nucleic acid-anti-miR suppressed metastatic features of colorectal 
cancer cells through modulation of programmed cell death 4. 
Tumour Biol. 2017;39(3):1010428317692261.

	145.	 Nedaeinia R, Sharifi M, Avan A, Kazemi M, Rafiee L, Ghayour-
Mobarhan M, Salehi R. Locked nucleic acid anti-miR-21 inhibits cell 
growth and invasive behaviors of a colorectal adenocarcinoma 
cell line: LNA-anti-miR as a novel approach. Cancer Gene Ther. 
2016;23(8):246–53.

	146.	 Zhang L, Shen J, Cheng J, Fan X. MicroRNA-21 regulates intes‑
tinal epithelial tight junction permeability. Cell Biochem Funct. 
2015;33(4):235–40.

	147.	 Shi C, Liang Y, Yang J, Xia Y, Chen H, Han H, Yang Y, Wu W, Gao R, Qin 
H. MicroRNA-21 knockout improve the survival rate in DSS induced 
fatal colitis through protecting against inflammation and tissue 
injury. PloS ONE. 2013;8(6):e66814.

	148.	 Li H, Rokavec M, Hermeking H. Soluble IL6R represents a miR-34a 
target: potential implications for the recently identified IL-6R/STAT3/
miR-34a feed-back loop. Oncotarget. 2015;6(16):14026–32.

	149.	 Rokavec M, Oner MG, Li H, Jackstadt R, Jiang L, Lodygin D, Kaller M, 
Horst D, Ziegler PK, Schwitalla S, et al. IL-6R/STAT3/miR-34a feedback 
loop promotes EMT-mediated colorectal cancer invasion and metas‑
tasis. J Clin Investig. 2014;124(4):1853–67.

	150.	 Polytarchou C, Hommes DW, Palumbo T, Hatziapostolou M, Kout‑
sioumpa M, Koukos G, van der Meulen-de Jong AE, Oikonomopoulos 
A, van Deen WK, Vorvis C, et al. MicroRNA214 is associated with 
progression of ulcerative colitis, and inhibition reduces development 
of colitis and colitis-associated cancer in mice. Gastroenterology. 
2015;149(4):981-992.E11.

	151.	 Wu K, Ma J, Zhan Y, Liu K, Ye Z, Chen J, Xu K, Huang H, He Y. Down-
regulation of microRNA-214 contributed to the enhanced mitochon‑
drial transcription factor A and inhibited proliferation of colorectal 
cancer cells. Cell Physiol Biochem. 2018;49(2):545–54.

	152.	 Heyn J, Ledderose C, Hinske LC, Limbeck E, Möhnle P, Lindner HA, 
Kreth S. Adenosine A2A receptor upregulation in human PMNs 
is controlled by miRNA-214, miRNA-15, and miRNA-16. Shock. 
2012;37(2):156–63.

	153.	 Zhu M, Zhang W, Ma J, Dai Y, Zhang Q, Liu Q, Yang B, Li G. MicroRNA-
139-5p regulates chronic inflammation by suppressing nuclear 
factor-κB activity to inhibit cell proliferation and invasion in colorectal 
cancer. Exp Ther Med. 2019;18(5):4049–57.

	154.	 Zou F, Mao R, Yang L, Lin S, Lei K, Zheng Y, Ding Y, Zhang P, Cai G, Liang 
X, et al. Targeted deletion of miR-139-5p activates MAPK, NF-kappaB 
and STAT3 signaling and promotes intestinal inflammation and colorec‑
tal cancer. FEBS J. 2016;283(8):1438–52.

	155.	 Chen DL, Chen LZ, Lu YX, Zhang DS, Zeng ZL, Pan ZZ, Huang P, Wang 
FH, Li YH, Ju HQ, et al. Long noncoding RNA XIST expedites metastasis 
and modulates epithelial-mesenchymal transition in colorectal cancer. 
Cell Death Dis. 2017;8(8):e3011.

	156.	 Deng S, Wang H, Fan H, Zhang L, Hu J, Tang Q, Shou Z, Liu X, Zuo D, 
Yang J, et al. Over-expressed miRNA-200b ameliorates ulcerative colitis-
related colorectal cancer in mice through orchestrating epithelial-mes‑
enchymal transition and inflammatory responses by channel of AKT2. 
Int Immunopharmacol. 2018;61:346–54.

	157.	 Lv Z, Wei J, You W, Wang R, Shang J, Xiong Y, Yang H, Yang X, Fu Z. 
Disruption of the c-Myc/miR-200b-3p/PRDX2 regulatory loop enhances 
tumor metastasis and chemotherapeutic resistance in colorectal can‑
cer. J Transl Med. 2017;15(1):257.

	158.	 Khorrami S, Zavaran Hosseini A, Mowla SJ, Soleimani M, Rakh‑
shani N, Malekzadeh R. MicroRNA-146a induces immune sup‑
pression and drug-resistant colorectal cancer cells. Tumour Biol. 
2017;39(5):1010428317698365.

	159.	 Duvallet E, Semerano L, Assier E, Falgarone G, Boissier MC. Inter‑
leukin-23: a key cytokine in inflammatory diseases. Ann Med. 
2011;43(7):503–11.

	160.	 Di Cesare A, Di Meglio P, Nestle FO. The IL-23/Th17 axis in the immu‑
nopathogenesis of psoriasis. J Invest Dermatol. 2009;129(6):1339–50.



Page 20 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 

	161.	 Jiang R, Wang H, Deng L, Hou J, Shi R, Yao M, Gao Y, Yao A, Wang X, Yu L, 
et al. IL-22 is related to development of human colon cancer by activa‑
tion of STAT3. BMC Cancer. 2013;13:59.

	162.	 Toussirot E. The IL23/Th17 pathway as a therapeutic target in 
chronic inflammatory diseases. Inflamm Allergy Drug Targets. 
2012;11(2):159–68.

	163.	 Hurtado CG, Wan F, Housseau F, Sears CL. Roles for interleukin 17 and 
adaptive immunity in pathogenesis of colorectal cancer. Gastroenterol‑
ogy. 2018. https://​doi.​org/​10.​1053/j.​gastro.​2018.​08.​056.

	164.	 Wang H, Zhang S, Yu Q, Yang G, Guo J, Li M, Zeng Z, He Y, Chen B, Chen 
M. Circulating microRNA223 is a new biomarker for inflammatory 
bowel disease. Medicine. 2016;95(5):e2703.

	165.	 Wang H, Chao K, Ng SC, Bai AH, Yu Q, Yu J, Li M, Cui Y, Chen M, Hu JF, 
et al. Pro-inflammatory miR-223 mediates the cross-talk between the 
IL23 pathway and the intestinal barrier in inflammatory bowel disease. 
Genome Biol. 2016;17:58.

	166.	 Brain O, Owens BM, Pichulik T, Allan P, Khatamzas E, Leslie A, Steevels T, 
Sharma S, Mayer A, Catuneanu AM, et al. The intracellular sensor NOD2 
induces microRNA-29 expression in human dendritic cells to limit IL-23 
release. Immunity. 2013;39(3):521–36.

	167.	 Nielsen OH, Kirman I, Rüdiger N, Hendel J, Vainer B. Upregulation of 
interleukin-12 and -17 in active inflammatory bowel disease. Scand J 
Gastroenterol. 2003;38(2):180–5.

	168.	 Ito R, Kita M, Shin-Ya M, Kishida T, Urano A, Takada R, Sakagami J, 
Imanishi J, Iwakura Y, Okanoue T, et al. Involvement of IL-17A in the 
pathogenesis of DSS-induced colitis in mice. Biochem Biophys Res 
Commun. 2008;377(1):12–6.

	169.	 Hyun YS, Han DS, Lee AR, Eun CS, Youn J, Kim HY. Role of IL-17A 
in the development of colitis-associated cancer. Carcinogenesis. 
2012;33(4):931–6.

	170.	 Qi H, Yang H, Xu G, Ren J, Hua W, Shi Y, Torsvik M, Florholmen J, Cui G. 
Therapeutic efficacy of IL-17A antibody injection in preventing the 
development of colitis associated carcinogenesis in mice. Immunobiol‑
ogy. 2015;220(1):54–9.

	171.	 Niimoto T, Nakasa T, Ishikawa M, Okuhara A, Izumi B, Deie M, Suzuki O, 
Adachi N, Ochi M. MicroRNA-146a expresses in interleukin-17 produc‑
ing T cells in rheumatoid arthritis patients. BMC Musculoskelet Disord. 
2010;11:209.

	172.	 Pekow J, Meckel K, Dougherty U, Huang Y, Chen X, Almoghrabi A, 
Mustafi R, Ayaloglu-Butun F, Deng Z, Haider HI, et al. miR-193a-3p is a 
key tumor suppressor in ulcerative colitis-associated colon cancer and 
promotes carcinogenesis through upregulation of IL17RD. Clin Cancer 
Res. 2017;23(17):5281–91.

	173.	 Zhu S, Pan W, Song X, Liu Y, Shao X, Tang Y, Liang D, He D, Wang H, Liu 
W, et al. The microRNA miR-23b suppresses IL-17-associated autoim‑
mune inflammation by targeting TAB2, TAB3 and IKK-alpha. Nat Med. 
2012;18(7):1077–86.

	174.	 Lin S, Liu Q, Wen J, Bai K, Guo Y, Wang J. Mir-124 attenuates STAT3-medi‑
ated TH17 differentiation in colitis-driven colon cancer. Front Oncol. 
2020;10:570128.

	175.	 Koukos G, Polytarchou C, Kaplan JL, Morley-Fletcher A, Gras-Miralles B, 
Kokkotou E, Baril-Dore M, Pothoulakis C, Winter HS, Iliopoulos D. Micro‑
RNA-124 regulates STAT3 expression and is down-regulated in colon 
tissues of pediatric patients with ulcerative colitis. Gastroenterology. 
2013;145(4):842–8522.

	176.	 Jauch D, Martin M, Schiechl G, Kesselring R, Schlitt HJ, Geissler EK, 
Fichtner-Feigl S. Interleukin 21 controls tumour growth and tumour 
immunosurveillance in colitis-associated tumorigenesis in mice. Gut. 
2011;60(12):1678–86.

	177.	 Wurster AL, Rodgers VL, Satoskar AR, Whitters MJ, Young DA, Collins M, 
Grusby MJ. Interleukin 21 is a T helper (Th) cell 2 cytokine that specifi‑
cally inhibits the differentiation of naive Th cells into interferon gamma-
producing Th1 cells. J Exp Med. 2002;196(7):969–77.

	178.	 Stolfi C, Rizzo A, Franzè E, Rotondi A, Fantini MC, Sarra M, Caruso R, 
Monteleone I, Sileri P, Franceschilli L, et al. Involvement of interleu‑
kin-21 in the regulation of colitis-associated colon cancer. J Exp Med. 
2011;208(11):2279–90.

	179.	 Yamamoto-Furusho JK, Miranda-Pérez E, Fonseca-Camarillo G, Sánchez-
Muñoz F, Barreto-Zuñiga R, Dominguez-Lopez A. Interleukin 21 expres‑
sion is increased in rectal biopsies from patients with ulcerative colitis. 
Inflamm Bowel Dis. 2010;16(7):1090.

	180.	 Holm TL, Tornehave D, Søndergaard H, Kvist PH, Sondergaard BC, 
Hansen L, Hermit MB, Holgersen K, Vergo S, Frederiksen KS, et al. 
Evaluating IL-21 as a potential therapeutic target in Crohn’s disease. 
Gastroenterol Res Pract. 2018;2018:5962624.

	181.	 De Simone V, Ronchetti G, Franzè E, Colantoni A, Ortenzi A, Fantini MC, 
Rizzo A, Sica GS, Sileri P, Rossi P, et al. Interleukin-21 sustains inflamma‑
tory signals that contribute to sporadic colon tumorigenesis. Onco‑
target. 2015;6(12):9908–23.

	182.	 Qu X, Zhou J, Wang T, Han J, Ma L, Yu H, Geng D, Fan H, Zhang Q, Hua 
F, et al. MiR-30a inhibits Th17 differentiation and demyelination of EAE 
mice by targeting the IL-21R. Brain Behav Immun. 2016;57:193–9.

	183.	 Rasmussen TK, Andersen T, Bak RO, Yiu G, Sorensen CM, Stengaard-
Pedersen K, Mikkelsen JG, Utz PJ, Holm CK, Deleuran B. Overexpres‑
sion of microRNA-155 increases IL-21 mediated STAT3 signaling and 
IL-21 production in systemic lupus erythematosus. Arthritis Res Ther. 
2015;17:154.

	184.	 Lu Z, Liu R, Huang E, Chu Y. MicroRNAs: new regulators of IL-22. Cell 
Immunol. 2016;304–305:1–8.

	185.	 Wu T, Wang Z, Liu Y, Mei Z, Wang G, Liang Z, Cui A, Hu X, Cui L, Yang Y, 
et al. Interleukin 22 protects colorectal cancer cells from chemotherapy 
by activating the STAT3 pathway and inducing autocrine expression of 
interleukin 8. Clin Immunol. 2014;154(2):116–26.

	186.	 Wei P, Hu GH, Kang HY, Yao HB, Kou W, Liu H, Zhang C, Hong SL. An 
aryl hydrocarbon receptor ligand acts on dendritic cells and T cells 
to suppress the Th17 response in allergic rhinitis patients. Lab Invest. 
2014;94(5):528–35.

	187.	 Hao N, Whitelaw ML. The emerging roles of AhR in physiology and 
immunity. Biochem Pharmacol. 2013;86(5):561–70.

	188.	 Alzahrani AM, Hanieh H, Ibrahim HM, Mohafez O, Shehata T, Bani Ismail 
M, Alfwuaires M. Enhancing miR-132 expression by aryl hydrocarbon 
receptor attenuates tumorigenesis associated with chronic colitis. Int 
Immunopharmacol. 2017;52:342–51.

	189.	 Zhao Y, Ma T, Chen W, Chen Y, Li M, Ren L, Chen J, Cao R, Feng Y, Zhang 
H, et al. MicroRNA-124 promotes intestinal inflammation by target‑
ing aryl hydrocarbon receptor in Crohn’s disease. J Crohns Colitis. 
2016;10(6):703–12.

	190.	 Brembilla NC, Ramirez JM, Chicheportiche R, Sorg O, Saurat JH, Chizzo‑
lini C. In vivo dioxin favors interleukin-22 production by human CD4+ 
T cells in an aryl hydrocarbon receptor (AhR)-dependent manner. PloS 
ONE. 2011;6(4):e18741.

	191.	 Escobar TM, Kanellopoulou C, Kugler DG, Kilaru G, Nguyen CK, Naga‑
rajan V, Bhairavabhotla RK, Northrup D, Zahr R, Burr P, et al. miR-155 
activates cytokine gene expression in Th17 cells by regulating the 
DNA-binding protein Jarid2 to relieve polycomb-mediated repression. 
Immunity. 2014;40(6):865–79.

	192.	 Xu M, Zuo D, Liu X, Fan H, Chen Q, Deng S, Shou Z, Tang Q, Yang J, Nan 
Z, et al. MiR-155 contributes to Th17 cells differentiation in dextran 
sulfate sodium (DSS)-induced colitis mice via Jarid2. Biochem Biophys 
Res Commun. 2017;488(1):6–14.

	193.	 Tange S, Oktyabri D, Terashima M, Ishimura A, Suzuki T. JARID2 is 
involved in transforming growth factor-beta-induced epithelial-
mesenchymal transition of lung and colon cancer cell lines. PloS ONE. 
2014;9(12):e115684.

	194.	 Zhu XX, Yan YW, Ai CZ, Jiang S, Xu SS, Niu M, Wang XZ, Zhong GS, Lu XF, 
Xue Y, et al. Jarid2 is essential for the maintenance of tumor initiating 
cells in bladder cancer. Oncotarget. 2017;8(15):24483–90.

	195.	 Huang LX, Hu CY, Jing L, Wang MC, Xu M, Wang J, Wang Y, Nan KJ, 
Wang SH. microRNA-219-5p inhibits epithelial-mesenchymal transition 
and metastasis of colorectal cancer by targeting lymphoid enhancer-
binding factor 1. Cancer Sci. 2017;108(10):1985–95.

	196.	 Wang Q, Zhu L, Jiang Y, Xu J, Wang F, He Z. miR-219-5p suppresses the 
proliferation and invasion of colorectal cancer cells by targeting calcy‑
phosin. Oncol Lett. 2017;13(3):1319–24.

	197.	 Hegazy AN, Powrie F. Microbiome. Microbiota RORgulates intestinal 
suppressor T cells. Science. 2015;349(6251):929–30.

	198.	 Yang BH, Hagemann S, Mamareli P, Lauer U, Hoffmann U, Beckstette M, 
Fohse L, Prinz I, Pezoldt J, Suerbaum S, et al. Foxp3(+) T cells expressing 
RORgammat represent a stable regulatory T-cell effector lineage with 
enhanced suppressive capacity during intestinal inflammation. Mucosal 
Immunol. 2016;9(2):444–57.

https://doi.org/10.1053/j.gastro.2018.08.056


Page 21 of 21Vaghari‑Tabari et al. Cancer Cell International          (2022) 22:146 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	199.	 Ito Y. RUNX3 is expressed in the epithelium of the gastrointestinal tract. 
EMBO Mol Med. 2012;4(7):541–2 (author reply 543–544).

	200.	 Li QL, Ito K, Sakakura C, Fukamachi H, Inoue K, Chi XZ, Lee KY, Nomura 
S, Lee CW, Han SB, et al. Causal relationship between the loss of RUNX3 
expression and gastric cancer. Cell. 2002;109(1):113–24.

	201.	 Sugai M, Aoki K, Osato M, Nambu Y, Ito K, Taketo MM, Shimizu A. Runx3 
is required for full activation of regulatory T cells to prevent colitis-
associated tumor formation. J Immunol. 2011;186(11):6515–20.

	202.	 Zhang J, Zhou W, Liu Y, Liu T, Li C, Wang L. Oncogenic role of microRNA-
532-5p in human colorectal cancer via targeting of the 5’UTR of RUNX3. 
Oncol Lett. 2018;15(5):7215–20.

	203.	 Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho CM, Pryer 
N, Daniel D, Hwang ES, Rugo HS, Coussens LM. Macrophage IL-10 
blocks CD8+ T cell-dependent responses to chemotherapy by sup‑
pressing IL-12 expression in intratumoral dendritic cells. Cancer Cell. 
2014;26(5):623–37.

	204.	 Sturlan S, Oberhuber G, Beinhauer BG, Tichy B, Kappel S, Wang J, Rogy 
MA. Interleukin-10-deficient mice and inflammatory bowel disease 
associated cancer development. Carcinogenesis. 2001;22(4):665–71.

	205.	 Evans C, Morrison I, Heriot AG, Bartlett JB, Finlayson C, Dalgleish AG, 
Kumar D. The correlation between colorectal cancer rates of prolifera‑
tion and apoptosis and systemic cytokine levels; plus their influence 
upon survival. Br J Cancer. 2006;94(10):1412–9.

	206.	 O’Hara RJ, Greenman J, MacDonald AW, Gaskell KM, Topping KP, Duthie 
GS, Kerin MJ, Lee PW, Monson JR. Advanced colorectal cancer is associ‑
ated with impaired interleukin 12 and enhanced interleukin 10 produc‑
tion. Clin Cancer Res. 1998;4(8):1943–8.

	207.	 Giacomelli L, Gianni W, Belfiore C, Gandini O, Repetto L, Filippini A, Frati 
L, Agliano AM, Gazzaniga P. Persistence of epidermal growth factor 
receptor and interleukin 10 in blood of colorectal cancer patients after 
surgery identifies patients with high risk to relapse. Clin Cancer Res. 
2003;9(7):2678–82.

	208.	 Herbeuval JP, Lelievre E, Lambert C, Dy M, Genin C. Recruitment of 
STAT3 for production of IL-10 by colon carcinoma cells induced by 
macrophage-derived IL-6. J Immunol. 2004;172(7):4630–6.

	209.	 Lackeyram D, Young D, Kim CJ, Yang C, Archbold TL, Mine Y, Fan 
MZ. Interleukin-10 is differentially expressed in the small intestine 
and the colon experiencing chronic inflammation and ulcerative 
colitis induced by dextran sodium sulfate in young pigs. Physiol Res. 
2017;66(1):147–62.

	210.	 Shah N, Kammermeier J, Elawad M, Glocker EO. Interleukin-10 and 
interleukin-10-receptor defects in inflammatory bowel disease. Curr 
Allergy Asthma Rep. 2012;12(5):373–9.

	211.	 Cheng K, Zhao Z, Wang G, Wang J, Zhu W. lncRNA GAS5 inhibits colo‑
rectal cancer cell proliferation via the miR1825p/FOXO3a axis. Oncol 
Rep. 2018;40(4):2371–80.

	212.	 Li Y, Li Y, Huang S, He K, Zhao M, Lin H, Li D, Qian J, Zhou C, Chen Y, 
et al. Long non-coding RNA growth arrest specific transcript 5 acts 
as a tumour suppressor in colorectal cancer by inhibiting interleu‑
kin-10 and vascular endothelial growth factor expression. Oncotarget. 
2017;8(8):13690–702.

	213.	 Liu L, Meng T, Yang XH, Sayim P, Lei C, Jin B, Ge L, Wang HJ. Prognostic 
and predictive value of long non-coding RNA GAS5 and mircoRNA-221 
in colorectal cancer and their effects on colorectal cancer cell prolifera‑
tion, migration and invasion. Cancer Biomark. 2018;22(2):283–99.

	214.	 Liu S, Sun X, Wang M, Hou Y, Zhan Y, Jiang Y, Liu Z, Cao X, Chen P, Liu 
Z, et al. A microRNA 221- and 222-mediated feedback loop maintains 
constitutive activation of NFkappaB and STAT3 in colorectal cancer 
cells. Gastroenterology. 2014;147(4):847-859.E11.

	215.	 Sanctuary MR, Huang RH, Jones AA, Luck ME, Aherne CM, Jedlicka P, de 
Zoeten EF, Collins CB. miR-106a deficiency attenuates inflammation in 
murine IBD models. Mucosal Immunol. 2019;12(1):200–11.

	216.	 Liu Y, Chen Q, Song Y, Lai L, Wang J, Yu H, Cao X, Wang Q. MicroRNA-98 
negatively regulates IL-10 production and endotoxin tolerance in 
macrophages after LPS stimulation. FEBS Lett. 2011;585(12):1963–8.

	217.	 Zheng YF, Luo J, Gan GL, Li W. Overexpression of microRNA-98 inhibits 
cell proliferation and promotes cell apoptosis via claudin-1 in human 
colorectal carcinoma. J Cell Biochem. 2019;120(4):6090–105.

	218.	 Liu M, Li S, Li MO. TGF-beta control of adaptive immune tolerance: a 
break from Treg cells. BioEssays. 2018;40(11):e1800063.

	219.	 Morishima N, Mizoguchi I, Takeda K, Mizuguchi J, Yoshimoto T. TGF-beta 
is necessary for induction of IL-23R and Th17 differentiation by IL-6 and 
IL-23. Biochem Biophys Res Commun. 2009;386(1):105–10.

	220.	 Smythies LE, Sellers M, Clements RH, Mosteller-Barnum M, Meng G, 
Benjamin WH, Orenstein JM, Smith PD. Human intestinal macrophages 
display profound inflammatory anergy despite avid phagocytic and 
bacteriocidal activity. J Clin Investig. 2005;115(1):66–75.

	221.	 Derynck R, Zhang YE. Smad-dependent and Smad-independent path‑
ways in TGF-beta family signalling. Nature. 2003;425(6958):577–84.

	222.	 Bao Y, Chen Z, Guo Y, Feng Y, Li Z, Han W, Wang J, Zhao W, Jiao Y, Li 
K, et al. Tumor suppressor microRNA-27a in colorectal carcinogen‑
esis and progression by targeting SGPP1 and Smad2. PloS ONE. 
2014;9(8):e105991.

	223.	 Feagins LA. Role of transforming growth factor-beta in inflammatory 
bowel disease and colitis-associated colon cancer. Inflamm Bowel Dis. 
2010;16(11):1963–8.

	224.	 Means AL, Freeman TJ, Zhu J, Woodbury LG, Marincola-Smith P, Wu C, 
Meyer AR, Weaver CJ, Padmanabhan C, An H, et al. Epithelial Smad4 
deletion up-regulates inflammation and promotes inflammation-
associated cancer. Cell Mol Gastroenterol Hepatol. 2018;6(3):257–76.

	225.	 Zhai H, Fesler A, Ba Y, Wu S, Ju J. Inhibition of colorectal cancer stem cell 
survival and invasive potential by hsa-miR-140-5p mediated suppres‑
sion of Smad2 and autophagy. Oncotarget. 2015;6(23):19735–46.

	226.	 Velázquez KT, Enos RT, McClellan JL, Cranford TL, Chatzistamou I, Singh 
UP, Nagarkatti M, Nagarkatti PS, Fan D, Murphy EA. MicroRNA-155 
deletion promotes tumorigenesis in the azoxymethane-dextran sulfate 
sodium model of colon cancer. Am J Physiol Gastrointest Liver Physiol. 
2016;310(6):G347-358.

	227.	 Liu F, Di Wang X. miR-150-5p represses TP53 tumor suppressor 
gene to promote proliferation of colon adenocarcinoma. Sci Rep. 
2019;9(1):6740.

	228.	 Chen W, Cai G, Liao Z, Lin K, Li G, Li Y. miRNA-766 induces apoptosis of 
human colon cancer cells through the p53/Bax signaling pathway by 
MDM4. Exp Ther Med. 2019;17(5):4100–8.

	229.	 Wu Y, Song Y, Xiong Y, Wang X, Xu K, Han B, Bai Y, Li L, Zhang Y, Zhou L. 
MicroRNA-21 (Mir-21) promotes cell growth and invasion by repressing 
tumor suppressor PTEN in colorectal cancer. Cell Physiol Biochem. 
2017;43(3):945–58.

	230.	 Sharma A, Kumar M, Aich J, Hariharan M, Brahmachari SK, Agrawal A, 
Ghosh B. Posttranscriptional regulation of interleukin-10 expression by 
hsa-miR-106a. Proc Natl Acad Sci USA. 2009;106(14):5761–6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	From inflammatory bowel disease to colorectal cancer: what’s the role of miRNAs?
	Abstract 
	Introduction
	Colitis associated cancer
	From IBD to cancer
	IBD, immune cells and CAC: a brief overview
	miRNAs, oxidative stress and DNA damage
	Inflammation, P53 mutation and miRNAs
	Inflammation, DNA aberrant methylation and tumorigenesis: what are the miRNAs’ roles?
	Signaling pathways, IBD and cancer; a brief overview
	Cytokines, signaling pathways and CAC: what’s the role of miRNAs?
	TNF-α
	IL-6
	IL-23
	IL-17
	IL-21
	IL-22
	IL-10
	TGF-β


	Conclusion
	Acknowledgements
	References




