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Inflammation plays an integral part in tumor initiation. Specifically, patients with colitis, pancreatitis, or hepatitis
have an increased susceptibility to cancer. The activation, mutation, and overexpression of oncogenes have been
well documented in cell proliferation and transformation. Recently, oncogenes were found to also regulate the
inflammatory milieu in tumors. Similarly, the inflammatory milieu can promote oncogene activation.
In this review, we summarize advances of the symbiotic relationship oncogene activation and inflammation in
gastrointestinal tumors such as colorectal, hepatic, and pancreatic tumors. NF-κB and STAT3 are the two most
common pathways that are deregulated via these oncogenes. Understanding these interactions may yield
effective therapeutic strategies for tumor prevention and treatment.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Oncogenes are key drivers of tumorigenesis with inflammation
promoting many aspects of tumor development such as initiation,
progression, and metastasis. Although many authors have discussed
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the importance of inflammation during these processes, the effect of
oncogene activation on inflammation is only recently starting to be
unraveled [1,2]. In this review, we discuss the latest advances in deter-
mining how oncogenes or microRNAs (miRNAs) maintain and fuel
inflammation, which promotes oncogene-mediated tumor growth, in
an organ-specific context, in gastrointestinal cancers such as colorectal,
hepatic, and pancreatic cancers. Oncogene-induced inflammation, or
vice versa, is also a crucial feature in other organs.
2. Colorectal cancer

The colon is one of the best organs in which to study the crosstalk
between oncogenes and inflammation because inflammation plays
a key role in colorectal cancer (CRC) development. Patients with
persistent colon inflammation or ulcerative colitis are highly
predisposed to developing CRC [3,4]. One reason for this propensi-
ty is that epithelial cells in this organ are in close contact with the
microbiota [5]. Below we delineate how inflammatory signals and
oncogene activation form a symbiotic relationship for gastrointes-
tinal tumors to grow.
Fig. 1.Mechanisms of oncogene-induced inflammation in the colon under inflammatory and non-
tumorigenesis. The disrupted tight junction in the colon epithelial barrier creates a leak ofmicrobio
p53 promotes colitis and inflammatory bowel disease-mediated carcinogenesis by sustaining NF-
partment, which induces release of IL6 to further sustain adenoma growth/survival. Additionally, th
cells via pks-positive bacteria. (B) Oncogene activation is the driving force in microbiota barrier di
production and the aberrant expression of junction proteins. In addition, loss of p53 in enterocytes
of bacteria into the bloodstream. The accumulation of these bacterial products in lesions activates
transformed cells by upregulating STAT3 in tumor cells. Loss of p53 induces NF-κB activation in b
2.1. Inactivation of p53 or APC

High levels of p53 (suggestive of mutated p53) are seen in the
inflamed colonic tissue of colitis patients, even before neoplastic lesions
have formed [6]. Only recently was a mechanistic link identified
between mutant p53 and sustained inflammation. Both in vitro and
in vivo, Cooks et al. [6] found that different tumor cell lines that har-
bored mutant p53 were prone to sustained nuclear factor-κB (NF-κB)
activation (inflammatory pathway) in the presence of low levels of
tumor necrosis factor (TNF). In addition, these authors elegantly dem-
onstrated that in mice, one copy of mutant p53 promoted colitis and
inflammatory bowel disease-mediated carcinogenesis by sustaining
NF-κB activation. Mutant p53 can bind and sequester wildtype p53
from binding DNA and inducing downstream signaling. The ability of
mutant p53 to sustain NF-κB signaling could be attributed to the loss
of wild-type p53 by the mutant p53, but these events were not recapit-
ulated by loss of p53, thereby suggesting a causal link between the
mutant p53 oncogene and NF-κB activation in these tumors (Fig. 1).

Oncogenes promote an inflammatory signature, not only during
disease initiationbut also duringmetastasis. The loss of p53 in enterocytes
that were previously treated with carcinogens induces invasive
inflammatory conditions. A) The disruption of the microflora barrier is an early event in CRC
ta or enterotoxins; these toxins promote the inflammatory signature in these tumors.Mutant
κB activation. S1P is another molecule that induces NF-κB activation in the myeloid cell com-
emicrobiota can promote tumor formation directly by causing genotoxic effects in epithelial
sruption during CRC. Inactivation of APC or AOM/loss of p53 loss results in the loss of mucin
downregulates proteins that are involved in tight junctions andmucin, resulting in the release
inflammatory cells to produce IL-23 and IL-17; in return, this production promotes growth in
oth enterocytes and myeloid cells.
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tumors [7]. Loss of p53 in enterocytes induces NF-κB activation in both
enterocytes andmyeloid cells. Activation of this pathway has a different
function in these two cell types: activation of NF-κB in enterocytes
induces myeloid cell recruitment and EMT induction; meanwhile, NF-
κB activation in myeloid cells induces invasive cancer cell proliferation
and spread [7]. The downstream function of NF-κB activation inmyeloid
cells may occur through STAT3 activation, as an absence of NF-κB in
myeloid cells reduces STAT3 activation in tumors. The exact communi-
cation between these two transcription factors is not clear.

Interestingly, inactivation of APC or p53 at different stages of the
disease in a different microenvironment recapitulates different aspects
of the disease.More specifically, inactivation of APC,which is considered
an early event in spontaneous CRC, causes adenomapolyps [8]. Mutated
p53 is seen later in spontaneous CRC patients and is correlated with a
more aggressive phenotype [8,9]. Mice with mutant p53 that are
subjected to dextran sodium sulfate-mediated colitis have flat dysplas-
tic lesions that progress to invasive carcinomas,mimicking the course of
the disease seen in colitis-associated CRC [6]. It is also relevant that
these p53mutations can be seen in colitis patients even though dysplas-
tic lesions are absent, suggesting that p53mutations are an early step in
inflammatory bowel disease-associated cancers [6,9].

The role of oncogene mutations in immune or stroma cells in solid
tumors is rarely studied. Many examples in the medical literature sug-
gest that mutated tumor suppressor genes such as p53 are present in
both epidermal tissue and the tumormicroenvironment [10]. For exam-
ple,mutant p53promotes inflammation via sustained activation of TNF-
mediated NF-κB [6]. These studies were performed when mutant p53
was present in both epidermal and non-epidermal tissue. p53 accumu-
lation is seen in colon cells, but high levels of p53 accumulation (sugges-
tive of mutant p53) are also seen in the connective stroma and immune
cells of dextran sodium sulfate-treated mice [6]. Similarly, p53 accumu-
lation in non-epithelial cells was observed in patients with colitis. Other
researchers have found that NF-κB activation in immune cells induces
pro-inflammatory cytokines such as IL-23 and IL-17, which are crucial
to the maintenance of the pro-inflammatory feedback loop [11]. There-
fore, one could conclude that sustained oncogene activation in epider-
mal or stromal cells drives a vicious cycle that sustains inflammation
and cancer-related inflammation.

The Sphingosine 1-Phosphate (S1P) pathway may be the missing
link between inactivation of both p53 and APC and chronic inflamma-
tion in colorectal cancers [12]. S1P, a pleiotropic bioactive sphingolipid
metabolite, is catalyzed by Sphk1 enzyme which is upregulated in pa-
tients with colitis and colon cancer; lack of this enzyme reduced crypt
formation and tumor development in a CRC model [13,14]. S1P signals
through its receptor, Sphingosine-1 Phosphate Receptor 1 (S1PR1),
and induces NF-κB signaling in hematopoietic cells [12]. Upregulation
of NF-κB in these hematopoietic cells results in upregulation of IL6
and STAT3, which forms a feedback loop and upregulates S1PR1, there-
by forming a malicious feedback loop between S1P and NF-κB/IL6/
STAT3 in driving colitis and CRC [12,15].

Additionally, Sphk1 proteolysis is a direct target of p53 [16]. Sphk1 de-
letion in p53 null mice prevented lymphoma incidence and increased
median survival. Therefore, absence of p53maymodulateNF-κB via fuel-
ing the S1P and NF-κB/IL6/STAT3 feedback loop. Independently, Sphk1 is
expressed and required for small intestinal tumor cell proliferation in
APCMin/+mice [17], thereby, suggesting that SIP pathway is important
in linking inactivation of tumor suppressors and chronic inflammation
in colorectal cancers.

While oncogene activation can indeed affect inflammatory path-
ways, how inflammation affects oncogenic/tumor suppressor activities
are not so well understood. Inflammatory signals can affect mutated
stem cells. Indeed, it is believed that in the colon, cancer arises from ini-
tial events occurringmainly in the stem cells, whereas oncogenic events
in these cells can give an advantage for the cells to proliferate and grow.
p53 mutation in the stem cell of the crypts gives an additional advan-
tage for these stem cells to grow and replace wildtype cells during
stochastic stem cell compensation model only under inflammatory
conditions but not otherwise [18]. One possibility why mutant p53
confers advantage is the inflammation-associated release of reactive
oxygen and nitrogen species [19] stabilize mutant p53 [20], which in
turn promotes proliferation of these cells.

On the other hand, K-RASG12D mutation or APC loss in the stem cells
can give an advantage to these stem cells, to proliferate more rapidly
than thewildtype ones in the absence of inflammation [18]. Meanwhile,
it would be interesting to knowwhether inflammatory conditionswould
give an additional advantage to this stem cell harboring K-RASG12D

mutation or APC loss.
Another important role of inflammatory signals is that aside from

providing advantage of mutant p53 stem cells, it can also induce tumor
initiation in the colon by de-differentiating WNT activated villa [21].
Schwitalla et al. and others have recently shown that NF-κB signaling
plays a key role in enhancing WNT signaling in a cell autonomous man-
ner [21,22]. RelA recruits CBP to interact with β-catenin which results in
increased β-catenin binding activity [21]. Furthermore, this group shows
in vitro that the ability of K-RASG12D to de-differentiate APC-deficient
villus cells is dependent on NF-κB. More evidence of the effect of inflam-
mation during de-differentiation comes from the fact that the absence of
APC and NF-κB activation in non-stem epithelial cells is sufficient to
induce de-differentiation, and promote stem cell signature and tumor
formation from these initially non-stem cells (Fig. 2).

The role of chronic inflammation during tumorigenesis has been
underappreciated. Rather than just inducing immune-suppression,
inflammatory stimuli can directly affect oncogene pathways and poten-
tiate oncogene activity of both K-RAS and WNT signaling, and more
importantly, can cause de-differentiation in the presence ofWNT activa-
tion. It is important to note that, as Schwitalla at al. have suggested,
WNT activation alonewill not cause de-differentiation [23], but trigger-
ing NF-κB activation in addition to a single pathway mutation will
indeed produce a stem-like signature in the non-stem cells in the
colon, which is different from achieving pluripotency, whereas the acti-
vation of several transcription factors is needed to induce pluripotency.

2.2. Disruption of the intestinal barrier

Inflammation plays a crucial role in both inflammation-induced and
sporadic colon cancer, but how oncogenes drive inflammation in early
sporadic CRC is unknown (absence of colitis). There is emerging
evidence that disruption of the microflora barrier is an early event in
CRC tumorigenesis. Evidence for this comes from the observation that
ApcMin mice bred in germ-free conditions have a two-fold lower inci-
dence of adenoma when compared to animals grown in normal condi-
tions [24]. To further prove this point, interleukin-10 (IL-10)−/− mice
did not develop colitis-associated cancer when they were rendered
germ-free [25]. The disrupted tight junction in the colon epithelial
barrier creates a leak of microbiota or enterotoxins; these toxins pro-
mote the inflammatory signature in these tumors.

Remarkably, oncogene activation is the driving force in microbiota
barrier disruption. Inactivation of APC or the combination of AOM
and p53 loss results in the loss of mucin production and the aberrant
expression of junction proteins. In addition, loss of p53 in enterocytes
downregulates proteins that are involved in tight junctions and mucin,
resulting in the release of bacteria into the bloodstream [11,7]. Further-
more, the accumulation of these bacterial products in lesions activates
inflammatory cells to produce IL-23 and IL-17; in return, this production
promotes growth in transformed cells. The released bacteria or toxins,
such as endotoxin or lipopolysaccharide (LPS), also induce inflammation
in tumor cells by activating NF-κB either in the enterocytes or in hema-
topoietic cells. Studies have demonstrated that short-term depletion of
intestinal microflora via a variety of antibiotics downregulates tumor
incidence and growth.

Leaky microflora promotes CRC by activating the two major inflam-
matory pathways, NF-κB and STAT3. The pro-inflammatory cytokines



Fig. 2. The effects of chronic inflammation in the colon during carcinogenesis. (A) Only under inflammatory conditions, p53 mutation in the stem cell of the crypts in the colon gives an
additional advantage for these stem cells to grow and replace wildtype cells during stochastic stem cell compensationmodel. (B)More evidence of the effect of inflammation comes from
the fact that the absence of APC and activation of NF-κB in non-stem cells is sufficient to stimulate dedifferentiation in the enterocytes, induce stem cell signature, and promote tumor
formation from these initially non-stem cells. (C) Chronic inflammation promotes tumor tolerance while inhibiting anti-tumor activity.

155D. Dibra et al. / Biochimica et Biophysica Acta 1846 (2014) 152–160
IL-23 and IL-17 play a pivotal role in this process by upregulating STAT3
in tumor cells [11,26]. The oncogene-mediated destruction of tight
junctions and upregulation of the inflammatory signature are seen in
early adenomas from cancer patients and in tumor-bearing mice. Simi-
larly, mucin expression and the organization of tight junction aberra-
tions are seen in both cases.

Aside from promoting CRC by providing toxins, such as LPS, that
activate inflammatory cells in tumors, microbiota can promote tumor
formation directly by causing genotoxic effects in epithelial cells [1].
Indeed, Escherichia coli with deleted polyketide synthase (pks) has
reduced potential in polyp multiplicity and genetic stability in AOM/
IL-10−/− colitis-prone mice. Interestingly, it is the inflammation, rather
than the carcinogen, that induces 100-fold enrichment of the microbio-
ta pks+ E. coli frequency under inflammatory conditions. In addition,
pks+ bacteria promote multiplicity and cancer growth in concert with
an inflammatory environment, but not in the absence of inflammation.
These findings suggest that intestinal inflammation has a dual function:
enriching for bacteria that have cancer-inducing properties and
deregulating the host's ability to protect itself from this “dysfunctional”
microbiota.

3. Liver

Hepatocellular carcinoma (HCC) is the third leading cause of cancer-
related death worldwide [27]. Patients with hepatitis B or C (HBV or
HCV) are highly susceptible to HCC formation. More than 80% of HCC
cases arise in patients with fibrosis or cirrhosis [28]. HCC is thought to
involve three different steps: massive hepatocyte cell death, followed
by progressive liver fibrosis, and finally, HCC enriched for stem cell
and oncofetal protein expression [29]. These findings suggest that in-
flammatory responses are precursors to disease initiation and oncogenic
transformation.

3.1. Involvement of NF-κB pathway

The degree of activation or inhibition of NF-κB pathway or the
presence of inflammation appear to determine whether NF-κB is pro-
or anti-tumorigenic. NF-κB is the main pathway to protect the liver
TNF or LPS induced cell death [30]. Complete inactivation of NF-κB by
removing NEMO TAK1 in hepatocytes results in spontaneous massive
hepatocyte cell death, process which is followed by compensatory
proliferation, fibrosis, inflammation, and HCC formation [31–33].

However, under inflammatory conditions in MDR2−/− mouse
model of cholestatic hepatitis, NF-κB activation in hepatocytes has a
pro-tumorigenic effect [34]. While NF-κB expression in hepatocytes is
upregulated during the early phase of inflammation, NF-κB is dispens-
able during the initial phase of inflammation and dysplasia; yet, this
transcription factor is critical in the transitioning stage from dysplasia
to malignancy [34]. This is mostly due to the ability to induced survival
of the transformed cells. Similarly, NF-κB promotesHCC development in
another model of inflammation, lymphotoxin-driven HCC [35].

Meanwhile, activation of NF-κB by deletion of the tumor suppressor
de-ubiquitinase CYLD in hepatocytes recapitulates the phenotypes seen
in HCC patients. Specifically, these mice develop hepatocyte apoptosis,

image of Fig.�2
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progressive liverfibrosis, and late-onset HCC [36]. These effects are due to
prolonged activation of JNK and TAK1, which cause cell death. Subse-
quently, fibrotic lesions are caused by hepatocyte damage, which is
triggered by the activation and proliferation of stellate cells via TAK1
activation, spontaneous and progressive Kupffer cell activation, inflam-
matory cell infiltration, TNF production, and NF-κB activation. Further-
more, mice that lack this gene develop tumors by 1 year of age and
express genes enriched for stem cell markers and onco-fetal proteins,
genes that are also specifically enriched in patients with HCC [36]. There-
fore, in summary, complete absence of hyperactivation of NF-κB during
the earlier stages of the disease induces HCC development via compensa-
tory mechanisms. Meanwhile, the activation of NF-κB in hepatocytes
during an ongoing inflammatory disease promotes malignancy via
promoting survival of transformed cells.

3.2. miRNAs on liver inflammation

It is unknown why the pro-inflammation milieu that is associated
with HBV and HCV causes a high incidence of HCC formation or how it
promotes tumor cell transformation. What sustainable genetic changes
are induced by these viruses, and how do these genetic alterations sus-
tain inflammation? MiRNAs are central to the association between
inflammation and hepatic cancer [37]. For example, miR-155 levels
were markedly increased in patients infected with HCV. This is of inter-
est because miR-155 is a direct target of HCV; it is upregulated in
the inflamed liver prior to HCC development; and it is involved in HCC
growth and progression [38]. NF-κB activation is involved in regulating
miR-155 in the liver, which activates WNT signaling by inducing β-
Fig. 3. Epigenetic pathways that sustain cell inflammation and transformation in the liver. Micr
that sustain cell inflammation and transformation in the liver.
catenin accumulation in the nucleus of hepatocytes. In addition,
miR-155 augments cell proliferation and promotes cyclin D1, c-
myc, and survivin gene expression. Mechanistically, it directly
binds and downregulates APC, which is a tumor suppressor that
inactivates WNT/β-catenin (Fig. 2). In summary, this study illus-
trates a mechanistic link between HCV-induced inflammation,
WNT activation, and HCC development [38].

Complex circuits provide evidence that hepatocellular oncogenesis
is initiated as a result of epigenetic changes; these changes are fueled
by the activation of inflammatory molecules that are often upregulated
in HBV- or HCV-infected livers. In other words, hepatic inflammation
itself can induce epigenetic alterations by regulating the miRNAs that
lead to hepatic tumorigenesis. More precisely, transient inhibition of
the HNF4a gene resulted in cell transformation, and these transformed
cells grew into tumors in vivo [39]. The upregulation of miR-24 and
miR-629 seems to downregulate this gene at the 3′ region. Interestingly,
both of these miRNAs contain a STAT3 binding site in their promoter
region. IL-6-induced STAT3 binds to and induces the expression of
these two miRNAs, which in turn form a feedback loop and promote
their expression by upregulating STAT3 expression. Evenmore interest-
ingly, another feedback loop exists for how reduced levels of HNF4a
promote inflammation. HNF4a upregulates miR-124, which inhibits
IL-6 receptor signaling. In other words, the downregulation of HNF4a
results in the decrease of miR-124, which increases IL-6 signaling and
STAT3 activation. This cascade of events is followed by an increase
in miR-24 and miR-629 levels, which sustain the downregulation of
HNF4a and hence engage this forward loop. HNF4a is regulated not
only by inflammation, but also by the DEN, a potent chemical inducer
oRNAs affect NF-κB and STAT3 activation in the liver, two of the most common pathways

image of Fig.�3
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of HCC (Fig. 3). Aside from miR-124, the tumor suppressor miR-126a
can reduce IL6, furthermore decreasing STAT3 [40]. Furthermore, IL6
in HCC can in turn suppress miR-126a [41].

However, it is not yet clear how DEN downregulates HNF4a expres-
sion. In summary, the chemical- or virus-induced inflammatory milieu
can reduce HNF4a levels and initiate an epigenetic loop that sustains
cell inflammation and transformation [39].

Multiple different stimuli can activate this loop; it is not necessary for
HNF4a to be the first step. Aside from DEN-mediated downregulation of
HNF4a, sources of perturbation that can initiate or feed into this loop
include IL-6/STAT3 activation or IL-22-mediated STAT3 activation [42].
Other researchers have found that miR-124 is frequently silenced via
methylation in HCC [43]. Aside from its function in the liver, the locus
of HNF4a was found to be a susceptible gene in colitis (another pro-
inflammatory disease that is susceptible to cancer development), sug-
gesting that these loops are not organ specific [44].

Epigenetic changes play a key role in cancer initiation in via regulat-
ing IL-6, an important player during HCC development, with IL6 being
expressed in at least 40% of HCC samples [45,46]. In the well-
characterized DEN-induced HCC model, IL6 is rapidly induced in
the Kupffer cells, and is needed for DEN-induced carcinogenesis
[47]. This transient expression of IL6 in Kupffer cells goes down within
2 weeks, only to reappear within months expressed within the paren-
chyma cells of FAH, cells which have been suggested to contain progen-
itor cells that give rise to cancer [46]. Indeed, autocrine expression of IL6
in these progenitor cells is needed for the tumorigenic potential of these
cells [46]. IL6 is kept low in these progenitor cells via LIN28 [46]. How-
ever, other potential pathways could account for low maintenance of
low levels of IL6 in the liver. One such candidate is IL27-p28 subunit,
otherwise called IL30, which can bind to gp130 and block IL6 signaling
[48]. Dibra and colleagues showed that indeed IL30 is heavily expressed
by normal hepatocyte cells, and can block inflammatory signalingwith-
in the liver milieu [49]. It yet remains to be uncovered if and how this
cytokine can attenuate the tumorigenic potential of the progenitor
cells to obtain autocrine signaling of IL6.

Unlike the pro-tumorigenic miRs, miR-195 was found to be a tumor
suppressor RNA in HCC; it acts by downregulating the inflammatory
milieu in the liver. Indeed, miR-195 reduces cancer cell proliferation and
migration in vitro and reduces tumorigenicity and metastasis in vivo
[50]. About 60% of HCC patients have two-fold downregulated miR-195,
and 35% of patients have lost DNA regions in which this miRNA is
expressed. Mechanistically, miR-195 may exert its tumor-suppressing
function by directly targeting IKKα and TAK1-binding protein 3, decreas-
ing the expression of multiple NF-κB downstream effectors [50].

The tumor suppressor PTEN can greatly affect inflammation in the
liver and HCC formation [51,52]. Indeed, specific deletion of PTEN in
hepatocytes leads to accumulation of fatty liver, inflammatory cells,
and HCC which is partially due to AKT2, as disruption of both AKT2
and PTEN rescues this phenotype [53]. Considering its role in liver
steatohepatitis, manymicroRNAs affect PTEN. Namely,miR-21 is upreg-
ulated in HCC and it downregulates PTEN in many cell types in the liver
under different conditions [54]. Indeed, PTEN is a direct target ofmiR-21
and inhibition of miR-21 restores the tumor suppressor functions asso-
ciated with PTEN. Meanwhile, miR-21 can also affect inflammation in
the liver via activation of hepatic stellate cells through downregulation
of PTEN and activation of Akt. And lastly, miR-21 can reduce PTEN
induced by unsaturated fatty acids [55]. Aside from miR-21, other
microRNAs such as miR-216a/217, miR-29, or miR-106 also affect
PTEN expression in the liver [56–58].

3.3. Oncogene-sustained inflammation

Apart from inflammation-induced miRNA changes that promote
hepatogenesis, oncogene-sustained inflammation is also prominent in
the liver. β-Catenin is another molecule that promotes HCC formation
via an inflammatorymilieu. Indeed, this transcription factor is commonly
mutated in HCC. β-Catenin signaling induces an inflammatory program
in hepatocytes that involves direct transcriptional control activation of
the NF-κB pathway [59]. Two downstream factors related to this pro-
cess are the chemokine-like chemotactic factor leukocyte cell-derived
chemotaxin 2 and invariant NKT cells. Indeed, the deletion of leukocyte
cell-derived chemotaxin 2 or NKT cells results in the development of
highly aggressive and metastatic HCC [59]. On the other hand, TNF
derived from macrophages can promote β-catenin signaling through
inhibition of GSK3β [60]

P53 is another tumor suppressor gene that affects inflammation in the
liver, albeit the mechanism how p53 regulates inflammation is complex.
Deletion of p53 in the hepatocytes induces liver fibrosis by raising the
expression of CTGF synthesis in mouse and human hepatocytes [61].
Meanwhile, deletion of the p53 in hepatic stellate cells is associated
with an increase in transformation of the adjacent cells [62]. Mechanisti-
cally, deletion of p53 in stellate cells induces non-cell autonomous
microenvironment changes characterized by a tumor-promoting
M2 phenotype which enhance the proliferation of the premalignant
cells, while p53-expressing stellate cells promote a tumor inhibito-
ry M1 phenotype.

An association between tumor suppressors and downregulation of
liver inflammation was seen in mice that lacked the tyrosine phospha-
tase Shp2 [63]. Hepatocyte-specific deletion of Shp2 promotes inflam-
matory signaling through the Stat3 pathway and hepatic inflammation
and necrosis, resulting in regenerative hyperplasia and tumor develop-
ment in aged mice. Further proof that the absence of this enzyme sensi-
tizes mice to inflammation resulted from treating these mice with LPS,
which made them highly sensitive to inflammation compared with
their control cohorts. Theywere alsomore sensitive to HCC development
when challenged with DEN. The enhanced HCC development in mice
lacking Shp2 expression in liver was ablated by the additional deletion
of STAT3 in the liver cells. Similarly, the inflammatory phenotype associ-
atedwith the absence of Shp2 in liver cells was ablatedwhen STAT3was
absent [63].

3.4. Intestinal mucosal permeability

Aside from viruses, hepatic injury is often associated with an in-
crease in intestinal mucosal permeability [64]. Translocation of the bac-
terial products from the gut seems to activate these TLR4 receptors in
the liver, as demonstrated by the intestinal bacteria's ability to affect
cirrhosis incidence in mice and by reduced fibrosis in rodents after anti-
biotic administration [65]. Engagement of the TLR4 receptor via LPS in
hepatic stellate cells is needed to induce hepatic fibrosis and to promote
HCC development under inflammatory conditions [65,66]. One mecha-
nism how intestinal bacteria activate hepatic stellate cells in the liver is
via lowering the TGF-β pseudoreceptor Bambi, which sensitizes these
cells TGF-β signaling and activation of Kupffer cells [65]. Meanwhile,
secretion of epiregulin by hepatic stellate cells is partially involved in
TLR4-mediated HCC promotion [66].

Therefore, the road from oncogene-induced inflammation to
inflammation-induced oncogene expression is complex,withmultiple
layers of feedback loops in which NF-κB, IL-6, STAT3, and miRNAs (e.g.,
miR-155,miR-195, andmiR-124,miR-21) aremost certainly key factors
[67].

4. Pancreas

Just as colitis or hepatitis predisposes patients to CRC orHCC, chronic
pancreatitis predisposes patients to pancreatic ductal adenocarcinoma
(PDAC) [68]. Pancreatitis increases patients' chances of developing
PDAC by 16-fold [69]. However, PDAC patients do not have pancreatitis,
whichmakes the link between these two diseases confusing. K-RAS, the
most commonlymutated gene in PDAC, does not cause cancerwhen it is
mutated in adult mice, suggesting that host interactions or additional
mutations are needed. The results of one significant study by Guerra
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et al. reconciled these two opposing facts, finding that even short
asymptomatic bouts of pancreatitis led to PDAC development in mice,
as long as K-RAS was mutated in acinar cells [70].

Cellular senescence is a potent tumor-suppressor mechanism.
Inflammatory signals or oncogenes alone can induce cellular senescence
in the pancreas. However, the co-occurrence of both inflammation and
oncogene activation is crucial to bypassing senescence and promoting
cell proliferation and pancreatic neoplasms [70,71]. Indeed, Guerra
et al. [70] found that pancreatitis promotes PDAC by abrogating
oncogene-induced senescence in pancreatic intraepithelial neoplasias.
These observations inmice agreewith those of the patients, as treatment
with anti-inflammatory drugs demonstrated senescence marker upreg-
ulation in pancreatic intraepithelial neoplasias. Additionally, while
inflammation can induce premature senescence of the pancreatic ductal
epithelium via upregulation of P16INK4a, K-RAS activation can overcome
inflammation-induced cellular senescence in this model (Fig. 4). Onco-
genic K-RAS upregulates Twist levels, which in turn downregulate
inflammation-induced P16INK4a levels [71].

Until recently, it was believed that K-RASmutation induces an active
form of the protein, and therefore nothing could be done at this level to
inhibit tumor initiation [72]. Cleverly, others have shown that oncogenic
K-RAS does not necessarily equate to fully activated and pathogenic
levels of K-RAS are needed to actually form tumors [72]. Indeed, Haojie
et al. show that oncogenic K-RASG12D requires activation in order to
achieve pathogenic potential [73]. Additionally, the same group and
others showed that inflammatory signals such as COX2,NF-κB activation,
Fig. 4. Cooperation of K-RAS and inflammation is needed for pancreatic adenocarcinoma formation
in the pancreas. Meanwhile, the combination of K-RAS and inflammation in the pancreas can su
oncogenic K-RASG12D activation to achieve pathogenic potential via COX2, NF-κB activation, or IL6.
a feedback loop.
or EGF are necessary to amplify RAS levels into pathological levels [74,
75]. More specifically, endogenous EGFR signaling is needed for robust
induction of activated GTP-bound RAS and downstream signaling ERK,
which is critical for neoplasia [75].

Once fully activated, oncogenic K-RAS can induce IL6 and COX2
levels; removal of inducible K-RAS can reverse these levels [76]. Fur-
thermore, during the earlier stages after pancreatitis, K-RAS prevents
repair, induces de-differentiation of the acini, and sustains stroma acti-
vation. Meanwhile, during the latter stages after high-grade PanIN have
been established, K-RAS function is to maintain proliferation as the
removal of K-RAS resulted in shrinkage of tumor size (77). Additionally,
COX2 product, prostaglandin E, produced from K-RAS pancreata cells
can directly act on stellate cells to induce profibrogenic properties in
these cells and sustain an active stroma [77].

Additionally, mutated KRAS can induce other inflammatory mole-
cules to promote a pro-tumorigenic microenvironment, namely GMCSF
and IKK2/β [78,79]. Mutated K-RASG12D induces GMCSF, which recruits
the myeloid derived suppressor cell. One of the inhibitory roles of these
cells is to downregulate CD8+ T cells [78]. Activation of IKK2/β by K-
RASG12D on the other hand induces activation of the AP1 to induce IL1a
[79]. This cytokine in turn activates IKK2/β to further induce IL1a
and p62, thereby forming a forward feedback loop in sustain K-
RASG12D-induced inflammation. One possibility is that GMCSF is
also a downstreammolecule of K-RAS induced NF-κB activation. There-
by, K-RAS induces an inflammatory milieu, and such inflammation sus-
tains pathogenic K-RAS levels via a positive feedback loop during PDAC.
. Inflammatory signals alone, or oncogenesmutation (K-RAS) can induce cellular senescence
ppress senescence by decreasing p16 levels. Additionally, inflammatory signals can amplify
Amplified K-RAS can sustain inflammation via inducing IL6 and COX2 levels; thereby forming

image of Fig.�4
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5. Concluding remarks

Inflammation plays a decisive role in many aspects of cancer. Since
the 19th century, when Rudolf Virchow first observed inflammatory
cells in tumors, much progress has been made in understanding the
crosstalk between tumors and inflammatory cells and tumor-induced
inflammatory genes in the tumors themselves. In this paper, we sum-
marized the most recent findings on oncogenes' mechanisms to induce
and sustain inflammation in gastrointestinal tumors.

We focused on oncogene-induced inflammation because oncogenes
are considered initiators and drivers of tumorigenesis (such as K-RAS in
the pancreas or activated WNT signaling in CRC), it is typically inflam-
mation caused byHBV, HCV, alcohol consumption, or aflatoxin exposure
precedes HCC development [80]. In the liver, it seems that chronic
inflammation is the driver of HCC formation. It drives the expression
of miRNAs, such as miR-155, miR-629, and miR-24, which in turn acti-
vate oncogenic pathways, fuel inflammation, cause fibrosis, and result
in HCC formation.

Understanding the mechanism of oncogene-induced inflammation,
and vice versa, makes cancer more targetable and manageable at the
early onset of disease. Targeting these tumor-prone niches before
tumors form is a feasible method of improving early detection in pa-
tients who are at high risk for developing carcinoma because of inflam-
matory conditions such as HCV/HBC, colitis, or pancreatitis. Additionally,
considering the tight relationship betweenoncogenes and inflammation
and how feedback loops exist to sustain reciprocal expression, targeting
simultaneously both pathways seems more sensible.
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