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Chronic inflammation and infection are major causes of cancer.
There are continued improvements to our understanding of the
molecular connections between inflammation and cancer. Key
mediators of inflammation-induced cancer include nuclear factor
kappa B, reactive oxygen and nitrogen species, inflammatory cy-
tokines, prostaglandins and specific microRNAs. The collective
activity of these mediators is largely responsible for either
a pro-tumorigenic or anti-tumorigenic inflammatory response
through changes in cell proliferation, cell death, cellular senes-
cence, DNA mutation rates, DNA methylation and angiogenesis.
As our understanding grows, inflammatory mediators will pro-
vide opportunities to develop novel diagnostic and therapeutic
strategies. In this review, we provide a general overview of the
connection between inflammation, microRNAs and cancer and
highlight how our improved understanding of these connections
may provide novel preventive, diagnostic and therapeutic strate-
gies to reduce the health burden of cancer.

Introduction

There is an undeniable link between inflammation and cancer. Virchow
first noted that inflammatory cells are present within tumors and tumors
arise at sites of chronic inflammation. This observation was made
.150 years ago and led to the conclusion that inflammation signifi-
cantly contributes to the development of cancer. Epidemiological
evidence now supports this conclusion and suggests that up to 25%
of all cancers are due to chronic infection or other types of chronic
inflammation (1). The sources of inflammation are widespread and
range from microbial and viral infections to exposure to allergens and
toxic chemicals to autoimmune diseases and obesity. An acute in-
flammatory response is usually beneficial, especially in response to
microbial infections and tissue damage. A well-regulated inflamma-
tory response can also be anti-tumorigenic and have a role in tumor
suppression (2). Chronic inflammation, however, is detrimental and,
among other deleterious effects, will frequently predispose cells for
an oncogenic transformation. Irrespective of its underlying cause,
chronic inflammation can be oncogenic by various mechanisms. This
includes induction of genomic instability, increasing angiogenesis,
altering the genomic epigenetic state and increasing cell proliferation.
Over-production of reactive oxygen and nitrogen species (RONS),
aberrant inflammatory cytokine and chemokine expression, increased
cyclooxygenase-2 (COX-2) and nuclear factor kappa B (NFjB)
expression are just some of the molecular factors that contribute to
inflammation-induced carcinogenesis. Inflammation can alter the ex-

pression of oncogenes and tumor suppressor genes (including both
protein coding genes and non-coding microRNA genes) to promote
neoplastic transformation.

While much remains to be deciphered, the understanding of
the connection between inflammation and cancer is rapidly improv-
ing. Whether an inflammatory immune response is pro- or anti-
tumorigenic is a delicate balance between the adaptive and innate
immune system (Figure 1). A healthy and regulated adaptive immune
response is regarded as anti-tumorigenic, whereas an unrestrained
innate or inappropriate adaptive response may lead to chronic inflam-
mation and a pro-tumorigenic environment. As our understanding of
this balance grows, so does the potential of using this knowledge for
medical intervention. Measuring the inflammatory state of a tissue
may serve as a measure of diagnosis and provide information that
can guide therapeutic decisions. Using anti-inflammatory drugs, one
may develop chemoprevention strategies to reduce cancer incidences.
Manipulation of the local inflammatory states surrounding tumors
may also constitute a therapeutic option.

This review provides an overview of the interwoven pathways of
inflammation and cancer. We discuss the role of chronic inflammation
and infections in oncogenesis. Several of the key molecular components
and pathways that connect chronic inflammation with inflammation-
associated oncogenic transformation will be described. We emphasize
how the increased understanding of cancer-related inflammation may
provide novel preventive, diagnostic and therapeutic strategies to
reduce the health burden of cancer.

Epidemiology of the association of cancer with inflammation

Chronic inflammation and infections as causes of cancer.
Epidemiological data demonstrate a strong connection between
chronic inflammation and developing cancer (Table I). Both endoge-
nous (e.g. inherited diseases and obesity) and exogenous (acquired
infections and noxious insults) inducers of inflammation contribute to
chronic inflammation-associated cancer (3).

Several chronic inflammatory diseases lead to increased risk of
cancer. Inflammatory bowel diseases, i.e. Crohn’s disease and ulcer-
ative colitis, are associated with increased rates of colon adenocarci-
noma (4–6). In chronic pancreatitis, there is an increased rate of
pancreatic cancer (7). Heavy alcohol consumption is the primary
cause of chronic pancreatitis and hereditary pancreatitis also contrib-
utes with a 50-fold increased risk of pancreatic cancer (8). a-1-Anti-
trypsin deficiency can lead to inflammation and cirrhosis of the liver
with increased risk of hepatocellular carcinoma (9). Gastroesophageal
reflux disease and Barrett’s esophagus result in a chronically inflamed
esophagus with a tissue field effect of genetic and epigenetic changes
that lead to increased rates of esophageal carcinoma (10). Chronic
bronchitis and emphysema each carry an increased risk of lung cancer
(11,12).

Chronic infections, whether microbial or parasitic, are also a major
cause of cancer. Viral hepatitis B and C infections lead to chronic
inflammation of the liver and are responsible for the majority of
hepatocellular carcinomas worldwide (13). Bacterial infection and
colonization of the stomach by Helicobacter pylori causes chronic
gastritis and is associated with the majority of gastric cancers (14).
Infestations of parasitic worms lead to chronic inflammation and in-
creased risk of multiple cancers, including bladder cancer (by Schis-
tosoma hematobium) (15) and cholangiocarcinoma (by Opisthorchis
viverrini, Opisthorchis felineus or Clonorchis sinensis) (16).

Environmental and chemical exposures can cause chronic inflam-
mation and contribute to inflammation-associated carcinogenesis.
Tobacco smoke is a key example, where inhalation of .60 chemical
carcinogens can cause both mutations in cancer-related genes and,
along with other chemical irritants, contributes to inflammation of

Abbreviations: CLL, chronic lymphocytic leukemia; COX-2, cyclooxygenase-2;
IFN, interferon; IL, interleukin; KRAS, kirsten rat sarcoma oncogene; LPS, lipo-
polysaccharide; NFjB, nuclear factor kappa B; NO, nitric oxide; NOS, nitric
oxide synthase; NSAIDs, non-steroidal, anti-inflammatory drugs; p53, protein
53; PGs, prostaglandins; RAS, rat sarcoma oncogene; RISC, RNA-induced silenc-
ing complex; RONS, reactive oxygen and nitrogen species; TGFb, transforming
growth factor; TNF, tumor necrosis factor; UTR, untranslated region.
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the lung and chronic obstructive pulmonary disease. These are col-
lectively responsible for the majority of lung cancer cases. Inhalation
of asbestos fibers also causes chronic lung and pleural inflammation
and increased rates of mesothelioma (17). Alcohol abuse can also
cause chronic inflammation and subsequent cancers of the liver and
pancreas.

Some of the most convincing data demonstrating the connection
between inflammation and cancer are that certain anti-inflammatory
drugs reduce the risk of various cancers. Cyclooxygenase inhibitors
are non-steroidal, anti-inflammatory drugs (NSAIDs). They can be
non-specific inhibitors (aspirin) or selective inhibitors (COX-2
inhibitors). Long-term use of NSAIDs has been associated with re-
duced risk of several different types of cancer (18). Randomized
clinical trials have shown that NSAIDs are protective against colon
adenomas, a precursor of colon cancer (19–21). This indicates that
active inflammation can contribute to carcinogenesis and that inflam-
matory carcinogenesis is preventable. Also, the adaptive immune re-
sponse may prevent tumor formation by inhibiting tumor growth and
stimulating lysis of tumor cells. Accordingly, a key mechanism of
immune evasion is the ability of some tumors to block activating
receptors (such as natural killer group 2, member D) of the immune
system by decoy ligands (22). Immunocompromised individuals have
an increased risk of several types of cancers. Patients with acquired
immunodeficiency syndrome have increased rates of Kaposi’s
sarcoma, non-Hodgkin’s lymphoma and cervical cancer (23). Patients
taking immunosuppressive drugs following transplant surgery have
three times greater risk of developing various malignancies (24).
Therefore, a balanced immune response is essential for the prevention
and control of tumors.

Oncogenic mechanisms in chronic inflammation. A balanced immune
system monitors tissue homeostasis. Perturbations of tissue homeo-
stasis, such as tissue damage or infections, lead to an immune
response. An imbalance of this response, i.e. a constitutively ac-
tive innate immune response, can lead to chronic inflammation that
favors neoplastic transformation as shown in mouse models (25).
Modulation of the immune system in these models can affect

Fig. 1. Chronic inflammation alters the cellular levels of inflammatory mediators, including COX-2, RONS and inflammatory cytokines and activates proto-
oncogenes. Depending on the collective functions and balance of inflammatory mediators, an inflammatory response may be either pro- or anti-tumorigenic.

Table I. Chronic inflammation or infection increases cancer risk

Disease Type of cancer Increased risk

Auto-inflammatory/non-infectious
Crohn’s disease Colon cancer 3
Ulcerative colitis Colon cancer 6
Chronic pancreatitis Pancreatic cancer 2–50
Endometriosis Endometrial cancer 1.4
Hemochromatosis Liver cancer 219
Thyroiditis Thyroid cancer 3
a-1-Anti-trypsin deficiency Liver cancer 20

Acquired
Viral
Hepatitis B Liver cancer 88
Hepatitis C Liver cancer 30
Epstein–Barr virus Hodkin’s and Burkitt’s

lymphoma
4

Bacterial
Helicobacter Pylori Gastric cancer 11
Pelvic inflammatory disease Ovarian cancer 3
Chronic protatitis Prostate cancer 2–3

Parasitic
Schistosoma hematobium Bladder cancer 2–14
Schistosoma Japonicum Colon cancer 2–6
Liver fluke Cholangiocarcioma

and liver cancer
14

Chemical/physical/metabolic
Alcohol Multiple cancers

(including liver,
pancreas, head
and neck cancer)

2–7

Asbestos Mesothelioma .10
Obesity Multiple cancers 1.3–6.5
Tobacco smoke and inhalation

of other noxious chemicals
Lung cancer (and

multiple other
cancers)

.10

Gastric reflux, Barrett’s
esophagus

Esophageal cancer 50–100
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angiogenesis, cell proliferation, tumor volume and overall cancer
incidence.

A prolonged inflammatory response can contribute to increased
DNA mutation rates and overall genetic instability (1,26). Inflamma-
tion and free radicals can reduce expression and enzymatic activity of
the DNA mismatch repair genes mutS homolog 2 and 6. It can also
cause increased expression of DNA methyltransferases, leading to
a global hypermethylation of the genome. This leads to promoter
silencing of several genes, including the DNA mismatch repair gene
hMLH1 (27). Hypermethylation of tumor suppressor genes including
APC, CDKN2, BRCA1, Rb and MDM2 is thought to contribute to
carcinogenesis (28). Increased DNA methylation is observed in a va-
riety of chronic inflammatory diseases including ulcerative colitis
and Barrett’s esophagus. Colonization of H.pylori in the gastric mu-
cosa also leads to increased DNA methylation of tumor suppressor
genes (29) and this hypermethylation is associated with increased
gastric cancer risk (30). These findings suggest that induced epige-
netic changes and genomic instability are involved in inflammation-
induced carcinogenesis.

Molecular mediators common to inflammation and cancer

Oncogene-induced inflammation. There are several mediators and
mechanisms that contribute to inflammation-associated cancers
(Figure 1, Table II). Both extrinsic and intrinsic inflammation path-
ways may be carcinogenic (31). In the extrinsic pathway, chronic
inflammation and/or infection is the driving force that causes the in-
crease in cancer risk. Alternatively, in the intrinsic pathway, genetic
alterations of oncogenes and/or tumor suppressor genes are the pri-
mary cause of cancer. These genetic alterations affect the expression
of various inflammatory genes and leads to recruitment of inflamma-
tory cells. This is the reason why nearly all tumors have inflammatory
cells present in the tumor or tumor microenvironment regardless of

the underlying cause of the tumor. Common inflammatory mediators
including cytokines, chemokines, RONS, COX-2 and NFjB can lead
to cellular conditions favorable for tumor promotion.

As an example, dominant mutations of the RAS proto-oncogene
induce an inflammatory response. This GTPase signaling molecule
is mutationally activated in �25% of all malignancies (32). Mutations
in rat sarcoma oncogene (RAS) turn it into a dominant oncogene
capable of inducing cell proliferation, tumor growth and angiogenesis.
RAS activation results in a pro-tumorigenic microenvironment sur-
rounding tumor cells. Activated RAS induces the expression of var-
ious inflammatory gene products, including the pro-inflammatory
cytokines interleukin (IL)1, IL6 and IL11 and the chemokine IL8,
which in turn are important for the oncogenic function of RAS
(33). RAS induction of IL8 contributes to RAS-induced tumor growth
and angiogenesis (34). Antibody inhibition or small interfering RNA
knock down of IL6 can also abrogate RAS-induced tumorigenesis
(35). Activation of other oncogenes (examples myelocytomatosis
viral oncogene homolog and rearranged during transfection) or in-
activation of tumor suppressor genes (examples phosphatase and ten-
sin homolog and von Hippel-Lindau tumor suppressor) leads to
similar inductions of inflammatory pathways that create an inflamma-
tory microenvironment favorable for oncogenic transformation. These
genetic mutations stimulate the tumor cells to produce inflammatory
cytokines and free radicals, which in turn can create feedback loops in
which inflammatory cells are recruited to the tumors where they pro-
duce additional cytokines and free radicals that favor carcinogenesis.
This release of inflammatory molecules can also stimulate cellular
senescence of suppressor T cells, causing reduction of cell-mediated
cytotoxicity and potential immune evasion for tumors (36).

NFjB. NFjB is a transcription factor and key mediator of
inflammation-induced carcinogenesis (37). NFjB has a variety of

Table II. Functional features of molecular mediators of inflammation and oncogenesis

Mediators Effect on inflammation Role in tumorigenesis

Activated oncogenes Pro-inflammatory, induce inflammatory gene
expression, increase RONS

Oncogenic

Inactivated tumor suppressors Pro-inflammatory, IL6/TNFa/IFNb-induced
oncogenic miRNAs inactivate tumor suppressors

Oncogenic, accelerates activated RAS tumorigenesis

Toll-like receptor gene polymorphisms Activating, sustain inflammation Pro-neoplastic drive caused by chronic inflammation
Cytokine/cytokine receptor gene polymorphisms Increased/sustained inflammation Same
MicroRNA/microRNA-binding site gene

polymorphisms
Oncogenic

Changes in microRNA expression patterns Induced or repressed by inflammation Pro- or anti-tumorigenic actions
Pro- or anti-inflammatory actions

Oncogenic microRNA expression (e.g. miR-21
and miR-155)

Induced by inflammation Oncogenic

Activated transcription factor NFjB Inflammatory gene activation / acute inflammatory
responses, including induction of NOd synthase;
in itself activated by pro-inflammatory cytokines,
e.g. TNFa

Oncogenic through anti-apoptotic effects, cell cycle
and angiogenesis activation, promotion of tumor
metastasis and through chronic inflammation

IjB gene mutations/activation of IjB kinase Pro-inflammatory by allowing nuclear translocation
of NFjB; activated by infections and by pro-
inflammatory cytokines

Oncogenic through NFjB effects

RONS, including NOd Microbial killing in acute inflammation Anti- or pro-tumorigenic depending on cellular
context; oxidative stress lead to DNA damage,
genomic instability affecting tumor suppression
and oncogenic activation; may also induce
apoptosis, cellular senescence (anti-tumorigenic)

Tissue damage if sustained/unregulated; NOd

important signaling molecule in immunity

NOd and p53 Cooperate to inhibit tumorigenesis
Cytokines Depends on balance between pro- and anti-

inflammatory cytokines; tumors recruit
inflammatory cells through secretion of
chemokines

Sustained high-level expression of pro-inflammatory
cytokines is oncogenic; anti-inflammatory
cytokines (e.g. IL10 and TGFb) are anti-
tumorigenic

PGE2 and cyclooxygenases Increased concentration and activity in chronic
inflammation

Oncogenic; increased COX-2 expression found in all
tumors; PGE2 induces cellular proliferation

IjB, inhibitor of kappa B.
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pro-tumorigenic activities. Under normal cellular conditions, NFjB
binds to and is negatively regulated by inhibitor of kappa B in the
cytoplasm. Following an inflammatory stimulus, inhibitor of kappa B
is phosphorylated and undergoes proteosomal degradation. This al-
lows an activated NFjB to translocate to the nucleus where it activates
the transcription of target genes, including inflammation-related
genes [e.g. cytokines and chemokines, nitric oxide synthase (NOS)2,
Cox-2 and tumor necrosis factor (TNF)a]. By increasing the expres-
sion of several cell cycle genes, activated NFjB leads to increased cell
proliferation, i.e. a pro-tumorigenic environment. NFjB activation
also leads to other pro-tumorigenic changes, including stimulation
of angiogenesis by activating vascular endothelial growth factor and
angiopoetin, and making cells more resistant to necrosis and apoptosis
through direct and indirect regulation of a variety of genes, including
c-Jun-N-terminal kinase, inhibitors of apoptosis proteins 1 and 2, TNF
receptor-associated factors 1 and 2, protein 53 (p53) and B-cell CLL/
lymphoma 2 family members. NFjB can also promote tumor metas-
tasis through a number of mechanisms, including the activation of
chemokine (C-X-C motif) receptor 4 (38).

NFjB plays an integral role for inflammation-induced cancers in
several mouse models. Mutations in inhibitor of kappa B lead to in-
creased activity of NFjB, which results in increased tumor size and
vascularization in xenograft models (39). Inhibition of NFjB leads to
reduced tumor incidence in inflammation-induced models of liver
(40) and colon cancer (41). Suppression of the NFjB pathway can
also reduce metastasis in mouse models of breast cancer (42). While
the majority of evidence suggests that NFjB activity is associated
with pro-tumorigenic effects, there is also evidence in certain cell
types that NFjB can have an anti-tumorigenic role, indicating a com-
plex role for NFjB in carcinogenesis (37).

Reactive oxygen and nitrogen species. An inflammatory stimulus
leads to the recruitment and activation of various immune cells (in-
cluding macrophages, neutrophils and dendritic cells), which release
an accumulation of reactive oxygen species and reactive nitrogen
species. Reactive oxygen species and reactive nitrogen species (col-
lectively RONS) are highly reactive radicals that contain unpaired
valence shell electrons. These radicals have an important role in the
microbicidal activity of the innate immune response. In response to
a stimulus, phagocytic cells release RONS and non-phagocytic cells
are stimulated to produce RONS by pro-inflammatory cytokines (43).
Proper regulation of RONS is vital for an efficient immune response
and for limiting tissue damage.

Chronic inflammation causes elevated levels of RONS to be sus-
tained for extended periods of time. The role for RONS in carcino-
genesis is complex. Depending on the concentration of these free
radicals and the cellular context in which they are expressed, they
can be either pro-tumorigenic or anti-tumorigenic (44). Most cancer
types have increased RONS, creating increased oxidative and nitro-
sative stress, which is thought to contribute to carcinogenesis
(43,45,46). Increased RONS lead to DNA strand breaks, point
mutations and aberrant DNA cross-linking, thereby causing genomic
instability. This contributes to carcinogenesis by mutating proto-
oncogenes and tumor suppressor genes, which has been demonstrated
by mouse models (47). RONS can cause lipid peroxidation that
generates other reactive molecules, such as malondialdehyde and
4-hydroxynonenal, which can form DNA adducts that, if not ade-
quately repaired, can lead to point mutations in tumor suppressor
genes (48). These reactive molecules may also generate inflammatory
stimuli to propagate the effect (49). RONS can post-translationally
modify various proteins, rendering them auto-antigenic (i.e. inflam-
matory), and may also increase phosphorylation and inactivate the
retinoblastoma 1 tumor suppressor protein and thus lead to cell pro-
liferation (50). Furthermore, elevated RONS can increase angiogen-
esis and transcriptional activation of proto-oncogenes (51) and
increase the metastatic potential of tumors (52). Oncogene activation
can also increase RONS. For example, activated RAS signaling leads
to the over-production of RONS and this is thought to contribute to
RAS-induced carcinogenesis.

While these examples suggest a pro-tumorigenic effect of RONS,
RONS can also inhibit tumor formation. As an example, in certain
cellular contexts, RONS will cause inflammation-induced cellular
senescence in epithelial cells, which is thought to be anti-tumorigenic
(53). Through p38, RONS can negatively regulate cell proliferation
and tumorigenesis. Additionally, RONS can also activate apoptosis
signal-regulating kinase 1 leading to apoptosis and decreased
tumorigenicity (54).

Nitric oxide and p53. Nitric oxide (NO)d is one type of reactive
nitrogen species. It is a highly reactive signaling molecule that is an
important regulator of cellular functions. A family of enzymes called
NOS converts arginine into citrulline and NOd. NOd is more stable and
diffusible (through several cellular diameters) than hydroxyl radicals
(OHd) (55). The three isoforms of NOS include NOS1 (neuronal
NOS), NOS2 (inducible NOS) and NOS3 (endothelial NOS). NOS1
and NOS3 are constitutively expressed and are responsible for pro-
ducing low levels of NOd in the picomolar range in normal tissues.
The inducible NOS2 enzyme is capable of producing higher levels of
NOd as a response to inflammatory stimuli. NOS2 can also bind and
S-nitrosylate the pro-inflammatory COX-2 protein to increase its ac-
tivity (56). NOS2 can be induced by various factors including inflam-
matory cytokines, NFjB, hypoxia, wingless-type MMTV integration
site family-signaling or microbial endotoxins (1). Induction of NOS2
in phagocytic cells (such as monocytes, macrophages and neutrophils)
leads to the over-expression of NOd, which is a key mediator in the
immunoinflammatory response. NOd levels in both the tumor cells and
the tumor microenvironment determine cellular response. Invading
immune cells, tumor-associated fibroblasts and the tumor cells them-
selves can be stimulated to produce high levels of NOd through NOS2,
which is thought to contribute to cancer progression (55).

NOd has a complicated and sometimes contradictory role in cancer.
NOd expression can either inhibit or promote tumor development,
depending on the cellular context and concentration of NOd (57).
Treatment of cells with NOd inhibits cell proliferation and promotes
apoptosis in certain cell lines (58) while promoting cell proliferation
and inhibiting apoptosis in others (59). In its pro-tumorigenic role,
NOd induces DNA damage, increases angiogenesis through vascular
endothelial growth factor stimulation and increases tumor growth and
cell invasion properties. Further, genetic deletion of NOS2 can lead
to reduced tumorigenicity in certain mouse models (60) and inhibition
of NOS2 activity can reduce tumor burden in mouse models of
inflammation-associated colon cancer (61). Conversely, increased
NOd levels have also been demonstrated to have anti-tumorigenic
effects (62). NOd can trigger cytotoxic cell death of malignant cells
and also modulate tumor immunity to allow the immune system to
eliminate cancer cells.

Whether increased NOd has a pro-tumorigenic or anti-tumorigenic
effect may in part depend on the status of the p53 tumor suppressor
gene (Figure 2). There is a negative feedback loop between NOd and
p53 where NOd causes the stabilization and accumulation of p53, and
activated p53 will then repress NOS2 (63,64). Therefore, NOd leads to
increased p53 activity, which in turn promotes apoptosis, cell cycle
arrest or senescence in damaged cells. In this context, NOd can have
anti-tumorigenic properties (65). In the absence of p53, cells are not
as sensitive to NOd-induced apoptosis or cell cycle arrest and instead
NOd can lead to genotoxic stress and cell proliferation. In mice lack-
ing p53, NOS2 deletions reduce sarcomas and lymphoma, consistent
with the idea that p53 and NOd cooperate to regulate tumorigenesis
(62,66).

Cytokines and chemokines. Cytokines are signaling molecules that
are key mediators of inflammation or an immune response. These
signaling molecules have a wide variety of cellular functions and
are stimulated when tissue homeostasis is altered. Cytokines can be
generally classified as pro-inflammatory (including IL1, IL6, IL15,
IL17, IL23 and TNFa) or anti-inflammatory [including IL4, IL10,
IL13, transforming growth factor (TGFb) and interferon (IFN)a].
Depending on the balance of cytokines, their collective effect can
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be either pro- or anti-tumorigenic. Upon binding their membrane re-
ceptor, cytokines activate signal transduction pathways that lead to
apoptosis, cell proliferation, angiogenesis and cellular senescence. In
general, constitutive exposure to high levels of pro-inflammatory cy-
tokines is thought to be pro-tumorigenic. For example, TNFa is a pro-
inflammatory cytokine for which there is convincing evidence of a role
in tumor promotion (67). Originally identified as a factor that caused
tumor necrosis at high concentrations, TNFa activity at moderate
levels can increase tumor growth, stimulate angiogenesis, cause
DNA damage and increase the metastatic potential of tumors in ani-
mal models. One of the key functions for TNFa is to activate the pro-
inflammatory transcription factor NFjB. TNFa knockout mice are
more resistant to certain tumors (68) and inhibition of TNFa with
anti-TNFa antibodies reduces tumor burden and metastasis, demon-
strating a causal role for TNFa in tumorigenesis. IL6 is another pro-
inflammatory cytokine that promotes tumor formation. Upon binding
the gp130/IL6R heterodimeric receptor, IL6 activates the Janus
kinase/signal transducer and activator of transcription signaling path-
way, which leads to the increased expression of multiple oncogenes.
IL6 has been implicated in pro-tumorigenic activity for many cancers
and has been found to be required for colitis-associated colon cancer
in mouse models (69).

IL10 and TGFb are examples of anti-inflammatory cytokines,
which have a general role in tumor suppression. A main function of
IL10 is to suppress NFjB, which leads to reduced levels of the pro-
inflammatory cytokines TNFa, IL6 and IL12 (70). Consistent with its
anti-tumorigenic function, IL10 deletions in mice exposed to Helico-
bacter hepaticus lead to increased chronic inflammation and colitis-
associated adenocarcinoma (71). Treatment of these animals with
IL10 prevented both chronic inflammation and colon adenocarcino-
mas, demonstrating an inhibitory effect of IL10 in inflammation and
inflammation-associated cancer (71). Most human colon tumors ex-

press reduced levels of IL10, indicating that the data from mouse
models may have some clinical relevance. TGFb also acts as an
anti-inflammatory and anti-tumorigenic factor. TGFb signaling acti-
vates SMAD transcription factors and mitogen-activated protein ki-
nase activation. TGFb signaling prevents IL6 release from T helper
cell inflammatory cells, which is in part responsible for its anti-
inflammatory/anti-tumorigenic properties. Similar to IL10, deletions
of TGFb in mice exposed to H.hepaticus lead to increased chronic
inflammation and colitis-associated colon adenocarcinomas (72). In-
activating mutations in the TGFb receptor are also frequently found in
human colon tumors, indicating that the TGFb pathway is important
for carcinogenesis (73).

Chemokines are a subgroup of cytokines that recruit leukocytes to
sites of inflammation by chemotaxis. Chemokines are released from
various cells after stimulation by pro-inflammatory cytokines. Tumors
usually have increased expression levels of chemokines, resulting in
the recruitment of leukocytes to those tumors. IL8 (or CXCL8) is
a pro-inflammatory chemokine that can be stimulated by various
pro-inflammatory cytokines, including TNFa and IL1 (74). IL8 or
IL6 can stimulate several signal transduction pathways and, depend-
ing on the cellular context, lead to cell proliferation, cell survival,
tumor invasion or angiogenesis.

Prostaglandin pathway molecules. Cyclooxygenases are enzymes re-
quired for the production of prostaglandins (PGs) from fatty acids.
PGs (especially PGE2) are produced by cyclooxygenases and are
key mediators in inflammation and inflammation-associated cancers.
There are two cyclooxygenase isoforms, COX-1 and COX-2. COX-1
is constitutively expressed at relatively low levels, whereas COX-2 is
the inducible form of the enzyme and is primarily responsible for the
increased cyclooxygenase activity due to chronic inflammation.
While usually undetectable in tissues, COX-2 expression can

Fig. 2. Inflammation-induced NOd production can be pro- or anti-tumorigenic, depending on the functional status of the tumor suppressor p53. Under conditions
with functional p53, NOd promotes the stabilization of p53 and p53 then acts in a negative feedback loop to reduce NOS2 and NOd. Elevated p53 levels then
lead to an overall tumor-suppressive effect. In the absence of functional p53, an inflammatory stimulus can lead to the over-production of NOd. Without p53,
NOd levels remain high leading to pro-tumorigenic conditions. This includes activating proto-oncogenes, inactivating tumor suppressor genes, increased cell
proliferation and increased angiogenesis.
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dramatically increase after a variety of stimuli, including inflammation,
hypoxia or wingless-type MMTV integration site family-signaling
(75,76). Initially found to be highly expressed in colon adenocarci-
noma (77), COX-2 has now been found to be highly expressed in
nearly every tumor type examined. Notably, pre-malignant lesions,
early stages and late stages of cancer express increased COX-2, sug-
gesting that COX-2 has an important role in tumor initiation and
maintenance. Expression of COX-2 is necessary and sufficient to
cause a malignant transformation in multiple in vitro and animal
models. COX-2 activity and the subsequent increase in PGE2 can
affect cell proliferation, DNA mutation rates, angiogenesis, apoptosis
and metastasis (78). Metabolism and transport of PGE2 may also
contribute to colon carcinogenesis (71). The use of NSAIDs that in-
hibit COX-2 activity is associated with reduced risk of malignancies
such as colorectal, esophageal, stomach, lung, breast and ovarian
cancers (18). Randomized clinical trials demonstrate that NSAIDs
prevent formation of colon adenomas and thus agree with the notion
that COX-2 functions at an early stage of development of colon
adenocarcinoma (19–21).

MicroRNAs as emerging regulatory molecules in inflammation and
cancer

MicroRNAs as mediators of inflammation. MicroRNAs are a recently
discovered class of regulatory molecules that have a convincing role
in inflammation and cancer. MicroRNAs are small, non-coding
RNAs that regulate the translation of specific genes. The first micro-
RNA, lin-4, was discovered in Caenorhabditis elegans in 1993
and was found to regulate developmental timing and cell fate spec-
ification (79). In 2000, microRNAs were found to be conserved
in vertebrates (80) and over the last decade microRNAs have
been shown to be involved in nearly every cellular and development
processes examined.

We know much about the biogenesis of microRNAs and how they
function. Long primary transcripts (pri-microRNAs) are processed by
a protein complex consisting of Drosha and DiGeorge syndrome crit-
ical region 8 into 60–80 nucleotide stem-loop products called pre-
cursor microRNAs. P53 aids in the assembly of the Drosha complex
and therefore can modulate microRNA processing (81). Precursor
microRNAs are translocated to the cytoplasm to be further processed
by Dicer into a short, 18–24 bp RNA duplex. This duplex is unwound
and is incorporated into the RNA-induced silencing complex (RISC)
in a sequence-specific manner. This short RNA is referred to as a ma-
ture microRNA and can guide the RISC complex to the 3# untrans-
lated region (UTR) of target mRNA genes in a sequence-specific
manner. MicroRNA target sequences are complementary to the ma-
ture microRNA, but they can be imperfectly matched. MicroRNA-
binding sites are usually in the 3# UTR of target transcripts. When the
microRNA guides RISC to the target mRNA, RISC will repress its
translation or degrade it. While there are exceptions to these general
features of microRNA function, microRNAs are usually expected to
reduce protein expression and/or mRNA levels of the target gene.

MicroRNA expression can be induced or expressed by a variety of
mechanisms. These stimuli include direct transcriptional activation or
repression from transcriptional enhancers, epigenetic modifications of
the genome, genomic amplification or deletion, cellular stress and
inflammatory stimuli. The effect of inducing or repressing microRNA
expression can influence most biological processes, including cell fate
specification, cell proliferation, DNA repair, DNA methylation and
apoptosis and provide pro-inflammatory or anti-inflammatory stimuli.
The biological effect of a specific microRNA will depend on the
cellular environment in which it is expressed, its turnover rate and
the target sequences that the microRNA can bind. Since a single
microRNA can bind its target sequence with imperfect complemen-
tarity, a specific microRNA can have many potential targets. This
allows a single type of microRNA to simultaneously regulate the
translation of many genes in multiple pathways. In this manner, rel-
atively small changes in microRNA expression can lead to modest
changes in the levels of multiple proteins and collectively these can
add up to large changes in biology (82,83).

MicroRNAs also have an essential role in both the adaptive and
innate immune system. Proper microRNA expression is required for
correct differentiation of immune cells (84). In an innate immune
response, specific microRNAs can be regulated by inflammatory stim-
uli and certain microRNAs can act as mediators of inflammatory
stimuli. Expression profiling experiments reveal that lipopolysaccha-
ride (LPS)-induced inflammation causes altered expression of several
microRNAs (85,86) (Figure 3). Specifically, LPS stimulated the
expression of miR-146a, miR-132 and miR-155 in a human acute
monocytic leukemia cell line. Treatment with either of the pro-
inflammatory cytokines, IL1b or TNFa, also stimulated the expres-
sion of miR-146a. The promoter region for miR-146a contains
NFjB-binding sites, indicating that NFjB was probably responsible
for driving the expression of miR-146a (86). Interestingly, miR-146a
expression can inhibit interleukin-1 receptor-associated kinase and
TNF receptor-associated factor 6, both of which are downstream fac-
tors involved in IL1 receptor signaling, demonstrating the first nega-
tive feedback loop involving microRNAs in an inflammatory response
(86). Confirmatory studies found IL6 and IL8 to be negatively regu-
lated by miR-146a through this feedback loop (87,88). Similar experi-
ments were performed with miR-155 and demonstrated that this
microRNA is induced by LPS or H.pylori infection (89,90) and this
is mediated by NFjB and activator protein-1. Increased miR-155
expression had a negative effect on IL8 signaling, indicating a role
for miR-155 in an inflammatory negative feedback loop. Using a va-
riety of inflammatory stimuli, many additional microRNAs have been
shown to be linked to an inflammatory response, including miR-21,
let-7, miR-9, miR-98, miR-214, miR-223, miR-224 and miR-513
(85,91–93).

Because inflammatory signals lead to altered microRNA expres-
sion, it is not surprising that microRNA expression patterns are
associated with chronic inflammatory diseases and other inflamma-
tory conditions. As an example, psoriasis is a chronic inflammatory
skin disease that affects 1–3% of the population (94). Psoriasis-
affected skin has increased expression of miR-203, miR-146a and
miR-21 with reduced expression of miR-125b (95). Increased miR-
203 expression was concurrent with reduced levels of suppressor of
cytokine signaling 3, which is a predicted target for miR-203. These
results suggest that increased miR-203 expression contributes to
psoriasis pathogenesis by regulating inflammatory gene levels. In
the same study, atopic eczema was examined and found miR-21
levels to be elevated, whereas miR-125b levels were reduced in
regions of the skin that were inflamed (95). Lung inflammation
due to allergic reactions also increased miR-21 expression (96).
Rheumatoid arthritis is a chronic inflammatory autoimmune condi-
tion affecting joints and tissues and elevated levels of miR-146a
were found in the synovial tissue of rheumatoid arthritis patients
(97). MicroRNAs are also altered in inflammatory conditions that
are associated with increased risk of cancer. Primary biliary cirrhosis
is a chronic inflammatory autoimmune condition of the bile duct that
carries an increased risk of liver cancer. In this condition, miR-122a
and miR-26a were reduced and miR-328 and miR-299-5p were in-
creased (98) and these microRNAs are thought to have roles in cell
proliferation, apoptosis, inflammation and oxidative stress, indicat-
ing that the alterations of these microRNAs may contribute to the
condition. Similarly, active inflammation in ulcerative colitis leads
to increased expression of several microRNAs, including miR-21
(99). These changes in microRNA expression levels may contribute
to both the active inflammation and the increased risk of cancer
associated with these diseases.

MicroRNAs as mediators of inflammation-induced carcinogenesis.
Inflammatory conditions lead to alterations in microRNA expres-
sion levels and these changes are thought to contribute to inflam-
mation. It is likely that the changes in microRNA expression can act
as mediators in inflammation-associated carcinogenesis.

There is convincing evidence for a causal role for microRNAs in
cancer. This connection was first suggested in 2002 by Croce et al.
(100) with the discovery that miR-15 and miR-16 were located on
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chromosome 13q14, a region frequently deleted in chronic lympho-
cytic leukemia (CLL). Upon examining the expression levels of these
microRNAs, miR-15 and miR-16 were reduced or eliminated in 68%
of CLL cases. They also noted that the 13q14 deletion was frequently
the only genetic abnormality in patients and thus the deletion of
miR-15/16 may be a direct cause of CLL. Upon examination of ge-
nomic locations of microRNAs, they reported that many microRNA-
coding regions are located in fragile regions of the genome that are
frequently amplified or deleted in many cancers, arguing that gain or
loss of microRNAs were selected for and are important in tumorigen-
esis (101). Subsequently, mouse models demonstrated that over-
expression of a single microRNA, miR-155, could cause B-cell tumors
(102) and over-expression of let-7 could decrease Kirsten rat sarcoma
oncogene (KRAS) expression and reduce lung tumors (103), indicat-
ing that altered microRNA expression can play a causal role in carci-
nogenesis. Global expression profiling revealed alterations of
microRNA expression patterns first in CLL (104) and then in every
malignancy evaluated (105–107). These studies showed that the ex-
pression of several microRNAs (miR-17-5p, miR-20a, miR-21, miR-92,
miR-106a and miR-155) was increased in the majority of tumor types,
arguing that these may be common oncogenic microRNAs. It was
also noted in these studies that microRNA expression patterns could

distinguish tumors and tissue types, indicating that microRNA expres-
sion levels may be useful biomarkers for cancer. MicroRNA expres-
sion patterns were then found to be associated with poor prognosis of
CLL and lung cancer to offer further demonstration of this potential
(108–110). Subsequent mechanistic studies demonstrated that alter-
ation of specific microRNAs could affect cell proliferation, apoptosis,
tumor growth and angiogenesis in mouse models (111–114). Alto-
gether, the evidence is convincing that alterations of microRNAs
occur during and are contributing to carcinogenesis.

Inflammatory stimuli alter the expression of microRNAs while
specific microRNAs have oncogenic or tumor-suppressive activity;
therefore, microRNAs may be mediators of inflammation-induced
carcinogenesis. Although many microRNAs fit this description, only
miR-21 and miR-155 are discussed below.

Inflammatory stimuli can increase the expression of miR-21. It has
been shown that IL6, a pro-inflammatory cytokine, can induce the ex-
pression of miR-21 in a STAT3-dependent manner (115). The EGFR
pathway has also been shown to increase miR-21 expression (116). As
mentioned earlier, increased levels of miR-21 are also found in several
chronic inflammatory diseases, including at sites of active inflamma-
tion in ulcerative colitis (99). The elevated levels of miR-21 in these
tissues may be in part responsible for inflammation-associated

Fig. 3. MicroRNAs are inflammatory mediators. (A) MicroRNA expression levels are altered in a variety of inflammatory conditions. Underlined microRNAs are
highlighted in panel (B). (B) The expression of oncogenic microRNAs is induced by inflammatory cytokines. These microRNAs can then target inflammatory
mediators, tumor suppressor genes or oncogenes to have a role in inflammation-induced carcinogenesis.
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cancers. Increased levels of miR-21 are found in nearly every malig-
nancy examined and this increase is thought to be oncogenic (117).
MiR-21 targets a number of tumor suppressor genes, including pro-
grammed cell death 4 (118), tropomyosin 1 (119), phosphatase and
tensin homolog (120) and BTG family member 2 (121). Increased
miR-21 expression can increase cell proliferation and inhibit apopto-
sis, whereas the inhibition of miR-21 can cause tumor regression in
xenograft models (122). Recently, miR-21 was found to directly target
and repress IL12-p35 expression in mouse models (96). The miR-21-
binding site in the 3# UTR of IL12-p35 is conserved in humans. We
have recent data from human tissues indicating that miR-21 expres-
sion negatively correlates with IL12-p35 expression, consistent with
the idea that IL12-p35 is a target for miR-21, and positively correlates
with IL6 expression in human colon cancer tissues, consistent with
IL6 driving the expression of miR-21 (123). This suggests that the
in vitro data demonstrating the connections between IL6, IL12-p35
and miR-21 are probably relevant in the context of human colon
cancer and that miR-21 may contribute to inflammation-induced
carcinogenesis.
MiR-155 is another oncogenic microRNA (124) that is stimulated

during pro-inflammatory conditions. Infections by H.pylori (89) and
Epstein–Barr Virus (125) or LPS treatment lead to increased miR-155
expression. Inflammatory mediators, including TNFa and IFNb, can
stimulate the expression of miR-155 (126,127). MiR-155 can target
suppressor of cytokines 1 and lead to the induction of NOS2 (128),
demonstrating that it is a mediator of inflammatory signaling. In-
creased miR-155 expression is found in the bone marrow of leukemic
patients and over-expression of miR-155 in mouse models causes
hyperproliferation of B cells, a common hallmark of leukemia and
lymphoma (102). Over-expression of miR-155 also causes the re-
pression of tumor p53-induced nuclear protein 1, which is a pro-
apoptotic gene downstream of p53 signaling (129). The suppression
of tumor p53-induced nuclear protein 1 is a likely mechanism for
pro-tumorigenic functions of miR-155 and a possible mediator of
inflammation-induced carcinogenesis.

Genes and gene products as cancer biomarkers and therapeutic
targets

Polymorphisms in inflammatory genes and microRNAs associated
with cancer risk. Identifying polymorphisms associated with cancer
risk and prognosis may help guide health decisions. If someone is
genetically predisposed to developing cancer, appropriate preventive
strategies can be taken. DNA mutations and polymorphisms may help
stratify patients for more effective therapies. Polymorphisms in vari-
ous inflammatory genes have been identified that are associated with
cancer risk and prognosis for many cancer types. For the purpose of
this review, we will only focus on IL10 as an example of this. Poly-
morphisms in the anti-inflammatory cytokine, IL10, can lead to re-
duced function of this gene, higher levels of inflammation and
increased cancer risk. Several studies have demonstrated that specific
polymorphisms in IL10 are associated with increased rates of non-
Hodgkin lymphoma, melanoma, gastric cancer, multiple myeloma,
lung cancer, cervical cancer, hepatocellular carcinoma, prostate can-
cer, colorectal cancer and renal cancer (130–134). This highlights the
importance of immune system molecules in carcinogenesis and sug-
gests that increased pro-inflammatory signaling can be oncogenic.
Several studies have also shown that IL10 polymorphisms are associ-
ated with prognosis in multiple cancers. In a recent study of 432
women from Austria, the IL10-592C . A polymorphism predicted
shorter disease-free survival for breast cancer (135). In another study
of 472 patients from Spain, the IL10-3575T . A polymorphism was
associated with improved survival in an unstratified group of lym-
phoma patients composed of non-Hodgkin lymphoma, CLL, multiple
myeloma and Hodgkin lymphoma patients (136). Other studies found
that IL10 polymorphisms were associated with prognosis in mela-
noma (137), T-cell non-Hodgkin lymphoma (138) and diffuse large
B-cell non-Hodgkin lymphoma (139). These findings indicate that
polymorphisms in inflammatory genes may help stratify cancer
patients into clinically relevant subgroups.

Emerging evidence also suggests that polymorphisms in micro-
RNAs or their binding sites are associated with increased cancer risk.
Inherited miR-15 and miR-16 polymorphisms have been found in
breast cancer and CLL patients (109), providing the first evidence
that polymorphisms in microRNAs may lead to increased risk of
cancer. MiR-196a is thought to be an oncogenic microRNA that can
regulate cell proliferation and target annexin A1, a mediator of apo-
ptosis. In a study including 1058 cases and 1035 controls, a polymor-
phism in miR-196a2 was associated with increased lung cancer risk in
a Chinese population (140). It was also found that an miR-196a2
polymorphism was associated with prognosis in lung cancer patients
(141). MiR-146a is thought to be an oncogenic microRNA and can be
induced by pro-inflammatory signals. This microRNA is found ele-
vated in several cancers. In a study of 608 cases and 901 controls,
a polymorphism in miR-146a is associated with thyroid cancer risk
(142). This polymorphism was then found to be associated with early
diagnosis of breast cancer (143) and increased risk of developing
hepatocellular carcinoma (144). These findings indicate that polymor-
phisms in miR-196a2 and miR-146a influence risk for multiple types
of cancer.

Polymorphisms in microRNA-binding sites within target genes
have also received some attention in evaluating cancer risk. KRAS
is a proto-oncogene that can be regulated by let-7. A polymorphism
disrupting the let-7-binding site in KRAS will inhibit the ability of
let-7 to negatively regulate KRAS, leading to the over-production of
this proto-oncogene. This polymorphism has been associated with
increased lung cancer risk (145) and poor prognosis of oral cancers
(146). Polymorphisms in microRNA-binding sites of other genes have
been reported to be associated with risk of breast cancer and colon
cancer (147–149).

Circulating cytokines and microRNAs as diagnostic biomarkers.
Early detection remains the strongest predictor of survival for nearly
all cancer types. Therefore, accurate, non-invasive screening tests
have the potential of reducing the burden of many different tumor
types. Inflammatory mediators may constitute useful biomarkers for
cancer detection. Altered levels of circulating inflammatory cyto-
kines have been found in cancer patients for nearly every cancer
examined (130), indicating that immune response has an important
role during carcinogenesis. Unfortunately, the sensitivity and spec-
ificity is not high enough to use cytokine measurements as a cancer
screening technique; but there have been some favorable results
when using circulating inflammatory cytokines for prognostic pur-
poses. For example, elevated levels of circulating IL6 have been
associated with decreased overall survival or disease-free recurrence
for breast, pancreatic, gastric, prostate and lung cancer (150–154).
Levels of additional inflammatory markers have also been associated
with prognosis, indicating that circulating inflammatory markers
may be useful cancer biomarkers.

The potential of using circulating microRNA expression levels for
detecting cancer has been reported for prostate cancer (155), large
B-cell lymphoma, ovarian cancer (156), non-small cell lung cancer
(157,158), breast cancer (159) and colon cancer (160). All these stud-
ies compared the expression levels of microRNAs in plasma or serum
from cancer cases to healthy control populations. Notably, miR-17-3p
and miR-92 expression levels in plasma were found to be elevated in
colorectal cancer patients (160). In a cohort of 90 patients and 50
controls, miR-92 expression levels in plasma could distinguish colo-
rectal cancer patients from healthy controls with 70% specificity and
89% sensitivity. While it is unclear if any of these circulating bio-
markers are accurate enough on their own to use as a screening tech-
nique in healthy populations or among individuals at risk, it may be
possible to improve these tests with technological advancements in
the detection methodology or combine these tests with other non-
invasive tests.

Inflammatory genes and microRNAs as prognostic and therapeutic
biomarkers. The expression patterns of inflammatory genes and pres-
ence of inflammatory cells within the tumor and surrounding
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microenvironment are potential prognostic biomarkers for cancer. An
analysis of infiltrating immune cells in colon tumors found that the
type, location and density of the infiltrating cells were strong predic-
tors of prognosis (161). Similar studies found that the presence of
infiltrating mast cells or macrophages were associated with poor prog-
nosis in lung cancer (162), melanoma (163) and bladder cancer (164).
The expression of inflammatory genes within tissues may also serve
as clinically useful biomarkers. For example, levels of inflammatory
cytokines in tumors have been associated with tumor node metastasis
staging and prognosis in colon cancer (165,166). A recent study, using
non-cancerous tissue adjacent to tumors, identified a unique expres-
sion signature composed of a panel of 17 inflammatory/immune re-
sponse genes that predict metastatic progression and survival of
patients with hepatocellular carcinoma (167). A similar study was
performed in lung adenocarcinoma using the expression pattern of
18 inflammatory or immune response genes in both tumors and adja-
cent non-cancerous tissue to develop a signature that could predict
prognosis in tumor node metastasis stage I lung adenocarcinoma
patients (168).

Biomarkers for early clinical stages of cancer are especially useful
to help guide therapeutic decisions. At early stages, metastases are not
evident and surgery is potentially curative; therefore, additional adju-
vant therapy to those patients will harm their quality of life with little
therapeutic benefit. But in many cases, undetectable micro-metastases
are present and for those instances adjuvant therapy will be beneficial.
The previously described inflammatory gene signature could predict
prognosis in tumor node metastasis stage I lung cancer; therefore, it
may be useful in deciding which early stage lung cancer cases are at
higher risk for metastases and disease progression (168). An inflam-
matory gene expression signature for colon adenocarcinoma was also
recently reported to predict poor prognosis in stage II colon adeno-
carcinoma patients (123). Similar to biomarkers for early stage lung
cancer, this biomarker signature may be useful in identifying high-
risk, early stage patients who should receive adjuvant therapy.

MicroRNAs may also be clinically useful as prognostic biomarkers.
The first report on associations with cancer prognosis found that

a microRNA expression signature composed of the let-7 family of
microRNAs could predict survival in lung cancer patients (108).
A microRNA gene expression signature was then found to predict
prognosis and disease progression of CLL (109). We first reported
that the expression of individual microRNAs could act as independent
prognostic biomarkers in lung cancer (110). This study found that
increased miR-155 or decreased let-7a was associated with poor prog-
nosis, independent of all clinical covariates and could also predict
prognosis in stage I lung cancer. We then published a similar study
in colon cancer which found that high expression of miR-21 in tumors
could predict poor survival and poor therapeutic outcome and in two
independent cohorts was significantly associated with cancer-specific
mortality in stage II colon cancer (169). MiR-21 is expressed at high
levels in nearly every tumor type examined and has now been shown
to be associated with prognosis in pancreatic cancer, lung cancer,
breast cancer and tongue cancer (110,170–173). These findings in-
dicate that miR-21 may be a useful general prognostic biomarker for
several types of cancer. Genome-wide microRNA expression studies
have identified additional microRNA expression profiles that can pre-
dict prognosis in other cancer types including liver cancer (174),
esophageal cancer (175,176) and ovarian cancer (177).

While single prognostic biomarkers can be clinically useful, a
combination of multiple validated biomarkers may provide more in-
formation and give better risk stratification of patients (Figure 4). Com-
bining microRNA biomarkers and inflammatory gene biomarkers may
serve this purpose. We have recently reported that the combination of
an inflammatory gene signature with miR-21 expression data predicts
cancer-specific mortality better than either alone (123).

Inflammatory mediators and microRNA as therapeutic targets.
Inflammatory genes and microRNAs are associated with and con-
tribute to the clinical outcome of cancer. Since they have causative
roles in carcinogenesis, they are ideal candidates for therapeutic
targets. Whether it is the activity of inflammatory cytokines RONS,
NOd, NFjB and COX-2 or microRNAs, all are potential targets for
therapeutic intervention in cancer. There are already drugs on the

Fig. 4. The combination of multiple, validated biomarkers may improve predictions of clinical outcomes. In this example, microRNA expression biomarkers and
inflammatory gene biomarkers are combined to improve associations with prognosis. Theoretical Kaplan–Meier plots are shown with time on the X axis and
survival probability on the Yaxis. Each biomarker misclassifies a different subset of patients and combining these biomarkers provides a more accurate prediction.
This proof of principle of this strategy has recently been shown in colon cancer patients to improve predictions of cancer-specific mortality by combining
inflammatory gene and microRNA biomarkers (123).
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market or under evaluation for cancer treatment that target these
pathways (178,179). Some examples are provided below. Treatment
with IFNa is being used therapeutically to treat renal cell carci-
noma, ovarian cancer, Kaposi’s sarcoma, non-Hodgkin lymphoma,
malignant melanoma, hepatocellular carcinoma and leukemia. IL2
therapy is used to treat T-cell lymphoma, malignant melanoma and
kidney cancers. Granulocyte monocyte colony-stimulating factor is
a cytokine that has been successfully used to treat malignant mel-
anoma. Inhibitors of NFjB are in clinical trials to determine if
inhibitors alone or in combination with other therapeutics will be
useful to treat various cancers (37). As mentioned previously, COX-2
inhibitors have demonstrated great potential in both the treatment
and prevention of cancers (78). COX-1 and -2 inhibitors reduce the
risk of colon cancer, breast cancer, prostate cancer and lung cancer.
A recent finding also demonstrates that taking aspirin (a COX-2
inhibitor) after diagnosis of colon cancer leads to improved sur-
vival, especially in individuals with tumors over-expressing
COX-2 (180).

The potential to therapeutically regulate microRNA levels may
offer new avenues for cancer treatment and possibly in regulating
the immune system. Inhibiting oncogenic microRNAs or reintroduc-
tion of tumor suppressor microRNAs may serve as useful strategies to
treat cancer. MicroRNAs can be inhibited by anti-sense oligonucleo-
tides with various chemical modifications. Inhibition of specific mi-
croRNAs has been achieved in vivo, first in mice (181) and then in
non-human primates (182). Other technologies are being developed to
reintroduce microRNAs back into cells to mimic their function. Re-
introduction of tumor suppressor microRNAs can cause apoptosis or
senescence in malignant cells and provide new avenues for develop-
ing cancer therapeutics. A recent study clearly demonstrated this
potential in mouse models of hepatocellular carcinoma (183).
MiR-26a is a tumor suppressor microRNA that is reduced in hepato-
cellular carcinoma. Decreased levels of miR-26a have been associated
with poor prognosis and predictive to the therapeutic response to
IFNa in hepatocellular carcinoma patients (184). In an MYC-
inducible model of liver cancer, animals were treated systemically
with miR-26a (or with control microRNA) using adeno-associated
virus for delivery (183). Treated animals showed significant tumor
regression without toxicity, indicating that reintroduction of miR-26a
may be an effective strategy to treat cancer. Currently, there are
clinical trials evaluating therapy based on microRNA inhibition or
over-expression. Estimates from the developers of microRNA-based
therapeutics set target dates of 2011 for clinical trials evaluating
efficacy for cancer treatments. Within the next several years, we will
know if microRNA-based therapeutics, alone or in combination with
other modalities, will be clinically useful treatments for various
cancers and immune system disorders.

Concluding statements

While much remains to be deciphered, we are beginning to understand
the mechanistic connections between inflammation, inflammation-
induced microRNAs and cancer development. As our understanding
of these processes increases, the potential to use this knowledge to
intervene in cancer also increases. Polymorphisms in inflammatory
genes, microRNAs or the 3# UTR of microRNA target genes may lead
to genetic susceptibility of individuals to certain cancers. Identifica-
tion of these polymorphisms may influence decisions about routine
cancer screening. It may soon be possible to use the levels of circu-
lating inflammatory proteins, alone or in combination with levels of
circulating microRNAs, as diagnostic biomarkers to screen for can-
cers. Once cancer is detected, similar biomarkers may be developed
that predict prognosis or therapeutic outcome to help guide therapeu-
tic decisions. A mechanistic understanding for the role of inflamma-
tory genes and microRNAs as in carcinogenesis may lead to the
identification of promising therapeutic avenues to treat cancer. As
new biomarkers and therapeutics based on this knowledge are devel-
oped, the long-term goal, a decrease in the overall cancer health
burden, may be closer to realization.

Funding

Intramural Research Program of the National Cancer Institute to
A.J.S. and C.C.H.; Center for Cancer Research; National Institutes
of Health; Division of Microbiology and Diagnostics to N.H.H.H.;
Statens Serum Institute, Denmark.

Acknowledgements

We would like to thank Drs Stefan Ambs and S. Perwez Hussain of the
National Cancer Institute and National Institutes of Health for helpful discus-
sions and ideas during the preparation of this review.

Conflict of Interest Statement: None declared.

References

1.Hussain,S.P. et al. (2007) Inflammation and cancer: an ancient link with
novel potentials. Int. J. Cancer, 121, 2373–2380.

2.Mantovani,A. et al. (2008) Tumour immunity: effector response to tumour
and role of the microenvironment. Lancet, 371, 771–783.

3.Medzhitov,R. (2008) Origin and physiological roles of inflammation.
Nature, 454, 428–435.

4.Ekbom,A. et al. (1990) Increased risk of large-bowel cancer in Crohn’s
disease with colonic involvement. Lancet, 336, 357–359.

5.Gillen,C.D. et al. (1994) Ulcerative colitis and Crohn’s disease: a compar-
ison of the colorectal cancer risk in extensive colitis. Gut, 35, 1590–1592.

6.Ekbom,A. et al. (1990) Ulcerative colitis and colorectal cancer. A
population-based study. N. Engl. J. Med., 323, 1228–1233.

7.Ekbom,A. et al. (1993) Pancreatitis and the risk of pancreatic cancer.
N. Engl. J. Med., 329, 1502–1503.

8.Lowenfels,A.B. et al. (1997) Hereditary pancreatitis and the risk of pan-
creatic cancer. International Hereditary Pancreatitis Study Group. J. Natl
Cancer Inst., 89, 442–446.

9.Eriksson,S. et al. (1986) Risk of cirrhosis and primary liver cancer in
alpha 1-antitrypsin deficiency. N. Engl. J. Med., 314, 736–739.

10.Solaymani-Dodaran,M. et al. (2004) Risk of oesophageal cancer in
Barrett’s oesophagus and gastro-oesophageal reflux. Gut, 53, 1070–1074.

11.Wu,A.H. et al. (1995) Previous lung disease and risk of lung cancer among
lifetime nonsmoking women in the United States. Am. J. Epidemiol., 141,
1023–1032.

12.Mayne,S.T. et al. (1999) Previous lung disease and risk of lung cancer
among men and women nonsmokers. Am. J. Epidemiol., 149, 13–20.

13.Tsukuma,H. et al. (1993) Risk factors for hepatocellular carcinoma among
patients with chronic liver disease. N. Engl. J. Med., 328, 1797–1801.

14.Parsonnet,J. et al. (1991) Helicobacter pylori infection and the risk of
gastric carcinoma. N. Engl. J. Med., 325, 1127–1131.

15.Mostafa,M.H. et al. (1999) Relationship between schistosomiasis and
bladder cancer. Clin. Microbiol. Rev., 12, 97–111.

16.Watanapa,P. et al. (2002) Liver fluke-associated cholangiocarcinoma.
Br. J. Surg., 89, 962–970.

17.Wagner,J.C. et al. (1960) Diffuse pleural mesothelioma and asbestos ex-
posure in the North Western Cape Province. Br. J. Ind. Med., 17, 260–271.

18.Cuzick,J. et al. (2009) Aspirin and non-steroidal anti-inflammatory drugs
for cancer prevention: an international consensus statement. Lancet
Oncol., 10, 501–507.

19.Baron,J.A. et al. (2003) A randomized trial of aspirin to prevent colorectal
adenomas. N. Engl. J. Med., 348, 891–899.

20.Sandler,R.S. et al. (2003) A randomized trial of aspirin to prevent
colorectal adenomas in patients with previous colorectal cancer. N. Engl.
J. Med., 348, 883–890.

21.Benamouzig,R. et al. (2003) Daily soluble aspirin and prevention of
colorectal adenoma recurrence: one-year results of the APACC trial.
Gastroenterology, 125, 328–336.

22.Clayton,A. et al. (2008) Human tumor-derived exosomes down-modulate
NKG2D expression. J. Immunol., 180, 7249–7258.

23.Spina,M. et al. (1999) Neoplastic complications of HIV infection. Ann.
Oncol., 10, 1271–1286.

24.Vajdic,C.M. et al. (2009) Cancer incidence and risk factors after solid
organ transplantation. Int. J. Cancer, 125, 1747–1754.

25.de Visser,K.E. et al. (2006) Paradoxical roles of the immune system
during cancer development. Nat. Rev. Cancer, 6, 24–37.

26.Colotta,F. et al. (2009) Cancer-related inflammation, the seventh hallmark
of cancer: links to genetic instability. Carcinogenesis, 30, 1073–1081.

27.Fleisher,A.S. et al. (2000) Microsatellite instability in inflammatory bowel
disease-associated neoplastic lesions is associated with hypermethylation

A.J.Schetter et al.

46

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/31/1/37/2392472 by guest on 16 August 2022



and diminished expression of the DNA mismatch repair gene, hMLH1.
Cancer Res., 60, 4864–4868.

28.Das,P.M. et al. (2004) DNA methylation and cancer. J. Clin. Oncol., 22,
4632–4642.

29.Dong,C.X. et al. (2009) Promoter methylation of p16 associated with
Helicobacter pylori infection in precancerous gastric lesions: a popula-
tion-based study. Int. J. Cancer, 124, 434–439.

30.Kaise,M. et al. (2008) CpG island hypermethylation of tumor-suppressor
genes in H. pylori-infected non-neoplastic gastric mucosa is linked with
gastric cancer risk. Helicobacter, 13, 35–41.

31.Mantovani,A. et al. (2008) Cancer-related inflammation. Nature, 454,
436–444.

32.Bos,J.L. (1989) Ras oncogenes in human cancer: a review. Cancer Res.,
49, 4682–4689.

33.Borrello,M.G. et al. (2008) Inflammation and cancer: the oncogene-driven
connection. Cancer Lett., 267, 262–270.

34.Sparmann,A. et al. (2004) Ras-induced interleukin-8 expression plays
a critical role in tumor growth and angiogenesis. Cancer Cell, 6, 447–458.

35.Ancrile,B. et al. (2007) Oncogenic Ras-induced secretion of IL6 is
required for tumorigenesis. Genes Dev., 21, 1714–1719.

36.Montes,C.L. et al. (2008) Tumor-induced senescent T cells with suppres-
sor function: a potential form of tumor immune evasion. Cancer Res., 68,
870–879.

37.Shen,H.M. et al. (2009) NFkappaB signaling in carcinogenesis and as
a potential molecular target for cancer therapy. Apoptosis, 14, 348–363.

38.Helbig,G. et al. (2003) NF-kappaB promotes breast cancer cell migration
and metastasis by inducing the expression of the chemokine receptor
CXCR4. J. Biol. Chem., 278, 21631–21638.

39.Kisseleva,T. et al. (2006) NF-kappaB regulation of endothelial cell function
during LPS-induced toxemia and cancer. J. Clin. Invest., 116, 2955–2963.

40.Pikarsky,E. et al. (2004) NF-kappaB functions as a tumour promoter in
inflammation-associated cancer. Nature, 431, 461–466.

41.Greten,F.R. et al. (2004) IKKbeta links inflammation and tumorigenesis in
a mouse model of colitis-associated cancer. Cell, 118, 285–296.

42.Huber,M.A. et al. (2004) NF-kappaB is essential for epithelial-mesenchymal
transition and metastasis in a model of breast cancer progression. J. Clin.
Invest., 114, 569–581.

43.Hussain,S.P. et al. (2003) Radical causes of cancer. Nat. Rev. Cancer, 3,
276–285.

44.Pan,J.S. et al. (2009) Reactive oxygen species: a double-edged sword in
oncogenesis. World J. Gastroenterol., 15, 1702–1707.

45.Hofseth,L.J. (2008) Nitric oxide as a target of complementary and alter-
native medicines to prevent and treat inflammation and cancer. Cancer
Lett., 268, 10–30.

46.Visconti,R. et al. (2009) New insights on oxidative stress in cancer. Curr.
Opin. Drug Discov. Devel., 12, 240–245.

47.Meira,L.B. et al. (2008) DNA damage induced by chronic inflammation
contributes to colon carcinogenesis in mice. J. Clin. Invest., 118, 2516–
2525.

48.Kundu,J.K. et al. (2008) Inflammation: gearing the journey to cancer.
Mutat. Res., 659, 15–30.

49.Thiele,G.M. et al. (2004) Malondialdehyde-acetaldehyde (MAA) modi-
fied proteins induce pro-inflammatory and pro-fibrotic responses by liver
endothelial cells. Comp. Hepatol., 3 (suppl. 1), S25.

50.Ying,L. et al. (2007) Nitric oxide inactivates the retinoblastoma pathway
in chronic inflammation. Cancer Res., 67, 9286–9293.

51.Suh,Y.A. et al. (1999) Cell transformation by the superoxide-generating
oxidase Mox1. Nature, 401, 79–82.

52. Ishikawa,K. et al. (2008) ROS-generating mitochondrial DNA mutations
can regulate tumor cell metastasis. Science, 320, 661–664.

53.Ren,J.L. et al. (2009) Inflammatory signaling and cellular senescence.
Cell. Signal., 21, 378–383.

54.Noguchi,T. et al. (2008) Requirement of reactive oxygen species-
dependent activation of ASK1-p38 MAPK pathway for extracellular
ATP-induced apoptosis in macrophage. J. Biol. Chem., 283, 7657–7665.

55.Kanwar,J.R. et al. (2009) Recent advances on the roles of NO in cancer
and chronic inflammatory disorders. Curr. Med. Chem., 16, 2373–2394.

56.Kim,S.F. et al. (2005) Inducible nitric oxide synthase binds, S-
nitrosylates, and activates cyclooxygenase-2. Science, 310, 1966–1970.

57.Wink,D.A. et al. (2008) The reemergence of nitric oxide and cancer. Nitric
Oxide, 19, 65–67.

58.Heller,R. et al. (1999) Nitric oxide inhibits proliferation of human endo-
thelial cells via a mechanism independent of cGMP. Atherosclerosis, 144,
49–57.

59.Kanamaru,Y. et al. (2001) Effect of nitric oxide on mouse clonal osteo-
genic cell, MC3T3-E1, proliferation in vitro. Kobe J. Med. Sci., 47, 1–11.

60.Kisley,L.R. et al. (2002) Genetic ablation of inducible nitric oxide syn-
thase decreases mouse lung tumorigenesis. Cancer Res., 62, 6850–6856.

61.Erdman,S.E. et al. (2009) Nitric oxide and TNF-alpha trigger colonic
inflammation and carcinogenesis in Helicobacter hepaticus-infected,
Rag2-deficient mice. Proc. Natl Acad. Sci. USA, 106, 1027–1032.

62.Hussain,S.P. et al. (2004) Nitric oxide, a mediator of inflammation, sup-
presses tumorigenesis. Cancer Res., 64, 6849–6853.

63.Ambs,S. et al. (1998) Up-regulation of inducible nitric oxide synthase
expression in cancer-prone p53 knockout mice. Proc. Natl Acad. Sci.
USA, 95, 8823–8828.

64.Forrester,K. et al. (1996) Nitric oxide-induced p53 accumulation and
regulation of inducible nitric oxide synthase expression by wild-type
p53. Proc. Natl Acad. Sci. USA, 93, 2442–2447.

65.Ambs,S. et al. (1998) p53 and vascular endothelial growth factor regulate
tumor growth of NOS2-expressing human carcinoma cells. Nat. Med., 4,
1371–1376.

66.Tatemichi,M. et al. (2004) Suppression of thymic lymphomas and in-
creased nonthymic lymphomagenesis in Trp53-deficient mice lacking in-
ducible nitric oxide synthase gene. Int. J. Cancer, 111, 819–828.

67.Balkwill,F. (2009) Tumour necrosis factor and cancer. Nat. Rev. Cancer, 9,
361–371.

68.Pasparakis,M. et al. (1996) Immune and inflammatory responses in TNF
alpha-deficient mice: a critical requirement for TNF alpha in the formation
of primary B cell follicles, follicular dendritic cell networks and germinal
centers, and in the maturation of the humoral immune response. J. Exp.
Med., 184, 1397–1411.

69.Grivennikov,S. et al. (2009) IL-6 and Stat3 are required for survival of
intestinal epithelial cells and development of colitis-associated cancer.
Cancer Cell, 15, 103–113.

70.Mosser,D.M. et al. (2008) Interleukin-10: new perspectives on an old
cytokine. Immunol. Rev., 226, 205–218.

71.Berg,D.J. et al. (1996) Enterocolitis and colon cancer in interleukin-10-
deficient mice are associated with aberrant cytokine production and
CD4(þ) TH1-like responses. J. Clin. Invest., 98, 1010–1020.

72.Engle,S.J. et al. (2002) Elimination of colon cancer in germ-free trans-
forming growth factor beta 1-deficient mice. Cancer Res., 62, 6362–6366.

73.Parsons,R. et al. (1995) Microsatellite instability and mutations of the
transforming growth factor beta type II receptor gene in colorectal cancer.
Cancer Res., 55, 5548–5550.

74.Waugh,D.J. et al. (2008) The interleukin-8 pathway in cancer. Clin.
Cancer Res., 14, 6735–6741.

75.Gupta,R.A. et al. (2001) Colorectal cancer prevention and treatment by
inhibition of cyclooxygenase-2. Nat. Rev. Cancer, 1, 11–21.

76.Araki,Y. et al. (2003) Regulation of cyclooxygenase-2 expression by the
Wnt and ras pathways. Cancer Res., 63, 728–734.

77.Eberhart,C.E. et al. (1994) Up-regulation of cyclooxygenase 2 gene ex-
pression in human colorectal adenomas and adenocarcinomas. Gastroen-
terology, 107, 1183–1188.

78.Harris,R.E. (2009) Cyclooxygenase-2 (cox-2) blockade in the chemopre-
vention of cancers of the colon, breast, prostate, and lung. Inflammophar-
macology, 17, 55–67.

79.Wightman,B. et al. (1993) Posttranscriptional regulation of the hetero-
chronic gene lin-14 by lin-4 mediates temporal pattern formation in
C. elegans. Cell, 75, 855–862.

80.Pasquinelli,A.E. et al. (2000) Conservation of the sequence and temporal
expression of let-7 heterochronic regulatory RNA. Nature, 408, 86–89.

81.Suzuki,H.I. et al. (2009) Modulation of microRNA processing by p53.
Nature, 460, 529–533.

82.Selbach,M. et al. (2008) Widespread changes in protein synthesis induced
by microRNAs. Nature, 455, 58–63.

83.Baek,D. et al. (2008) The impact of microRNAs on protein output. Nature,
455, 64–71.

84.Lu,L.F. et al. (2009) MicroRNA in the immune system, microRNA as an
immune system. Immunology, 127, 291–298.

85.Moschos,S.A. et al. (2007) Expression profiling in vivo demonstrates
rapid changes in lung microRNA levels following lipopolysaccharide-
induced inflammation but not in the anti-inflammatory action of gluco-
corticoids. BMC Genomics, 8, 240.

86.Taganov,K.D. et al. (2006) NF-kappaB-dependent induction of micro-
RNA miR-146, an inhibitor targeted to signaling proteins of innate im-
mune responses. Proc. Natl Acad. Sci. USA, 103, 12481–12486.

87.Bhaumik,D. et al. (2009) MicroRNAs: an important player in maintaining
a balance between inflammation and tumor suppression. Cell Cycle, 8, 1822.

88.Perry,M.M. et al. (2008) Rapid changes in microRNA-146a expression
negatively regulate the IL-1beta-induced inflammatory response in human
lung alveolar epithelial cells. J. Immunol., 180, 5689–5698.

Inflammation and cancer

47

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/31/1/37/2392472 by guest on 16 August 2022



89.Xiao,B. et al. (2009) Induction of microRNA-155 during Helicobacter
pylori infection and its negative regulatory role in the inflammatory re-
sponse. J. Infect. Dis, 200, 916–925.

90.Worm,J. et al. (2009) Silencing of microRNA-155 in mice during acute
inflammatory response leads to derepression of c/ebp Beta and down-
regulation of G-CSF. Nucleic Acids Res, 37, 5784–5792.

91.Hu,G. et al. (2009) MicroRNA-98 and let-7 confer cholangiocyte expres-
sion of cytokine-inducible Src homology 2-containing protein in response
to microbial challenge. J. Immunol., 183, 1617–1624.

92.Bazzoni,F. et al. (2009) Induction and regulatory function of miR-9 in
human monocytes and neutrophils exposed to proinflammatory signals.
Proc. Natl Acad. Sci. USA, 106, 5282–5287.

93.Gong,A.Y. et al. (2009) MicroRNA-513 regulates B7-H1 translation and
is involved in IFN-gamma-induced B7-H1 expression in cholangiocytes.
J. Immunol., 182, 1325–1333.

94.Lebwohl,M. (2003) Psoriasis. Lancet, 361, 1197–1204.
95.Sonkoly,E. et al. (2007) MicroRNAs: novel regulators involved in the

pathogenesis of psoriasis? PLoS ONE, 2, e610.
96.Lu,T.X. et al. (2009) MicroRNA-21 is up-regulated in allergic airway

inflammation and regulates IL-12p35 expression. J. Immunol., 182,
4994–5002.

97.Nakasa,T. et al. (2008) Expression of microRNA-146 in rheumatoid
arthritis synovial tissue. Arthritis Rheum., 58, 1284–1292.

98.Padgett,K.A. et al. (2009) Primary biliary cirrhosis is associated with
altered hepatic microRNA expression. J. Autoimmun., 32, 246–253.

99.Wu,F. et al. (2008) MicroRNAs are differentially expressed in ulcerative
colitis and alter expression of macrophage inflammatory peptide-2 alpha.
Gastroenterology, 135, 1624–1635.

100.Calin,G.A. et al. (2002) Frequent deletions and down-regulation of micro-
RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic leukemia.
Proc. Natl Acad. Sci. USA, 99, 15524–15529.

101.Calin,G.A. et al. (2004) Human microRNA genes are frequently located at
fragile sites and genomic regions involved in cancers. Proc. Natl Acad.
Sci. USA, 101, 2999–3004.

102.Costinean,S. et al. (2006) Pre-B cell proliferation and lymphoblastic
leukemia/high-grade lymphoma in E(mu)-miR155 transgenic mice. Proc.
Natl Acad. Sci. USA, 103, 7024–7029.

103.Esquela-Kerscher,A. et al. (2008) The let-7 microRNA reduces tumor
growth in mouse models of lung cancer. Cell Cycle, 7, 759–764.

104.Calin,G.A. et al. (2004) MicroRNA profiling reveals distinct signatures in
B cell chronic lymphocytic leukemias. Proc. Natl Acad. Sci. USA, 101,
11755–11760.

105. Iorio,M.V. et al. (2005) MicroRNA gene expression deregulation in
human breast cancer. Cancer Res., 65, 7065–7070.

106.Lu,J. et al. (2005) MicroRNA expression profiles classify human cancers.
Nature, 435, 834–838.

107.Volinia,S. et al. (2006) A microRNA expression signature of human solid
tumors defines cancer gene targets. Proc. Natl Acad. Sci. USA, 103, 2257–
2261.

108.Takamizawa,J. et al. (2004) Reduced expression of the let-7 microRNAs
in human lung cancers in association with shortened postoperative
survival. Cancer Res., 64, 3753–3756.

109.Calin,G.A. et al. (2005) A microRNA signature associated with prognosis
and progression in chronic lymphocytic leukemia. N. Engl. J. Med., 353,
1793–1801.

110.Yanaihara,N. et al. (2006) Unique microRNA molecular profiles in lung
cancer diagnosis and prognosis. Cancer Cell, 9, 189–198.

111.He,L. et al. (2005) A microRNA polycistron as a potential human onco-
gene. Nature, 435, 828–833.

112. Johnson,S.M. et al. (2005) RAS is regulated by the let-7 microRNA
family. Cell, 120, 635–647.

113.Chan,J.A. et al. (2005) MicroRNA-21 is an antiapoptotic factor in human
glioblastoma cells. Cancer Res., 65, 6029–6033.

114.Dews,M. et al. (2006) Augmentation of tumor angiogenesis by a Myc-
activated microRNA cluster. Nat. Genet., 38, 1060–1065.

115.Loffler,D. et al. (2007) Interleukin-6 dependent survival of multiple my-
eloma cells involves the Stat3-mediated induction of microRNA-21
through a highly conserved enhancer. Blood, 110, 1330–1333.

116.Seike,M. et al. (2009) MiR-21 is an EGFR-related anti-apoptotic factor in
lung cancer from never-smokers. Proc. Natl Acad. Sci. USA, 106, 12085–
12090.

117.Krichevsky,A.M. et al. (2009) miR-21: a small multi-faceted RNA. J. Cell.
Mol. Med., 13, 39–53.

118.Frankel,L.B. et al. (2008) Programmed cell death 4 (PDCD4) is an im-
portant functional target of the microRNA miR-21 in breast cancer cells.
J. Biol. Chem., 283, 1026–1033.

119.Zhu,S. et al. (2007) MicroRNA-21 targets the tumor suppressor gene
tropomyosin 1 (TPM1). J. Biol. Chem., 282, 14328–14336.

120.Meng,F. et al. (2007) MicroRNA-21 regulates expression of the PTEN
tumor suppressor gene in human hepatocellular cancer. Gastroenterology,
133, 647–658.

121.Liu,M. et al. (2009) Regulation of the cell cycle gene, BTG2, by miR-21
in human laryngeal carcinoma. Cell Res., 19, 828–837.

122.Si,M.L. et al. (2007) miR-21-mediated tumor growth. Oncogene, 26,
2799–2803.

123.Schetter,A.J. et al. (2009) Association of inflammation-related and micro-
RNA gene expression with cancer-specific mortality of colon adenocar-
cinoma. Clin. Cancer Res., 15, 5878–5887.

124.Faraoni,I. et al. (2009) miR-155 gene: a typical multifunctional micro-
RNA. Biochim. Biophys. Acta, 1792, 497–505.

125.Motsch,N. et al. (2007) Epstein-Barr virus-encoded latent membrane
protein 1 (LMP1) induces the expression of the cellular microRNA
miR-146a. RNA Biol., 4, 131–137.

126.O’Connell,R.M. et al. (2007) MicroRNA-155 is induced during the mac-
rophage inflammatory response. Proc. Natl Acad. Sci. USA, 104, 1604–
1609.

127.Tili,E. et al. (2007) Modulation of miR-155 and miR-125b levels follow-
ing lipopolysaccharide/TNF-alpha stimulation and their possible roles in
regulating the response to endotoxin shock. J. Immunol., 179, 5082–5089.

128.Wang,X. et al. (2009) Inducible nitric oxide synthase expression is
regulated by MAP kinase phosphatase-1. J. Biol. Chem, 284, 27123–
27134.

129.Gironella,M. et al. (2007) Tumor protein 53-induced nuclear protein 1
expression is repressed by miR-155, and its restoration inhibits pancreatic
tumor development. Proc. Natl Acad. Sci. USA, 104, 16170–16175.

130.Seruga,B. et al. (2008) Cytokines and their relationship to the symptoms
and outcome of cancer. Nat. Rev. Cancer, 8, 887–899.

131.Dong,L.M. et al. (2008) Genetic susceptibility to cancer: the role of poly-
morphisms in candidate genes. JAMA, 299, 2423–2436.

132.Zabaleta,J. et al. (2009) Cytokine genetic polymorphisms and prostate
cancer aggressiveness. Carcinogenesis, 30, 1358–1362.

133.Van Dyke,A.L. et al. (2009) Cytokine and cytokine receptor single-
nucleotide polymorphisms predict risk for non-small cell lung cancer
among women. Cancer Epidemiol. Biomarkers Prev., 18, 1829–1840.

134.Cacev,T. et al. (2008) Influence of interleukin-8 and interleukin-10 on
sporadic colon cancer development and progression. Carcinogenesis,
29, 1572–1580.

135.Gerger,A. et al. (2009) Association of interleukin-10 gene variation with
breast cancer prognosis. Breast Cancer Res. Treat. DOI: 10.1007/s10549-
009-0417-y.

136.Domingo-Domenech,E. et al. (2007) Impact of interleukin-10 polymor-
phisms (-1082 and -3575) on the survival of patients with lymphoid neo-
plasms. Haematologica, 92, 1475–1481.

137.Vuoristo,M.S. (2007) The polymorphisms of interleukin-10 gene influ-
ence the prognosis of patients with advanced melanoma. Cancer Genet.
Cytogenet., 176, 54–57.

138.Lee,J.J. et al. (2007) Interleukin-10 gene polymorphism influences the
prognosis of T-cell non-Hodgkin lymphomas. Br. J. Haematol., 137,
329–336.

139.Lech-Maranda,E. et al. (2007) Genetic polymorphisms in the proximal
IL-10 promoter and susceptibility to non-Hodgkin lymphoma. Leuk.
Lymphoma, 48, 2235–2238.

140.Tian,T. et al. (2009) A functional genetic variant in microRNA-196a2 is
associated with increased susceptibility of lung cancer in Chinese. Cancer
Epidemiol. Biomarkers Prev., 18, 1183–1187.

141.Hu,Z. et al. (2008) Genetic variants of miRNA sequences and non-small
cell lung cancer survival. J. Clin. Invest., 118, 2600–2608.

142. Jazdzewski,K. et al. (2008) Common SNP in pre-miR-146a decreases
mature miR expression and predisposes to papillary thyroid carcinoma.
Proc. Natl Acad. Sci. USA, 105, 7269–7274.

143.Shen,J. et al. (2008) A functional polymorphism in the miR-146a gene
and age of familial breast/ovarian cancer diagnosis. Carcinogenesis, 29,
1963–1966.

144.Xu,T. et al. (2008) A functional polymorphism in the miR-146a gene is
associated with the risk for hepatocellular carcinoma. Carcinogenesis, 29,
2126–2131.

145.Chin,L.J. et al. (2008) A SNP in a let-7 microRNA complementary site in
the KRAS 3’ untranslated region increases non-small cell lung cancer risk.
Cancer Res., 68, 8535–8540.

146.Christensen,B.C. et al. (2009) A let-7 microRNA-binding site polymor-
phism in the KRAS 3’ UTR is associated with reduced survival in oral
cancers. Carcinogenesis, 30, 1003–1007.

A.J.Schetter et al.

48

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/31/1/37/2392472 by guest on 16 August 2022



147.Brendle,A. et al. (2008) Polymorphisms in predicted microRNA-binding
sites in integrin genes and breast cancer: ITGB4 as prognostic marker.
Carcinogenesis, 29, 1394–1399.

148.Tchatchou,S. et al. (2009) A variant affecting a putative miRNA target site
in estrogen receptor (ESR) 1 is associated with breast cancer risk in pre-
menopausal women. Carcinogenesis, 30, 59–64.

149.Landi,D. et al. (2008) Polymorphisms within micro-RNA-binding sites
and risk of sporadic colorectal cancer. Carcinogenesis, 29, 579–584.

150.Rutkowski,P. et al. (2003) Cytokine and cytokine receptor serum levels in
adult bone sarcoma patients: correlations with local tumor extent and
prognosis. J. Surg. Oncol., 84, 151–159.

151.Salgado,R. et al. (2003) Circulating interleukin-6 predicts survival in
patients with metastatic breast cancer. Int. J. Cancer, 103, 642–646.

152.Ebrahimi,B. et al. (2004) Cytokines in pancreatic carcinoma: correlation
with phenotypic characteristics and prognosis. Cancer, 101, 2727–2736.

153.Liao,W.C. et al. (2008) Serum interleukin-6 level but not genotype pre-
dicts survival after resection in stages II and III gastric carcinoma. Clin.
Cancer Res., 14, 428–434.

154.Enewold,L. et al. (2009) Serum concentrations of cytokines and lung
cancer survival in African Americans and Caucasians. Cancer Epidemiol.
Biomarkers Prev., 18, 215–222.

155.Mitchell,P.S. et al. (2008) Circulating microRNAs as stable blood-based
markers for cancer detection. Proc. Natl Acad. Sci. USA, 105, 10513–
10518.

156.Resnick,K.E. et al. (2009) The detection of differentially expressed micro-
RNAs from the serum of ovarian cancer patients using a novel real-time
PCR platform. Gynecol. Oncol., 112, 55–59.

157.Chen,X. et al. (2008) Characterization of microRNAs in serum: a novel
class of biomarkers for diagnosis of cancer and other diseases. Cell Res.,
18, 997–1006.

158.Rabinowits,G. et al. (2009) Exosomal microRNA: a diagnostic marker for
lung cancer. Clin. Lung Cancer, 10, 42–46.

159.Zhu,W. et al. (2009) Circulating microRNAs in breast cancer and healthy
subjects. BMC Res. Notes, 2, 89.

160.Ng,E.K. et al. (2009) Differential expression of microRNAs in plasma of
colorectal cancer patients: a potential marker for colorectal cancer screen-
ing. Gut, 58, 1375–1381.

161.Galon,J. et al. (2006) Type, density, and location of immune cells within
human colorectal tumors predict clinical outcome. Science, 313, 1960–
1964.

162. Imada,A. et al. (2000) Mast cells correlate with angiogenesis and poor
outcome in stage I lung adenocarcinoma. Eur. Respir. J., 15, 1087–1093.

163.Leek,R.D. et al. (1996) Association of macrophage infiltration with an-
giogenesis and prognosis in invasive breast carcinoma. Cancer Res., 56,
4625–4629.

164.Hanada,T. et al. (2000) Prognostic value of tumor-associated macrophage
count in human bladder cancer. Int. J. Urol., 7, 263–269.

165.Pages,F. et al. (1999) Modulation of interleukin-18 expression in human
colon carcinoma: consequences for tumor immune surveillance. Int.
J. Cancer, 84, 326–330.

166.Berghella,A.M. et al. (2006) Are immunological mechanisms involved in
colon cancer and are they possible markers for biotherapy improvement?
Cancer Biother. Radiopharm., 21, 468–487.

167.Budhu,A. et al. (2006) Prediction of venous metastases, recurrence,
and prognosis in hepatocellular carcinoma based on a unique immune
response signature of the liver microenvironment. Cancer Cell, 10,
99–111.

168.Seike,M. et al. (2007) Use of a cytokine gene expression signature in lung
adenocarcinoma and the surrounding tissue as a prognostic classifier.
J. Natl Cancer Inst., 99, 1257–1269.

169.Schetter,A.J. et al. (2008) MicroRNA expression profiles associated with
prognosis and therapeutic outcome in colon adenocarcinoma. JAMA, 299,
425–436.

170.Markou,A. et al. (2008) Prognostic value of mature microRNA-21 and
microRNA-205 overexpression in non-small cell lung cancer by quanti-
tative real-time RT-PCR. Clin. Chem., 54, 1696–1704.

171.Dillhoff,M. et al. (2008) MicroRNA-21 is overexpressed in pancreatic
cancer and a potential predictor of survival. J. Gastrointest. Surg., 12,
2171–2176.

172.Yan,L.X. et al. (2008) MicroRNA miR-21 overexpression in human breast
cancer is associated with advanced clinical stage, lymph node metastasis
and patient poor prognosis. RNA, 14, 2348–2360.

173.Li,J. et al. (2009) MiR-21 indicates poor prognosis in tongue squamous
cell carcinomas as an apoptosis inhibitor. Clin. Cancer Res., 15, 3998–
4008.

174.Budhu,A. et al. (2008) Identification of metastasis-related microRNAs in
hepatocellular carcinoma. Hepatology, 47, 897–907.

175.Mathe,E.A. et al. (2009) MiRNA expression in squamous cell carcinoma
and adenocarcinoma of the esophagus and associations with survival.
Clin. Cancer Res., 15, 6192–6200.

176.Guo,Y. et al. (2008) Distinctive microRNA profiles relating to patient
survival in esophageal squamous cell carcinoma. Cancer Res., 68, 26–33.

177.Nam,E.J. et al. (2008) MicroRNA expression profiles in serous ovarian
carcinoma. Clin. Cancer Res., 14, 2690–2695.

178.Finn,O.J. (2008) Cancer immunology. N. Engl. J. Med., 358, 2704–2715.
179.Margolin,K. (2008) Cytokine therapy in cancer. Expert Opin. Biol. Ther.,

8, 1495–1505.
180.Chan,A.T. et al. (2009) Aspirin use and survival after diagnosis of co-

lorectal cancer. JAMA, 302, 649–658.
181.Krutzfeldt,J. et al. (2005) Silencing of microRNAs in vivo with ‘antago-

mirs’. Nature, 438, 685–689.
182.Elmen,J. et al. (2008) LNA-mediated microRNA silencing in non-human

primates. Nature, 452, 896–899.
183.Kota,J. et al. (2009) Therapeutic microRNA delivery suppresses tumori-

genesis in a murine liver cancer model. Cell, 137, 1005–1017.
184. Ji,J. et al. (2009) MicroRNA expression, survival, and response to inter-

feron in liver cancer. N. Engl. J. Med., 361, 1437–1447.

Received September 22, 2009; revised October 29, 2009;
accepted October 29, 2009

Inflammation and cancer

49

D
ow

nloaded from
 https://academ

ic.oup.com
/carcin/article/31/1/37/2392472 by guest on 16 August 2022


