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Abstract The link between inflammation and cancer is

well established. Chronic inflammation promotes cancer

initiation and progression. Various studies showed that the

underlyingmechanisms involve epigenetic alterations. These

epigenetic alterations might culminate into an epigenetic

switch that transforms premalignant cells into tumor cells or

non-invasive into invasive tumor cells, thereby promoting

metastasis. Epigenetic switches require an initiating event,

which can be inflammation, whereas the resulting phenotype

is inherited without the initiating signal. Epigenetic switches

are induced and maintained by DNA methylation, histone

modifications, polycombgroup (PcG)/trithoraxgroup (TrxG)

proteins, and feedback loops consisting of transcription fac-

tors and microRNAs. Since epigenetic switches are

reversible, they might represent an important basis for the

design of novel anticancer therapeutics. This review sum-

marizes published evidence of epigenetic switches in cancer

development that are induced by inflammation.
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Introduction

The link between inflammation and cancer, first perceived

in the 19th century by Rudolf Virchow, who observed that

tumors are frequently infiltrated with immune cells, is now

accepted to play an important role in the initiation and

progression of tumors [1–3]. During the last decades,

population-based studies have shown that individuals who

suffer from chronic inflammatory disorders (caused by

chronic infection, dietary factors, obesity, inhaled pollu-

tants, tobacco use, or autoimmunity), have an increased

risk for cancer [4]. Among these cancer susceptibility

factors, infections represent a major driver of inflamma-

tion-induced tumorigenesis and *20 % of cancer deaths

are associated with chronic infection and inflammation [5].

Examples include Helicobacter pylori-induced gastric

cancer, human papilloma, hepatitis B or C virus-induced

cervical and hepatocellular carcinomas (HCC), and Schis-

tosoma or Bacteroides infections that are associated with

bladder and colon cancer, respectively [6, 7]. Chronic

inflammation is an aberrantly prolonged form of a benefi-

cial response to tissue injury and pathogenic agents.

However, during cancer development, inflammation can be

deregulated to promote malignant cell transformation [8].

In other words, inflammation can increase the risk of

cancer or promote tumor progression by providing effector

molecules produced by infiltrating immune cells in the

tumor microenvironment (TME). The TME consists of

various, characteristic cellular and physical components.

The TME includes cells of the innate immune system, such

as macrophages, neutrophils, mast cells, myeloid-derived
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suppressor cells, dendritic cells, and natural killer cells, as

well as adaptive immune cells, such as T and B lympho-

cytes. Other stromal cells of the TME include fibroblasts,

myofibroblasts, adipocytes, neuroendocrine cells, and

endothelial cells [9, 10]. In addition, distinct physical

features, such as hypoxia and an altered extracellular

matrix critically contribute to the TME. Tumor cells

interact with the TME via direct cell contact or via secreted

cytokines, growth factors, and chemokines that promote

proliferation, cell survival and inhibit apoptosis, as well as

pro-angiogenic factors and extracellular matrix-modifying

enzymes, such as matrix metalloproteinases (MMPs) that

promote epithelial–mesenchymal transition (EMT), inva-

sion, and metastasis [11].

Inflammation can exert its pro-tumorigenic properties via

induction of epigenetic alterations in tumor cells. Epige-

netics defines heritable alterations in gene expression that

are not caused by changes in the DNA sequence [12]. For

example, DNA methylation, histone modifications, alter-

ations in PcG/TrxG protein expression, and regulatory loops

consisting of transcription factors, microRNAs (miRNAs),

and long non-coding RNAs can be heritable and are there-

fore considered epigenetic. However, each of these

modifications/factors is not always self-perpetuating or does

not change gene expression alone. Therefore, in most cases,

the epigenetic inheritance cannot be explained by a single

alteration, but by the interplay of different epigenetic

mechanisms. Epigenetic switches may be considered as

conversions of cellular phenotypes and gene expression

patterns from one stable epigenetic state to another without

changes in DNA sequence. They require an initiating event

(i.e., inflammation), but the resulting cellular state is inher-

ited in the absence of the initiating signal [13]. The new

phenotype is often stabilized by feedback loops involving

transcription factors and miRNAs, and/or by other epige-

netic alterations. Epigenetic switches have been initially

described in bacteriophage k [14], where the switch between

lytic and lysogenic state of the virus is regulated by just two

DNA-binding proteins. Each state is extremely stable and

inherited over many generations, but in response to envi-

ronmental signals, such as UV light, the switch is induced,

which results in a stable change of the state. Later, epige-

netic switches were identified in other prokaryotic and

eukaryotic organisms, where they are usually more complex,

involving various epigenetic modifications and factors, such

as DNA methylation, histone modifications, and non-coding

RNAs [15–17]. Recent literature suggests that epigenetic

switches also play an important role in tumorigenesis, since

they can participate in tumor initiation [18, 19] or cancer

progression [20, 21]. In this review, we describe the current

knowledge about the link between inflammation and epi-

genetic switches in carcinogenesis.

Inflammation-induced epigenetic reprogramming
in cancer

Cancer initiation and progression is often associated with

global reorganization of epigenetic modifications, such as

DNA methylation or histone modifications [22]. DNA

methylation takes place at cytosines that are located within

a CpG dinucleotide and is associated with silencing of gene

expression (reviewed in [23, 24]). DNA methylation

silences transcription by recruitment of methyl-CpG-bind-

ing domain proteins, which are capable of recruiting

histone-modifying enzymes to facilitate repressive histone

modifications [25–27], or to lesser extent by blocking the

access of transcription factors that would otherwise acti-

vate expression [28, 29]. In mammals, DNA methylation is

regulated by three DNA methyltransferases (DNMT1,

DNMT3a, and DNMT3b) [23]. Inflammation plays an

important role in the modulation of DNA methylation

patterns during cancer initiation and progression (Table 1).

For example, during Helicobacter pylori-induced gastric

carcinogenesis, the pro-inflammatory cytokine interleukin-

1 beta (IL-1b) enhances DNMT activity via nitric oxide

production, which results in CpG methylation-mediated

gene silencing [30], which also leads to down-regulation of

the CDH1 gene encoding E-cadherin [31, 32]. Further-

more, transforming growth factor beta (TGF-b) either

induces expression and activity of DNMT1, DNMT3A, and

DNMT3B resulting in global changes in DNA methylation

during EMT in ovarian cancer [33]. Alternatively, TGF-b
treatment inhibits the expression of DNMTs in HCC cells

and cardiac fibroblasts, resulting in reduced DNA methy-

lation and increased expression of important cancer-related

genes, such as CD133 [34, 35]. Finally, exposure to the

pro-inflammatory cytokine interleukin 6 (IL-6) transcrip-

tionally induces and also stabilizes the DNMT1 protein

resulting in enhanced methylation, including that of tumor

suppressor genes, such as MASPIN [36–38]. Furthermore,

acetylation of the IL-6 effector signal transducer and

activator of transcription 3 (STAT3) at Lys685 promotes

the interaction of STAT3 with DNMT1, resulting in

enhanced methylation of tumor suppressor genes [39].

Thus, the pro-tumorigenic functions of cytokine signaling

are partially mediated by epigenetic mechanisms. This

could be used for therapeutic interventions as has been

shown in triple-negative BC where a reduction of acety-

lated STAT3 with the acetylation inhibitor resveratrol led

to demethylation and activation of estrogen receptor a,
resulting in sensitization to anti-estrogen therapy [39]. In

a mouse model of colitis-associated cancer (CAC), which

is based on dextran sulfate sodium (DSS)-induced

inflammation, aberrant DNA methylation of FOSB,

HOXA5, and KRT7 genes occurred in colon epithelial
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cells before the development of colon tumors [40].

Exposure of cultured colonic epithelial cells to DSS did

not induce DNA methylation suggesting that factors

secreted from inflammatory cells were responsible for

enhanced methylation. The induction of methylation was

also observed in immunodeficient mice that lacked T and

B cells, suggesting the infiltrating macrophages might be

responsible for the changes in methylation. Finally, IL-1b
and tumor necrosis factor alpha (TNF-a) treatment of

chondrocytes resulted in global decrease of 5-hydroxy

cytosine methylation, showing that inflammation also

modulates 5-hydroxymethylation [41], which is another

type of DNA methylation recently described to represent

an important factor in cancer initiation and progression

[42].

Other important epigenetic regulators of gene expres-

sion are histone modifications. Histones are proteins that

associate with DNA and condense it into compact struc-

tural units called nucleosomes, which are the building

blocks of chromatin. To initiate gene expression, the

chromatin has to ‘‘open’’ by a process called chromatin

remodeling to allow the binding of transcription factors

and RNA polymerase II. Chromatin remodeling is regu-

lated by histone modifications, which includes

acetylation, methylation, phosphorylation, and ubiquiti-

nation [43]. Histone modifications that are associated with

active transcription, also called euchromatin modifica-

tions, include histone H3 and H4 acetylation as well as

H3K4 and H3K79 trimethylation (H3K4me3,

H3K79me3). On the contrary, modifications associated

with inactive genes, termed heterochromatin modifica-

tions, include the trimethylation of H3K9 and H3K27

(H3K9me3, H3K27me3) [43]. Factors that establish and

maintain histone modifications include the PcG and TrxG

proteins, which maintain chromatin in the ‘‘off’’ or ‘‘on’’

state, respectively, and thereby mediate repression or

activation of gene expression [44, 45]. The PcG and TrxG

proteins act antagonistically through DNA elements

Table 1 Inflammation-induced events that are part of epigenetic switches during cancer development

Inflammatory stimuli Epigenetic alteration Effected genes Cancer type References

DSS Induction of methylation FOSB, HOXA5, KRT7 CAC [40]

Helicobacter pylori Induction of methylation NTRK2, GPR37, NOL4, RNF152,

NPTX2

Gastric cancer [161]

IFNc Methylation (induction of DNMT3b) NF-jB signaling Intestinal cells [162]

IFNc Induction of miR-21 PTEN Prostate cancer [163]

IKKa Histone H3S10 phosphorylation NF-jB signaling [50, 51]

IL-1b Methylation CDH1 Gastric cancer [32]

IL-1 Methylation MMP3 CRC [131]

IL-6 Methylation (induction of DNMT1) MASPIN, p53, p21 CRC, lung cancer [36, 38]

IL-6 Induction of mir-21 PTEN BC, multiple

myeloma

[55, 164]

IL-6 Induction of mir-181b-1 CYLD BC [55]

IL-6 Induction of miR-146b NF-jB signaling BC [83]

IL-6 Suppression of miR-200c ZEB1, ZEB2 BC [19]

IL-6 Suppression of miR-34a IL6R CRC [143]

IL-6 Suppression of miR-7 IL1b, TNFa Gastric cancer [165]

IL-6 Suppression of miR-27b CYP1B1 CRC [166]

IL-6 Suppression of miR-142-3p HMGA2 Glioblastoma [21]

Inflammatory bowel

disease

Induction of miR-31 CRC [167]

STAT3 Methylation (induction of DNMT1) ESR1 BC [39]

STAT3 Induction of miR-24 HNF4A Liver cancer [94]

STAT3 Induction of miR-629 HNF4A Liver cancer [94]

TGF-b Decrease of histone H3K27me3 marks ZEB1 BC [20]

TGF-b Methylation (induction of DNMTs) CDH1 Ovarian cancer [33]

TGF-b Suppression of methylation (inhibition of

DNMTs)

CD133 HCC [34]

TGF-b Suppression of miR-34a CCL22 HCC [168]

DSS dextran sulfate sodium, CAC colitis-associated colorectal cancer, BC breast cancer, HCC hepatocellular carcinoma, CRC colorectal cancer
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called PcG/TrxG response elements (PRE/TREs). These

are regulatory DNA elements that can preserve the

memory of activated or silenced states of their associated

genes during several cell generations [45]. PcG and TrxG

proteins affect gene expression by integrative regulation

of histone modifications, nucleosome composition, and

DNA methylation resulting in chromatin structure

remodeling [46–48]. For example, the PcG protein

Enhancer of zeste homolog 2 (EZH2) is a methyltrans-

ferase that converts H3K27 to H3K27me3, which is a

hallmark of repressed genes [49]. In contrast, TrxG pro-

teins establish H3K4me3 or H3K79me3 marks, which are

characteristic for actively transcribed genes [45]. The

modulation of histone modifications has also been asso-

ciated with inflammation (Table 1). For example, nuclear

factor-jB (NF-jB) signaling, which is often induced by

inflammation, is mediated by activation of IKKa and

IKKb. IKKb activates NF-jB by degradation of IjB;
however, IKKa lacks this function. Yet, it has been shown

that after stimulation with cytokines, IKKa activates NF-

jB by translocating to the nucleus and binding to NF-jB-
responsive promoters, where it regulates the expression of

NF-kB target genes by inducing phosphorylation of

specific histone residues [50, 51]. Furthermore, during

TGF-b-induced EMT, a genome-wide epigenetic repro-

gramming was observed [52]. This effect was manifested

in a global reduction of the repressive H3K9me2 marks

and an increase of the transcriptional activation marks

H3K4me3 and H3K36me3. On the other hand, a genome-

wide epigenetic reprogramming that facilitates the for-

mation of repressive H3K27me3 modifications is

mediated by the long non-coding RNA HOTAIR, which

serves as a scaffold for coordination of H3K27-modifying

PcG complex [53]. Overexpression of HOTAIR in breast

cancer cells resulted in re-targeting of PcG and estab-

lishment of new H3K27me3 histone marks in hundreds of

genes, including various metastasis suppressors, thereby

increasing invasiveness and metastatic potential. There-

fore, it comes as no surprise that the expression of

HOTAIR is hundreds to nearly two-thousand times ele-

vated in breast cancer metastases when compared to

normal breast epithelium [53]. Recently, it has been

shown that the expression of HOTAIR is induced by IL-6/

STAT3 signaling during malignant transformation of

human bronchial epithelial cells caused by cigarette

smoke extract [54], suggesting that HOTAIR is another

mediator between inflammation and epigenetic repro-

gramming. Altogether, inflammation can induce various

epigenetic alterations that range from modulation of

specific genes to genome-wide epigenetic reprogramming,

which may culminate in epigenetic switches that promote

cancer development.

Inflammation-induced epigenetic switches
in tumor initiation

Epigenetic switches can be activated and maintained by

feedback loops consisting of transcription factors and

miRNAs. This was initially shown by Iliopoulos et al. [18],

who used a cell culture model of breast cancer (BC) ini-

tiation in which oncogenic transformation of immortalized

mammary non-transformed cells was achieved by a tran-

sient induction of the SRC oncogene. They showed that

induction of SRC for only 5 min is sufficient to drive cells

into a transformed state. This short transient signal trig-

gered a switch, which activated a positive feedback loop

consisting of NF-jB, IL-6, lin28, and the let-7 miRNA

(Fig. 1a). Importantly, even after cessation of ectopic SRC

expression, this loop remained active for many generations.

Moreover, the cells remained transformed after deactiva-

tion of SRC, indicating that the NF-jB/IL-6/lin28/let-7
loop maintains the transformed cell phenotype. Accord-

ingly, repression of any of the loop components resulted in

deactivation of the loop and suppression of oncogenic

properties. Subsequent studies have extended these find-

ings by identifying the miRNAs miR-21 and miR-181b-1

as direct targets of STAT3, which is a downstream effector

of IL-6 [55]. These miRNAs, together with their targets

PTEN and CYLD represent active components of the pre-

viously identified NF-jB/IL-6/lin28/let-7 loop since they

regulate NF-jB activity (Fig. 1a). The inflammatory loops

identified by Iliopoulos et al. [18, 55] were applied to a

computational model to account for the dynamics of the

epigenetic switch [56]. The model suggests that random

fluctuations (due to molecular noise or cell-to-cell vari-

ability) are able to trigger cell transformation. However,

activators (oncogenes) or inhibitors (tumor suppressors) of

the feedback loop increase or decrease the robustness of the

non-transformed state of the cell toward random fluctua-

tions by modulating the threshold of inflammatory signals

needed to promote cell transformation.

The components of the loop (IL-6, STAT3, and NF-jB)
are also involved in inflammation, indicating that inflam-

matory signaling is involved in this switch. Importantly,

IL-6 was not only a component of the loop, but treatment

of immortal mammary epithelial cells with ectopic IL-6

was also sufficient to induce oncogenic transformation,

suggesting that the switch can be induced by extrinsic

inflammatory signals, which subsequently induce the pro-

duction of the same inflammatory molecules in the cancer

cells. IL-6 is a pro-inflammatory cytokine that is secreted

by various components of the TME, but also by cancer

cells. IL-6 was found to stimulate the proliferation of

premalignant enterocytes in APCmin mice as well as in

models of CAC and colon cancer [57]. Furthermore, IL-6
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produced by myeloid cells functions as a tumor promoter

during intestinal carcinogenesis by protecting normal and

premalignant intestinal epithelial cells from apoptosis and

promoting the proliferation of tumor initiating cells [58,

59]. IL-6 plays an important role in tumor growth by

activating its downstream effectors, such as NF-jB and

STAT3 [1]. The transcription factors NF-jB and STAT3

promote tumor growth by inhibition of apoptosis [60, 61]

or by promoting cell proliferation via up-regulation of the

cell cycle regulators cyclin D1, cyclin D2 and cyclin B, as

well as the proto-oncogene MYC [8]. Conditional deletion

of STAT3 in intestinal epithelial cells prevented the for-

mation of adenomas by controlling the expression of

cyclins D1, D2 and B, whereas STAT3 hyperactivation in

gp130Y757F mice promoted intestinal tumor growth [59].

Moreover, NF-jB and STAT3 enhance the production of

pro-inflammatory cytokines, such as IL-6, IL-11, and TNF-

a by myeloid cells, which in turn activate proliferation and

survival pathways of epithelial cells via NF-jB and STAT3

activation. Accordingly, blockage of NF-jB activity in

myeloid cells reduced the number and size of tumors in a

mouse model of CAC/colitis-associated cancer [60].

Another important component of the switches described

above are miRNAs, which are short non-protein coding

RNAs (20-25 nucleotides) that inhibit the expression of

proteins by binding to 30-untranslated regions (30-UTR) of
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Fig. 1 Epigenetic switches in cancer initiation. Transient activation

of SRC oncogene (a) or co-culture with monocytes (b) triggers the

constitutive activation of feedback loops, which induce and maintain

transformation of mammary epithelial cells. Modified from Iliopoulos

et al. [18] and Rokavec et al. [19]. c Transient exposure to paracrine

IL-6 induces constitutive autocrine IL-6 production by cancer cells.

d Transient suppression of HNF4A results in permanent activation of

an inflammatory feedback loop that induces oncogenic transformation

of hepatocytes. Modified from Hatziapostolu et al. [94]. Components

indicated in red or green are overexpressed/activated or repressed

when feedback loops are active, respectively. Dotted arrows indicate

transient stimuli, whereas full arrows represent constitutive activa-

tion/repression. See text for details
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their respective mRNAs [62]. They play important roles in

cancer development by functioning as tumor suppressors or

oncogenes [63, 64]. Growing evidence suggests that miR-

NAs modulate stress responses (e.g., inflammation) [65].

On one hand, miRNAs mediate the restoration of gene

networks after the cessation of the triggering stimuli, such

as inflammation, and thus help to confer robustness to

biological processes and minimize noise in gene expression

[66, 67]. On the other hand, miRNAs can contribute to cell

reprogramming by forming feedback loops, such as the

NF-jB/IL-6/lin28/let-7 circuitry described above, which

confers a stable cell state when the loop is on (transformed)

and another state when the loop is off (untransformed). A

transient trigger that modulates miRNA expression can

therefore induce a stable change in cell phenotype and

result in a persistent self-perpetuating response even after

the triggering stimulus is removed and thus contribute to

epigenetic inheritance [65, 67]. Various miRNAs are reg-

ulated by inflammation (Table 1). Moreover, microRNAs

encapsuled in exosomes can be transmitted between tumor

cells and cells of the TME to modulate tumor properties

(reviewed in [68]). Certain miRNAs directly target regu-

lators of epigenetic states, such as DNMT3a, DNMT3b and

DNMT1 (miR-29a, miR-29b, miR-29c) [69], HDACs

(miR-449a) [70], EZH2 (miR-101) [71], and Bmi-1 (miR-

200c) [72], whereas certain miRNA encoding genes are

themselves regulated by methylation [73, 74].

Recently, we described another epigenetic switch that

converts immortalized human mammary epithelial cells to

BC cells [19]. The trigger of the switch was a short co-

culture of epithelial cells with monocytes, which are typi-

cally found at sites of inflammation. The switch was

initiated by monocyte chemotactic protein 1 (MCP-1)

secreted by monocytes, which induced the expression of

IL-6 in epithelial cells and consequent STAT3-mediated

repression of miR-200c. The suppression of miR-200c

resulted in the up-regulation of c-Jun N-terminal kinase 2

(JNK2) and NF-jB, which in turn led to constitutive

overexpression of IL-6 and the establishment of a feedback

loop (Fig. 1b). Interestingly, both, the transient MCP-1-

mediated induction of IL-6 that triggers the switch, and the

constitutive up-regulation of IL-6 in the loop was mediated

by NF-kB, but the transient NF-kB activation was depen-

dent on IKK, whereas the constitutive NF-kB activity was

regulated by the PTPRZ1 phosphatase. Besides the direct

induction of IL-6 by NF-kB and JNK2, the later also

phosphorylated and activated the Heat Shock Factor 1

(HSF1). Binding of HSF1 to IL6 promoter opens its

chromatin structure and facilitates the binding of tran-

scription factors, which enhances the expression of IL6

[75]. In our model, HSF1 triggered demethylation of the

IL6 promoter, facilitating the binding of the NF-kB and

JNK2 effectors p65 and c-Jun, which together drove

constitutive expression of IL6. Perhaps, this change in

methylation reinforced the loop and made it more resistant

to external stimuli. Importantly, the permanent activation

of the loop and the stable transformed state was only

observed in few mammary epithelial cells, whereas the

majority of cells remained untransformed, suggesting that

the epigenetic switch occurred only in small number of

cells. The IL-6/miR-200c circuit was also manifest in a

MMTV-neu mouse model of BC, where deletion of the IL6

gene disabled the loop and impaired mammary tumorige-

nesis. MMTV-neu mice spontaneously develop mammary

carcinomas due to the constitutive expression of the

ERBB2 (HER2/neu) receptor tyrosine kinase. This mouse

model mimics human BC with HER2 amplification, which

accounts for approximately 25 % of all BC cases [76]. The

importance of IL-6 in HER2-associated BC has also been

described by others. HER2 activation induces IL-6

expression and this is a critical determinant of HER2-me-

diated oncogenesis, since IL-6 and its effector STAT3 were

required for HER2-mediated tumor growth in both, cell

line and xenograft-based studies [77]. BC patients with

HER2 amplification can be efficiently treated with small

molecules or antibodies, such as trastuzumab, that block

the HER2 receptor [78]. However, as with every anticancer

treatment, resistance represents a problem. Korkaya et al.

showed that the activation of an IL-6/STAT3/PTEN/NF-

jB inflammatory loop mediates trastuzumab resistance in

HER2 positive BC by expanding the cancer stem cell

(CSC) population [79]. Accordingly, in xenograft mouse

models, inhibition of IL-6 signaling by an IL-6 receptor

(IL-6R) blocking antibody overcame acquired and de novo

trastuzumab resistance by reducing the CSC population.

These results are consistent with observations made by

Iliopoulos et al. [80], who showed that IL-6 is sufficient to

convert non-CSCs to CSCs in an inducible model of breast

carcinogenesis.

The significance of IL-6/STAT3-mediated repression of

miR-200c in BC development demonstrated by Rokavec

et al. [19] was also observed in other cancer entities. For

example, cigarette smoke-induced IL-6 expression leads to

suppression of miR-200c and results in transformation and

EMT of human bronchial epithelial cells [81]. Further-

more, activation of STAT3 by oncostatin M leads to

suppression of miR-200c and let-7 miRNAs, which cul-

minates in the induction of EMT in BC cells [82]. In

addition, IL-6 promotes stemness and aggressiveness of

glioblastoma tumors by suppressing miR-142-3p [21]. The

mechanism of miR-142-3p suppression involves an IL-6

induced hypermethylation of a Sp1-binding site in the miR-

142-3p promoter, which decreases the binding of Sp1 and

expression of miR-142-3p. In parallel, miR-142-3p sup-

presses IL-6 expression by targeting the IL6 30-UTR,
thereby forming an IL-6/miR-142-3p feedback loop.
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Notably, glioblastoma patients with miR-142-3p promoter

methylation showed poor survival, whereas orthotopic

delivery of miR-142-3p suppressed tumor development in

glioblastoma xenotransplanted mice. In contrast, Xiang

et al. described a self-inhibitory IL-6/STAT3-induced

feedback loop that inhibits IL-6/STAT3 driven carcino-

genesis [83]. They showed that STAT3 directly induces the

expression of the tumor suppressing miRNA miR-146b.

Consequently, miR-146b inhibited NF-jB-dependent
expression of IL-6 and subsequent STAT3 activation.

However, methylation of miR-146b, which is common in

human cancers, prevented the STAT3 induction of miR-

146b and therefore STAT3 could exert its oncogenic

activities in cancer cells.

Inflammatory loops can also be activated by oncogenes

or tumor suppressors that are commonly and aberrantly

expressed in tumors. For example, in immortalized mam-

mary epithelial MCF-10a cells, knockdown of p53 and

PTEN synergized in the production of IL-6 and activation

of IL-6/STAT3/NF-jB signaling, which induced EMT and

resulted in metastatic CSCs [84]. The tumorigenicity of

these cells was suppressed by blockade of IL-6 or ectopic

expression of the STAT3 suppressor SOCS3. Furthermore,

in the presence of mutated oncogenic Ras, inflammatory

stimuli including cholecystokinin and lipopolysaccharide

initiated a positive feedback loop involving NF-kB that

further amplified Ras activity to pathological levels [85].

This loop facilitated the expression of inflammatory

mediators, such as COX-2, which prolonged Ras signaling

and resulted in chronic inflammation and generation of

precancerous pancreatic lesions in mice expressing onco-

genic K-Ras.

Several studies showed that transient exposure to para-

crine IL-6 results in the constitutive expression of IL-6 and

establishment of autocrine loops in cancer cells (Fig. 1c).

Since IL-6 is frequently produced by tumor stroma,

including immune cells [86], tumor infiltration with IL-6-

producing immune cells could represent a trigger for con-

stitutive IL-6 expression in cancer cells that facilitates

tumorigenesis. IL-6 autocrine loops consist of the NF-jB
[18, 19, 87], JNK [19], and ERK [87] signaling pathways,

in combination with several miRNAs [18, 19]. Moreover,

they are enforced by activation of receptor tyrosine kinases,

such as HER2 [77] and IGF-IR [88], that further activate

signaling pathways, which may contribute to stabilization

of the constitutive expression of IL-6. Methylation of the

IL6 promoter also plays an important role in the regulation

of IL-6 expression [89]. Since, this methylation is regulated

by transcription factors such as p53 [90] and HSF1 [19],

targeted demethylation of the IL-6 promoter might be

crucial for the establishment of IL-6 autocrine loops. In

BC, the estrogen receptor (ER)-negative cells generally

express higher levels of IL-6 when compared to ER-

positive BC cells [91]. ER-negative BC cells are generally

also more mesenchymal, tumorigenic, and invasive and

these characteristics depend on autocrine IL-6 and IL-8

expression [77]. Interestingly, prolonged, stem cell

enriching mammosphere culture of ER-positive MCF7

cells induced EMT and tumorigenicity by constitutive

repression of ERa and induction of IL-6, further indicating

that the interplay of IL-6 and estrogen signaling plays an

important role in BC aggressiveness [92]. Similar findings

were observed in a mouse model of diethylnitrosamine-

induced HCC. In this model, the authors observed a gen-

der-biased expression of IL-6, which was higher in male

mice. Accordingly, male mice showed increased suscepti-

bility to HCC, while female mice were partially protected

from cancer due to inhibition of IL-6 production by

estrogen steroid hormones [93].

Hatziapostolou et al. [94] identified an epigenetic switch

that regulates hepatocellular oncogenesis. They showed

that non-transformed, immortalized hepatocytes undergo

oncogenic transformation upon a transient inhibition of

hepatocyte nuclear factor 4 alpha (HNF4a). This temporary

trigger started the permanent activation of an inflammatory

feedback loop consisting of HNF4a, miR-124, IL-6R,

STAT3, miR-24, and miR-629 (Fig. 1d). Once this circuit

was activated, it maintained the suppression of HNF4a and

sustained oncogenesis over multiple generations. More-

over, ectopic expression of any positive factor (IL-6R,

STAT3, miR-24, and miR-629) or inhibition of any nega-

tive factor (HNF4a and miR-124) also transformed

immortalized hepatocytes, indicating that the loop can be

induced at any step. Systemic administration of miR-124

and consequent inhibition of the loop prevented and sup-

pressed hepatocellular carcinogenesis in mouse models by

inducing tumor-specific apoptosis without toxic side

effects. Not only did miR-124 delivery reduce the number

and size of induced tumors by 90 % when given throughout

the entire course of tumor formation, but it also led to an

80 % decrease in tumor size when treatment was started

after the tumors were established. These high efficacies of

miRNA-based therapies point to potential therapeutic

applications.

In studies by Iliopoulos et al. [18, 55], Rokavec et al.

[19] and Hatziapostolou et al. [94], the activation of the

inflammatory circuitries was sufficient to induce oncogenic

transformation in immortalized, non-transformed cells.

However, it was not sufficient to convert primary non-

transformed cells, suggesting that preexisting, precancer-

ous genetic or epigenetic alterations are required. During

cancer development, it is likely that cells with precancer-

ous mutations develop frequently. Probably, such cells,

which represent an intermediate stage, are susceptible for

oncogenic transformation induced by epigenetic switches.

This hypothesis also supports the multiple-hit theory in
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which the accumulation of sequential genetic or epigenetic

alterations in key growth regulatory genes results in tumor

development [95, 96] with inflammation being one of the

hits. In the studies by Iliopoulos et al. [18] and Rokavec

et al. [19], IL-6 up-regulation was one of the main factors

driving tumorigenesis. However, beside tumor promotion,

also cancer-suppressing properties have been ascribed to

IL-6. For example, oncogene-induced IL-6 expression in

primary human fibroblasts resulted in senescence [97]. This

induction of senescence was mediated by the up-regulation

of the cyclin-dependent kinase inhibitor p15INK4B. The

immortalized cell lines used by Iliopoulos et al. [18] and

Rokavec et al. [19] harbor a deletion on chromosome 9p21

that includes part of the INK4/ARF locus, which contains

the genes that encode the p15INK4B and p16INK4A proteins

[98]. Therefore, the pro- or anti-tumorigenic effects of IL-6

on a given cell may depend on the status of its INK4/ARF

locus [99].

Inflammation-induced epigenetic switches
in tumor progression

There is extensive evidence that inflammation promotes

cancer metastasis (reviewed in [100]), which is the most

critical aspect of tumor progression since it is responsible

for 90 % of cancer mortality [101]. Inflammation can

promote different steps of the metastatic process. Metas-

tasizing tumors harbor large numbers of inflammatory

cells, especially at their invasive front [102]. These cells

secrete pro-inflammatory factors, such as IL-6, TNFa, and
IL-1b, that induce, activate, and/or stabilize the EMT

transcription factors, Snail, Twist, ZEB1 and ZEB2, which

results in EMT and enhanced tumor invasion [103–106].

Furthermore, TNF-a promotes intravasation of cancer cells

into blood vessels and the lymphatic system by inducing

vascular permeability, cyclooxygenase 2 (COX2)-depen-

dent prostaglandin production, and MMP-mediated tissue

remodeling [8, 107]. Moreover, inflammatory mediators

enhance the survival of metastatic cells in the circulation

and promote the extravasation and colonization of meta-

static cells by up-regulating adhesion molecules [1, 8]. As

shown in an animal model of BC lung metastasis, a distinct

type of monocyte-derived macrophages directly interacts

with the extravasating cancer cells, and loss of these

macrophages dramatically reduces the number of cancer

cells that extravasate from the blood vessels [108]. The

number of tumor-associated macrophages (TAMs) corre-

lates with poor prognosis [109] and therapeutic inhibition

of macrophage infiltration and/or activity showed promis-

ing results in preclinical models and is now being evaluated

in clinical studies [110]. For example, inhibition of mac-

rophage infiltration with an antibody against the receptor

for colony-stimulating factor 1 (CSF-1), which is a major

factor for attracting macrophages, led to a marked reduc-

tion of infiltrated TAMs and a significant clinical benefit

for patients with diffuse-type giant cell tumors [111]. The

recruitment of monocytes is also mediated by the chemo-

kine (C–C motif) ligand 2 (CCL2)—C–C chemokine

receptor type 2 (CCR2) axis and blockade of CCL2 sup-

presses the recruitment of monocytes to the site of

metastases and leads to suppression of extravasation and

survival of tumor cells [112]. The expression of CCL2 is

suppressed by the miR-126/miR-126* pair and hence these

miRNAs suppress the recruitment of monocytes and inhibit

lung metastasis of BC cells [113]. However, in metastatic

BC cells, miR-126 is repressed by DNA methylation,

thereby allowing CCL2-mediated monocyte recruitment

and promotion of lung metastasis. In addition, exposure of

CCR2-positive endothelium to tumor-derived CCL2 leads

to an increase in vascular permeability, which promotes

extravasation and seeding of cancer cells [114]. Endothelial

cells in the TME represent a prime clinical target since they

constitute the tumor vasculature that controls passage of

nutrients into tissues and maintains blood flow as well as the

trafficking of leukocytes [115]. Hypoxia and chronic growth

stimulation lead to the dysfunction of endothelial cells which

results in structural abnormalities of the vasculature, such as

irregular diameters, fragility, and leakiness, thereby

enhancing the intravasation and extravasation of cancer cells

and contributing to metastasis [114, 116]. Furthermore,

activated endothelial cells recruit inflammatory cells via

elevated expression of chemokines [117] and cell adhesion

molecules, such as E-selectin or vascular cell adhesion

molecule 1 (VCAM-1) [118]. Thereby, endothelial cells

contribute to tumorigenic inflammation and neo-angiogen-

esis. Accordingly, experimental activation of the

endothelium by administration of cytokines prior to the

inoculation of tumor cells resulted in enhanced metastasis

[119], while inhibition of endothelial cells attenuated

metastasis in several mouse models [120–122].

Metastatic colonization is also supported by cancer-as-

sociated fibroblasts (CAF). For example, CAFs were

shown to epigenetically repress the expression of miR-

200b in gastric cancer cells by increasing the methylation

of the miR-200b promoter, resulting in EMT and enhanced

migration and invasion [123], Furthermore, in triple-neg-

ative breast tumors, CAFs promote the expansion of

distinct cancer cell clones by secretion of C-X-C motif

chemokine 12 (CXCL12) and insulin-like growth factor 1

[124]. The carcinoma clones selected in this manner are

primed for metastasis in the CXCL12-rich microenviron-

ment of the bone marrow, suggesting that signals produced

by the TME prime cancer cells for metastasis to specific

organs. Complementary, BC cells can convert normal

fibroblasts to CAFs by up-regulation of the ADAMTS1
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metalloproteinase. This process is mediated by suppression

of EZH2 binding to the ADAMTS1 promoter and subse-

quent decrease of H3K27me3 modification [125]. Finally,

MMPs are important molecules that assist tumor cells

during all steps of metastasis while inflammatory cells are

the major source of these proteases (reviewed in [126]).

Expression of MMPs is low in most tissues, but in response

to inflammatory cytokines, such as TNF-a, IL-1 and IL-6,

the expression of MMPs increases drastically [127, 128].

Moreover, expression of MMPs is regulated by epigenetic

mechanisms, such as DNA methylation (reviewed in [129,

130]). The epigenetic regulation of MMPs seem to be

connected to inflammation as shown for MMP-3, where IL-

1 treatment led to decreased methylation of the MMP3

promoter [131].

Growing evidence suggests that during the metastatic

process, cancer cells first switch from epithelial to mes-

enchymal phenotype (EMT) to acquire mesenchymal

characteristics, which allows increased migration and

invasion through basal membranes. At distant sites, the

circulating tumor cells convert to an epithelial phenotype

(MET) to colonize distant organs and form metastases

[132, 133]. Such mechanism requires reversible, cellular

plasticity. Since epigenetic switches are reversible, they

may be extensively involved in the process of metastasis.

Scheel el at. [134] utilized immortalized human mammary

epithelial cells (HMLE) and treated them with TGF-b,
which is a commonly used initiator of EMT. In addition,

the authors destabilized adherens junctions with an anti-E-

cadherin antibody and activated Wnt signaling by inhibi-

tion of the Wnt inhibitor DKK1 and addition of the Wnt

ligand Wnt5a. After 14 days of treatment with this EMT-

inducing cocktail, the cells had acquired a mesenchymal

morphology, which remained stable for more than 10

passages after cessation of the treatment. The transformed

cells showed a decrease in epithelial marker proteins, such

as E-cadherin and an increase in mesenchymal marker

proteins, such as Vimentin, Fibronectin, ZEB1, ZEB2, and

Twist. The mesenchymal phenotype was maintained by

autocrine loops that consisted of the same factors that

initiated the EMT-switch—that is constitutive activation of

TGF-b and Wnt signaling. The transformed cells showed

increased migration and mammosphere-forming efficiency.

When these cells were transformed with a RAS oncogene

and implanted into mammary fat pads of mice they gave

rise to lung metastases. Whether these cells adopted an

epithelial phenotype during metastatic colonization

remains to be analyzed.

Several studies implicated the miRNAs of the miR-200

and miR-34 families as important suppressors of EMT

[135, 136]: miR-200 targets the EMT transcription factors

(EMT-TF) ZEB1 and ZEB2 [137], whereas miR-34 targets

the EMT-TF SNAIL [136] and/or ZNF281 [138].

Conversely, ZEB1 and ZEB2 directly repress mir-200 and

SNAIL suppresses miR-34, thereby these EMT-TF/miRNA

pairs form two double-negative loops that function as

bimodal switches to stabilize either the epithelial or the

mesenchymal state [139]. Both, miR-34 and miR-200

encoding genes are regulated by p53, suggesting that p53 is

a key regulator of cellular plasticity by suppressing EMT

and promoting its counterpart, mesenchymal–epithelial

transition (MET) [64]. Moreover, ZEB1 was also shown to

repress miR-34a expression by binding to the same

E-boxes in the miR-34a promoters as SNAIL, thereby

further inter-connecting the miR-34/SNAIL and miR-200/

ZEB loops [140]. SNAIL and ZEB1 can be activated by

TGF-b, which is frequently secreted by immune cells,

thereby implying the possibility that inflammation might

modulate this circuitry (Fig. 2a). The members of miR-200

and miR-34 families are frequently silenced by DNA

methylation in cancer cells [73, 141]. Moreover, a stepwise

epigenetic repression of miR-200 promoter, first through

the gain of H3K27me3 and then by DNA methylation has

been observed in bronchial epithelial cells in response to

carcinogen exposure [142].

Recently, we demonstrated that inflammation activates a

feedback loop that promotes EMT, invasion, and metasta-

sis. We showed that the pro-inflammatory cytokine IL-6

activates a circuit consisting of IL-6R, STAT3, and miR-

34a (Fig. 2b) [143]: IL-6 suppresses the expression of miR-

34a via IL-6R-mediated activation of STAT3 and the

binding of the later to the first intron of the miR-34a gene.

Furthermore, we identified the IL-6R as a direct target of

miR-34a, suggesting the existence of an IL-6R/STAT3/

miR-34a feedback loop. The loop was confirmed by addi-

tional functional analysis and we showed that its activation

is involved in EMT, invasion, and metastasis of CRC cell
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Fig. 2 Epigenetic switches in EMT. a A double-negative feedback

loop that maintains either epithelial or mesenchymal cellular state.

Modified from Siemens et al. [136]; b IL-6 activated feedback loop

that induces EMT and cancer invasion. Components indicated in

green maintain epithelial state, whereas components in red induce

EMT and maintain mesenchymal state. Modified from Rokavec et al.

[143]. See text for details
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lines. Moreover, the loop was associated with nodal and

distant metastasis in CRC patients. In Mir34a-deficient

mice, colitis-associated intestinal tumors displayed activa-

tion of the loop and in contrast to wild-type animals,

progressed to invasive carcinomas. IL-6-treated CRC cells

displayed elevated expression of mesenchymal markers,

such as SNAIL and ZEB1, indicating that they had

undergone EMT. When these cells were injected into tail

veins of immune-compromised mice, they developed sig-

nificantly more lung metastases then non-treated cells.

Interestingly, lung metastases that formed from IL-6-trea-

ted cells displayed expression levels of mesenchymal

markers similar to parental cells before IL-6 treatment,

suggesting that these cells underwent MET during the

process of metastatic colonization. Furthermore, we

showed that miR-34a also targets and represses the soluble

IL-6R (s-IL6R) [144]. The s-IL-6R is involved in IL-6

trans-signaling, which induces IL-6/STAT3 signaling also

in cells that do not express IL-6R. Instead, s-IL-6R binds

together with IL-6 directly to gp130 to induce STAT3

signaling [145]. The importance of the soluble IL-6R has

been demonstrated by Becker et al. who showed that

blockade of IL-6 receptor (IL-6R) signaling with IL-6R-

neutralizing antibody or sgp130Fc, a recombinant protein

that blocks IL-6 trans-signaling, reduces tumor growth in a

mouse model of colon cancer [146]. Therefore, therapeutic

approaches using miR-34a mimetics may inhibit the gen-

eration of IL-6R and s-IL-6R, and consequently suppress

IL-6 signaling. Such strategies might supplement the IL-6

or IL-6R blocking antibody-based therapeutic approaches

that are currently in development for rheumatoid arthritis,

cachexia, and cancer [147, 148].

The repression of E-cadherin (encoded by the CDH1

gene) represents a hallmark of EMT and is mediated by

EMT-TFs, such as SNAIL, that recruit a number of his-

tone-modifying enzymes: e.g., the methyltransferases G9a

and SUV39H1, which generate the repressive H3K9me2

and H3K9me3 marks on the CDH1 promoter that mediate

CDH1 silencing [149, 150]. Furthermore, SNAIL recruits

the EZH2 and Suz12 methyltransferases, which induces

H3K27 trimethylation that further silences CDH1 expres-

sion [151] (Fig. 3a). During the previously described SRC-

induced transformation of mammary epithelial cells and

activation of the NF-jB/IL-6/lin28/let-7 loop also the CSC

compartment increased [152]. During this process, the

miRNA miR-200b was suppressed. The PcG protein Suz12

was identified as a miR-200b target. In CSCs, loss of miR-

200b resulted in elevated expression of Suz12, which

consequently induced H3K27 trimethylation and repression

of CDH1 transcription (Fig. 3a). This stable epigenetic

repression of CDH1 was important for maintaining a CSC

state [152]. Furthermore, the authors identified additional
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Fig. 3 Reorganization of histone modifications at selected promoters

during epigenetic switches that occur during non-CSC/CSC and

EMT/MET conversions. a The EMT transcription factor SNAIL binds

to E-boxes in the CDH1 (E-cadherin) promoter and recruits methyl-

transferases Suz12, G9a, and SUV39H1, which induce the

methylation of repressive marks H3K27 and H3K9, resulting in

CDH1 silencing, Furthermore, suppression of miR-200b results in the

up-regulation of the miR-200b target Suz12. Enhanced levels of

Suz12 lead to silencing of CDH1 and subsequent EMT as well as the

formation of CSCs. On the contrary, up-regulation of miR-200b

suppresses Suz12 expression and induces the conversion of CSCs to

non-CSCs. b The bivalent state of the ZEB1 gene enables the

switching between low and high ZEB1 expression. Regulatory regions

in the ZEB1 gene contain active H3K4me3 and repressive H3K27me3

marks, which maintain low ZEB1 expression. Upon environmental

stimuli, such as TGF-b, the repressive H3K27me3 marks are

demethylated and expression of ZEB1 is induced, which leads to

EMT and an increase of CSC compartments

32 M. Rokavec et al.

123



miRNAs, including miR-15/16, miR-103/107, and miR-

145 that are repressed in CSCs and inhibit their growth.

These miRNAs share common target genes that encode the

Bmi-1 and Suz12 components of PcG complexes, as well

as transcription factors Zeb1, Zeb2, and Klf4. Combined,

ectopic expression of these miRNAs progressively attenu-

ated the growth of CSCs, suggesting that CSC formation is

reinforced by an integrated regulatory circuit of miRNAs,

transcription factors, and chromatin-modifying activities

that can act as bistable switches to drive cells into either the

stem- or the non-stem cell state. This is not the first time

that a transient signal was found to induce stem cell for-

mation. It has been shown that transient expression of

transcription factors OCT4, SOX2, c-MYC, and KLF4 in

fibroblasts results in the generation of induced pluripotent

stem cells (iPSCs) [153]. The authors generated iPSCs

from human fibroblasts by infection with lentiviral vectors

carrying reprogramming factors that can be later excised by

Cre-recombinase. After the establishment of the iPSC

phenotype, they excised the reprogramming factors and

showed that these factor-free iPSCs maintained all char-

acteristics of the pluripotent state. Remarkably, genome-

wide expression analyses showed that the factor-free iPSCs

more closely resembled human embryonic stem cells than

the parental virus-carrying iPSCs. Interestingly, transient

treatment with IL-6, which activated the serine/threonine

kinase PIM1, replaced c-MYC in iPSC reprogramming

[154]. Hence, only transduction of OCT4, SOX2, and

KLF4 was required for iPSC reprogramming, further

indicating that the reprogramming factors function as

triggers that induce a switch, which maintains the

pluripotent state.

Certain genes can be in a bivalent epigenetic state,

wherein the chromatin in the regulatory regions contains

repressive (i.e., H3K27me3) and active (i.e., H3K4me3)

marks simultaneously. Such bivalent domains keep gene

expression repressed, but poised for induction [155]. Shi

et al. [156] showed that in medulloblastoma cells, certain

Sonic hedgehog (Shh) target genes exist in a poised state,

containing H3K27me3 and H3K4me3 histone marks.

Activation of Shh signaling induced a local epigenetic

switch mediated by the Jmjd3 demethylase that removed

the H3K27me3 mark at Shh target genes. The switch led to

resolution of bivalent domains and activation of Shh target

genes, which plays an important role in neuronal devel-

opment and in medulloblastoma formation. Chafer et al.

[20] showed that the ZEB1 gene adopts a bivalent state in

BC cells. This bivalent state enables the switching of non-

CSCs to CSC. Exposure to certain TME-derived stimuli,

such as TGF-b, reduced the presence of repressive

H3K27me3 mark at the ZEB1 promoter and enhanced the

active H3K4me3 mark (Fig. 3b). This switch resulted in

elevated expression of ZEB1 and consequent conversion

from non-CSCs to CSCs. Moreover, the cells also under-

went EMT. Interestingly, the bivalent state was only

observed in basal-, but not in luminal-type BC cells.

Consequently, luminal-type cells were unable to switch

from non-CSCs to CSCs. Therefore, the ability of non-

CSCs to generate CSCs upon signals from the TME may

contribute to the aggressive clinical outcome of basal-type

BC [157]. This study advances the widely accepted concept

that CSCs arise from parental CSCs by symmetric division

[158]: Chafer et al. [20] showed that CSCs can also arise

from non-CSCs by de-differentiation upon a TME-induced

epigenetic switch. Therefore, it is possible that certain non-

CSCs located in an inflammatory microenvironment that is

rich in EMT-inducing signals (i.e., TGF-b) switch to a CSC
state. These findings support a dynamic model of tumor

cell plasticity in which inter-conversion between non-CSCs

and CSCs occurs frequently, thereby increasing tumori-

genic and malignant potential of the tumor. It has been

suggested that metastases are formed by CSCs that leave

the primary tumor. However, if the CSC/non-CSC plas-

ticity described above occurs in vivo, then also the non-

CSCs that have left the primary tumor may be able to form

metastases by adopting CSC features. In this case, not only

anticancer therapies targeting CSCs should be considered,

but also treatment that prevents the non-CSC to CSC

conversion. CSCs reside in stem cell niches, which are

distinct regions within the TME [159]. The niches consist

of non-cancer cells, such as cancer-associated fibroblasts,

mesenchymal stem cells, and inflammatory cells, which

together secrete factors, such as IL-6 and TGF-b, that

maintain stem cell properties of CSCs. Due to cancer cell

plasticity, epigenetic switches may be initiated in non-stem

cancer cells when they enter a stem cell niche, which may

result in de-differentiation and formation of CSCs. This

may be prevented by therapies targeting the metastatic

niche.

Conclusions and future directions

Epigenetic switches play an important role in cancer

development. Interestingly, most of the currently discov-

ered switches are induced by inflammation or involve

inflammatory signaling. This is not surprising, since

chronic infections and inflammation contribute to about

25 % of all cancers worldwide and also to sporadic can-

cers, e.g., in primary CRCs, expression signatures of

inflammatory signaling have been detected [160]. In many

examples, the same inflammatory trigger (e.g., IL-6) that

induced the switch is constitutively activated in cancer

cells to maintain the new phenotype. This suggests that

inflammatory signaling, which initially originates from

immune cells is adopted by cancer cells through epigenetic
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switches. Since epigenetic switches are reversible, they

might represent excellent targets for anticancer therapy.

This has been demonstrated for the HNF4a/miR-124/IL-

6R/STAT3/miR-24/miR-629 switch: systemic administra-

tion of miR-124 in a mouse model of HCC resulted in

80 % decrease of tumor mass even when the treatment was

started after the tumors were established [94]. However, it

is not clear whether the transient treatment with miR-124

permanently reversed the switch, or merely suppressed the

HNF4a/miR-124/IL-6R/STAT3/miR-24/miR-629 loop as

long as the ectopic miR-124 was present. This is a general

concern regarding the majority of described epigenetic

switches, which seem to be easily induced and reversed by

activating or repressing one of the components of the

underlying feedback loop. However, in the in vivo situa-

tion, where cells are constantly exposed to extracellular

stimuli, the cells might not permanently switch their phe-

notypes so easily, but only after several conditions are met

and the new phenotype is stabilized by additional epige-

netic changes. In this case, the permanent therapeutic

reversal of an oncogenic switch would probably require the

targeting of several components of the epigenetic switch.
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