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SUMMARY
Abnormal inflammatory signaling activation occurs commonly in cancer cells. However, how it is
initiated and maintained, and its roles in early stages of tumorigensis are largely unknown. Here
we report that the monocyte-derived MCP-1-induced transformation of immortal breast epithelial
cells is triggered by transient activation of MEK/ERK and IKK/NF-κB pathways, and maintained
by constitutive activation of a feed-forward inflammatory signaling circuit composed of
miR-200c, p65, JNK2, HSF1 and IL6. Suppression of miR-200c by IL6 constitutively activates
p65/RelA and JNK2, and the latter phosphorylates and activates HSF1. In turn, HSF1 triggers
demethylation of the IL6 promoter that facilitates the binding of p65 and c-Jun that together drives
constitutive IL6 transcription. Importantly, this signaling circuit is manifest in human cancer cells
and in a mouse model of ErbB2-driven breast cancer, where IL6 loss significantly impairs
tumorigenesis. Therefore, targeting this signaling circuit represents an effective therapeutic avenue
for breast cancer prevention and treatment.

INTRODUCTION
Tumorigenesis is a multi-step process whereby cells acquire a series of genetic and
epigenetic alterations in key growth-regulatory genes such as oncogenes and tumor
suppressors that provide them with proliferative and survival advantages over their normal
neighbors (Fearon and Vogelstein, 1990; Hanahan and Weinberg, 2000). These alterations
can occur in a cancer cell intrinsic fashion, or can be provoked by extrinsic signals from the
tumor microenvironment. Indeed, both clinical studies and animal models have suggested
that the host inflammatory response drives tumorigenesis and metastasis, and that high
levels of inflammation connote poor prognosis (Ammirante et al., 2010; Balkwill and
Mantovani, 2001; Coussens and Werb, 2002; Grivennikov et al., 2010; Luo et al., 2004).

About 25% of cancers appear due to chronic infection or other types of chronic
inflammation, and almost all cancers trigger abnormal inflammatory signaling (Hussain and
Harris, 2007). The cues that normally activate inflammatory signaling are widespread and
range from microbial and viral toxins or antigens, allergens or toxic chemicals, and second
messengers released in pathological states, such as autoimmune diseases and obesity

© 2012 Elsevier Inc. All rights reserved.
Correspondence: Jun-Li Luo, Department of Cancer Biology, The Scripps Research Institute, Jupiter, Florida, 33458 USA,
jlluo@scripps.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2013 March 30.

Published in final edited form as:
Mol Cell. 2012 March 30; 45(6): 777–789. doi:10.1016/j.molcel.2012.01.015.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Schetter et al., 2010). Alterations in oncogenes or tumor suppressors in cancer cells also
activate immune cells and inflammatory signaling through various means, including the
release of reactive oxygen and nitrogen species, the aberrant production of inflammatory
cytokines and chemokines, activation of cyclooxygenase-2 and nuclear factor kappa B (NF-
κB) signaling effectors (Grivennikov et al., 2010; Schetter et al., 2010). Much progress has
been made in elucidating the mechanisms by which inflammatory signaling drives tumor
progression and metastasis. However, the mechanism by which inflammatory signaling
contributes to the early stages of tumorigenesis, such as cell transformation, are largely
unknown.

Here, we report that a constitutively activated, feed-forward inflammatory signaling circuit
normally harnessed by miR-200c is established during epithelial cell transformation, and
that this circuit plays crucial roles in epithelial cell transformation and mammary cell
tumorigenesis.

RESULTS
Monocyte-derived MCP-1 triggers transformation of immortal breast epithelial cells

Monocytes and macrophages play important roles in promoting tumor progression and
metastasis (Grivennikov et al., 2010; Qian and Pollard, 2010). However, their roles in
initiating tumorigenesis are unclear. To test the potential roles of monocytes in the
transformation of mammary epithelial cells, we employed a co-culture system. Human
nontransformed MCF-10a cells were cultured in six-well dishes and treated with the
carcinogen 7,12-dimethylbenz[α]anthracene (DMBA) for 24 hr. They were then co-cultured
with human U937 monocytes grown in inserts having a 0.4 μM porous membrane. Thus, the
two cell types shared the same culture medium but did not physically contact each other.
After 72 hr of co-culture the monocytes were removed and the transformation status of
MCF-10a cells was assessed by evaluation of anchorage independent growth in soft agar.
Notably, co-culture with monocytes tripled the number of DMBA-treated MCF-10A
colonies (Figure S1A). Interestingly, untreated MCF-10a cells co-cultured with U937 cells
also formed colonies at a frequency similar to that of epithelial cells treated with DMBA
alone (Figure 1A, S1A), indicating that co-culture with U937 cells alone is enough to
transform MCF-10a cells. Notably, all mice injected with co-cultured MCF-10a cells
developed tumors, whereas none were observed in mice injected with MCF-10a cells
without co-culture (Figure 1B, S1B).

Importantly, co-culture with human primary monocytes, isolated from healthy donors, also
induced MCF-10a cell transformation to a degree similar to that observed after co-culture
with U937 cells (Figure 1A). These co-cultured cells also developed tumors when injected
into Rag1-deficient mice (Figure 1B). Thus, transformation of MCF-10a breast epithelial
cells is a shared property of human monocytes. Similarly, MCF-12a cells, another immortal
human breast epithelial cell line, can be transformed upon co-culture with U937 or primary
monocytes (Figure S1C).

To determine whether the duration of co-culture affected the transformation of MCF-10a
cells, different periods of co-culture were tested. Co-culture for 24 hr was sufficient to
trigger maximal transformation of MCF-10a cells (Figure S1D). Next, we purified
transformed cells from isolated colonies in soft agar and cultured them in monolayer in basal
medium without any transforming stimulus. These cells (coined MCF-10a-T cells) were
permanently transformed even after several passages as shown by colony formation assays
(Figure S1E). In contrast to parental MCF-10a cells, which had a tightly packed epithelial-
like morphology, the transformed cells had a fibroblastic spindle-shaped morphology
(Figure 1C) reminiscent of the epithelial mesenchymal transition (EMT). Indeed, MCF-10a-
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T cells expressed low level of the epithelial marker E-cadherin and high level of the
mesenchymal marker fibronectin relative to parental MCF-10a cells (Figure 1D).

As described above, monocytes and MCF-10a cells were not in physical contact in the co-
culture system. Thus, the culture medium that connected the two cells should be the
mediator of transformation. To define the soluble factors that are present following co-
culture with monocytes and that provoke the transformation of MCF-10a cells, Human
Cytokine Antibody Arrays were used to detect the differentially expressed cytokines in the
conditioned co-culture medium. These assays demonstrated that monocyte chemotactic
protein-1 (MCP-1) was significantly increased in MCF-10a/U937 co-cultured medium
compared with non-cocultured controls (Figure 1E). The basal levels of MCP-1 mRNA in
U937 cells were much higher than those in MCF-10a cells, and MCF-10a/U937 co-culture
promoted MCP-1 expression in U937 but not in MCF-10a cells. Thus, the marked increase
of MCP-1 in co-culture medium is derived from monocytes (Figure 1F). Notably, anti-
MCP-1 neutralizing antibody blocked U937 cells or monocytes-induced transformation of
co-cultured MCF-10a cells (Figure 1G), while recombinant MCP-1 alone was sufficient to
transform MCF-10a epithelial cells (Figure 1G).

Others have reported that tumor cells are the major source for MCP-1 in tumor progression
and metastasis (Nam et al., 2006). To investigate whether transforming MCF-10a cells
contribute to the accumulation of MCP-1 in co-culture medium, the levels of MCP-1 mRNA
expressed in U937 versus MCF-10a cells were monitored during co-culture. MCP-1 was
significantly induced in U937 cells and peaked at 24 hr of co-culture (Figure 1H), whereas
levels in MCF-10a cells did not change (Figure 1I). MCP-1 protein levels gradually and
continuously increased in co-cultured medium over time (Figure 1J). Further, the levels of
the macrophage markers in U937 cells gradually increased during co-culture, indicating that
monocytes undergo macrophage differentiation during co-culture (Figure S1F).

MCP-1 induced transformation is triggered by transient activation of MEK/ERK, IKK/NF-κB,
and IL6 signaling in breast epithelial cells

To define the mechanism by which MCP-1 triggers transformation, we initially assessed the
effects of selective inhibitors that disable different signal pathways. MCF-10a cells were
treated with these inhibitors for 2 hr and then co-cultured with U937 monocytes in medium
containing the same inhibitor for 24 hr. MCF-10a were then assessed for anchorage
independent growth in soft agar. Both MEK/ERK and NF-κB inhibitors significantly
suppressed MCF-10a cell growth in soft agar, whereas an IKKβ inhibitor had moderate
inhibitory effects. In contrast, JNK, PI3K, and p38 inhibitors had no such effect (Figure 2A).
Similarly, MEK/ERK and NF-κB inhibitors significantly and the IKKβ inhibitor partially
suppressed MCP-1-induced MCF-10a cell transformation (Figure S2A). The transient
activation of MEK/ERK and p65/RelA in MCF-10a cells by MCP-1 was confirmed by
western blot and ELISA analyses (Figure 2B, 2C). Finally, the effects of MCP-1 treatment
on p65 activation were selective and there were no effects on other NF-κB family members
(Figure S2B). Although p-AKT was transiently increased after MCP-1 treatment, PI3K
inhibitor or silencing AKT in MCF-10a cells did not affect monocytes or MCP-1 –induced
transformation (Figure S2C, S3C).

Given these findings we assessed the expression of MEK/ERK and p65 target genes that are
important in tumor development in co-cultured or MCP-1 treated MCF-10a cells. IL6
expression was significantly transiently increased in MCF-10a cells in both scenarios
(Figure 2D, S2D), while the expression of TNFα, I L8, and IL1β were, surprisingly,
suppressed (Figure S2E – S2G). IL6 protein levels in culture medium also increased after
MCP-1 treatment (Figure S2H). Further, MEK/ERK or NF-κB inhibitors, but not JNK, p38,
PI3K inhibitors or AKT siRNA, blocked MCP-1-induced IL6 expression in MCF-10a cells
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(Figure 2E, S2I). Importantly, knockdown of IL6 in MCF-10a cells repressed U937
monocyte-induced transformation (Figure 2F, S3C), and recombinant IL6 alone was
sufficient to trigger the transformation of MCF-10a breast epithelial cells (Figure 2G). Thus,
monocyte-derived MCP-1-induced transformation of MCF-10a cells is initiated by MEK/
ERK and IKK/NF-κB activation, and is driven by IL6.

Constitutive activation of JNK2, p65, and IL6 is essential for breast epithelial cell
transformation and for the maintenance of the transformed state

Transient activation of MEK/ERK and IKK/NF-κB signaling is initiated during MCP-1-
induced MCF-10a cells transformation. To test whether these pathways were also required
to sustain the malignant phenotype of transformed cells, MCF-10a-T cells were seeded into
soft agar containing selective inhibitors that disable these pathway s. Incontrast to co-culture
experiments, a JNK inhibitor blocked colony growth of MCF-10a-T cells whereas MEK/
ERK inhibitors had modest effects and those targeting IKKβ and NF-κB inhibitors had none
at all (Figure 3A). In addition, similar to PI3K inhibitor, knockdown of AKT1 and AKT2 in
MCF-10a-T cells by siRNAs did not affect colony formation in soft agar (Figure S3A).

Western blot analyses demonstrated a switch in JNK isoform activation triggered by
transformation, where JNK1 was active in non-transformed MCF-10a cells and JNK2 was
constitutively active in transformed MCF-10a-T cells (Figure 3B), suggesting that JNK1 and
JNK2 may play opposite roles in MCF-10a cell transformation. Supporting this, silencing
JNK2 but not JNK1 suppressed colony formation of MCF-10a-T cells (Figure 3D, S3C).
Interestingly, p65 but not p50, p52, c-Rel, and RelB was constitutively activated in
MCF-10a-T cells (Figure 3C, S3B), and silencing p65 significantly reduced colony
formation in soft agar (Figure 3D). Further, the NF-κB suppressor, IκBα, was
phosphorylated and down-regulated in MCF-10a-T cells (Figure 3B). It should be noted that
the constitutive activation of p65 in MCF-10a-T cells is not contradictory with our results
showing that IKKβ and NF-κB inhibitors did not suppress colony formation of MCF-10a-T
cells (Figure 3A) because these inhibitors do not repress constitutively activated NF-κB
(Pierce et al., 1997). The expression of IL6 was also much higher in MCF-10a-T cells than
MCF-10a cells (Figure 3E), whereas there were no changes in the expression of TNFα,
IL1β, and IL8 (Figure S3E – S3G). Moreover, the IL6 target STAT3 was activated in
MCF-10a-T cells (Figure 3F), and inhibiting IL6 or silencing STAT3 repressed colony
formation of MCF-10a-T cells in soft agar (Figure 3G). In addition, knockdown of p65 or
JNK2, but not JNK1 suppressed IL6 expression in MCF-10a-T cells (Figure 3H, S3D, S3C),
while knockdown of IL6 or JNK2, but not JNK1 impaired p65 activity (Figure 3I, S3C).
Thus, a feed-forward IL6-JNK2-p65 pathway is constitutively activated in MCF-10a-T cells
and is essential for transformation and maintenance of the transformed state.

JNK2-dependent activation of HSF1 promotes IL6 expression via suppressing methylation
of the IL6 promoter

The IL6 promoter was hypomethylated in MCF-10a-T cells and hypermethylated in primary
human mammary epithelial cells (HMEC) and MCF-10a cells (Figure 4A, 4B). The
difference in methylation was at the cytosine -1099, whereas other CpG islands were
completely mehtylated in all tested cells. The -1099C is the only CpG island in IL6 promoter
related to IL6 expression (Nile et al., 2008). It was previously reported that the binding of
HSF1 to IL6 promoter opens its chromatin structure and facilitate the binding of other
transcription factors, which enhances lipopolysaccharide (LPS)-induced IL6 expression
(Inouye et al., 2007). Activated HSF1 is phosphorylated on serine-320 (Murshid et al.,
2010). We found that the levels of phospho-S320 HSF1 were much higher in MCF-10a-T
versus MCF-10a cells, as were the levels of total HSF1 (Figure 4C). Further, chromatin
immunoprecipitation (ChIP) analyses demonstrated that HSF1 was bound to the endogenous
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IL6 promoter in MCF-10a-T cells, but not in MCF-10a cells (Figure 4D). Notably, HSF1
knockdown increased the methylation of IL6 promoter in MCF-10a-T cells (Figure 4B),
suggesting that the binding of HSF1 to the IL6 promoter prevents its methylation.
Furthermore, HSF1 facilitated the binding of c-Jun and p65 to the IL6 promoter in
MCF-10a-T cells (Figure 4E). Finally, HSF1 knockdown suppressed IL6 expression in
MCF-10a-T but not MCF-10a cells (Figure 4F) and, accordingly, inhibited MCF-10a-T cell
colony formation in soft agar (Figure 4G, S4C).

HSF1 can be phosphorylated by JNK (Park and Liu, 2001). We found that treatment of
MCF-10a-T cells with the JNK inhibitor SP600125, or silencing JNK2 but not JNK1
blocked S320 phosphorylation of HSF1, and also reduced total HSF1 protein levels (Figure
4H), but did not affect levels of HSF1 transcripts (Figure S4A, S4B). Finally, as expected,
treatment with JNK inhibitor or silencing JNK2 impaired c-Jun phosphorylation in
MCF-10a-T cells. Together, these findings demonstrate that constitutively active JNK2 in
MCF-10a-T cells induces phosphorylation and activation of HSF1, which then binds to and
facilitates demethylation of the IL6 promoter to facilitate the binding of p65 and c-Jun and
constitutive transcription of IL6.

IL6-directed suppression of miR-200c activates JNK2 and p65
To test if miRNAs contribute to MCP-1-induced transformation of MCF-10a cells, we
performed miRNA array analysis in MCF-10a cells co-cultured with U937 cells. The
expression of 4 miRNAs, miR-200c, Let-7b, miR-34b, and miR-146b, were changed >2-fold
in co-cultured MCF-10a cells. Real time PCR analyses confirmed a gradual suppression of
miR-200c during co-culture or following MCP-1 treatment (Figure 5A, S5A), whereas the
expression levels of Let-7b, miR-34b and miR-146b remained unchanged (Figure S5B –
S5D). Silencing IL6 blocked the suppression of miR-200c expression by MCP-1 treatment
(Figure 5A), and treatment of MCF-10a cells with IL6 suppressed miR-200c levels, which
was blocked by silencing STAT3 (Figure 5B). The expression of miR-200c was much lower
in transformed MCF-10a-T cells versus MCF-10a cells (Figure 5C) and again these effects
were selective as there were no differences in Let-7b, miR-34b, and miR-146b levels (Figure
S5B – S5D). Moreover, silencing IL6 induced miR-200c expression in MCF-10a-T cells
(Figure 5D). Importantly, stable overexpression of miR-200c in MCF-10a cells inhibited
colony formation of MCF-10a cells treated with MCP-1 or IL6 or co-cultured with
monocytes (Figure 5E and S5E), while a miR-200c inhibitor completely blocked colony
formation of MCF-10a-T cells (Figure S5F). Thus, miR-200c plays a critical role in the
suppression of breast epithelial cell transformation. Notably, overexpression of miR-200c in
MCF-10a-T cells inhibited IL6 expression, p65 activation, and JNK2 phosphorylation
(Figure 5F-5H). Thus, suppression of miR-200c by IL6 signaling drives constitutive
activation of JNK2 and p65 in transformed breast epithelial cells.

Given these findings, the interplay between IL6, miR-200c, JNK2, HSF1, and p65 in breast
cell transformation was investigated. IL6 treatment of MCF-10a cells suppressed miR-200c
levels (Figure 5B), while IL6 knockdown in transformed MCF-10a-T cells increased
miR-200c levels (Figure 5D). Similarly, p65 knockdown in MCF-10a-T cells induced
miR-200c expression, yet this response was suppressed by IL6 (Figure 5I). Further, the
induction of miR-200c following knockdown of IL6 could not be overcome by
overexpression of p65 in MCF-10a-T cells (Figure S5G), and the down-regulation of
miR-200c by p65 overexpression could be blocked by IL6 siRNA in MCF-10a cells (Figure
5J). Thus, IL6-induced suppression of miR-200c is not directly mediated by p65. IL6
activates JNK2 and p65 in MCF-10a cells and silencing JNK2 reduces the activity of p65
(Figure 3H). Though JNK inhibition or HSF1 knockdown impairs p65 activity in MCF-10a-
T cells this was overcome by IL6 treatment (Figure 5K, S5H). Thus, IL6 directed down-
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regulation of miR-200c leads to activation of p65, JNK2, and HSF1, which constitute the
inflammatory autoregulatory loop that drives cell transformation (Figure 5L).

IL6 inhibits miR-200c expression via STAT3-induced down-regulation of estrogen receptor
alpha (ERα)

The expression of miR-200c was notably higher, while the expression of IL6 was
significantly lower in two estrogen receptor alpha (ERα) positive human breast cancer cell
lines as compared with three ERα negative cell lines (Figure S7A), suggesting that ERα
might be involved in the IL-6-induced down-regulation of miR-200c. MCF-10a cells are
generally considered ERα negative. However, it has been reported that they express low
levels of ERα (Yusuf and Frenkel, 2010). Using western blot we confirmed the presence of
low but detectable expression level of ERα in MCF-10a, but not in MCF-10a-T cells (Figure
6A). We also found that ERα bound to the miR-200c promoter in MCF-10a cells (Figure
6B). Over-expression of ERα in MCF-10a-T cells resulted in higher levels of miR-200c
(Figure 6C), while silencing ERα in MCF10a cells led to down-regulation of miR-200c
(Figure 6D). Importantly, treatment of MCF-10a cells with IL6 led to down-regulation of
ERα (Figure 6E), however, this down-regulation was blocked by silencing STAT3. ChIP
assays demonstrated that STAT3 bound to the ERα promoter in MCF-10a-T cells (Figure
6F). Altogether, our results suggest that IL6 inhibits miR-200c expression via STAT3-
induced down-regulation of ERα.

Suppression of JNK2 and p65 activation by miR-200c is mediated by protein tyrosine
phosphatase Z1 (PTPRZ1)

To investigate how miR-200c differentially regulates the phosphorylation of JNK1 and
JNK2, we screened a group of kinases and phosphatases, and found that the expression of
spleen tyrosine kinase (SYK) and PTPRZ1 was significantly decreased in MCF-10a-T cells
versus MCF-10a cells (Figure 6G). Over-expression of miR-200c in MCF-10a-T cells
increased (Figure S6A), while inhibition of miR-200c in MCF-10a cells decreased SYK and
PTPRZ1 expression (Figure S6B). MiR-200c represses the expression of ZEB1 (Gregory et
al., 2008). We found that ZEB1 expression was significantly higher in MCF-10a-T cells
than in MCF-10a cells (Figure 6G). Importantly, silencing ZEB1 increased SYK and
PTRPZ1 expression in MCF-10a-T cells (Figure 6H), suggesting that ZEB1 represses SYK
and PTPRZ1. Both SYK and PTPRZ1 promoters contain conserved putative ZEB1 binding
sites (Figure S6C, S6D). ChIP assay showed ZEB1 bound to SYK and PTPRZ1 promoters
in MCF-10a-T cells (Figure 6I, 6J). It has been reported that the SYK activates JNK1
(Cambien et al., 1999). Consistently, silencing SYK in MCF-10a cells decreased p-JNK1
(Figure 6K). Importantly, over-expression of PTPRZ1 in MCF-10a-T cells significantly
reduced p-JNK2 (Figure 6L).

There was no difference in total p65 protein expression between MCF-10a and MCF-10a-T
cells (Figure S6E). However, the expression of nuclear p65 protein was significantly higher
in MCF-10a-T cells (Figure S6F). In addition, IκBα was constitutively phosphorylated and
down-regulated in MCF-10a-T cells (Figure 3B). Interestingly, overexpression of PTPRZ1
in MCF-10a-T cells decreased phosphorylation and increased expression of IκBα (Figure
S6G). These results suggest that PTPRZ1 is also involved in the de-phosphorylation of
IκBα, resulting in accumulation of p65 in the nucleus of MCF-10a-T cells.

Loss of IL6 disables the inflammatory signaling circuit and impairs Neu-driven mouse
mammary tumorigenesis

To test the contribution of IL6 to breast tumorigenesis in vivo, we crossed IL6−/− mice with
MMTV-Neu (ErbB2) transgenics to generate IL6−/−;MMTV-Neu and IL6+/+;MMTV-Neu
mice. Mammary tumor development was followed in these two cohorts. 50% of the
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IL6+/+;MMTV-Neu mice developed tumors while only 6.7% of IL6−/−;MMTV-Neu mice
had tumors (these have been monitored for >one year, Figure 7A). A comparison of pre-
neoplastic alterations such as hyperplastic alveolar nodules by mammary gland whole
mounts demonstrated that IL6+/+;MMTV-Neu mammary glands exhibited pronounced
lobular hyperplasia and marked increases in numbers of terminal branches and alveoli,
whereas the mammary glands of IL6−/−;MMTV-Neu had markedly reduced hyperplastic
and dysplastic lesions (Figure 7B). To compare the proliferation rate of mammary epithelial
cells in the two cohorts, mammary glands were collected 8 hr after BrdU injection. 26% of
mammary epithelial cells from IL6+/+;MMTV-Neu mice were BrdU-positive, while only
about 8% cells were positive in IL6−/−;MMTV-Neu mice (Figure 7C).

Given the circuit established in human breast cancer we assessed IL6 and miR-200c levels,
and p65 and JNK activity in mammary epithelial cells purified from mammary glands or
mammary tumors of both cohorts. The expression of IL6, activity of p65, and
phosphorylation of JNK2 was increased, while miR-200c levels were reduced in mammary
tumor cells versus normal mammary epithelial cells from IL6+/+;MMTV-Neu mice.
Furthermore, p65 activity was decreased and miR-200c levels increased in normal
mammary epithelial cells from IL6−/−;MMTV-Neu versus IL6+/+;MMTV-Neu mice (Figure
7D – 7G). Collectively, these findings suggest that the IL6-miR-200c-JNK2-p65 circuit is
also manifest in Neu-driven mammary tumorigenesis.

The constitutively active inflammatory signaling circuit is manifest in human cancer cells
The expression of miR-200c in both human breast and prostate cancer cells was inversely
correlated with IL6 expression level, NF-κB activity, and JNK2 phosphorylation (Figure
S7A, S7B). Knockout of IL6, HSF1, JNK2, or p65 in MDA-MB-231 breast cancer cells by
siRNA repressed colony formation in soft agar (Figure S7C). Silencing IL6 induced
miR-200c expression, while overexpression of miR-200c repressed IL6 expression in MDA-
MB-231 cells (Figure S7D, S7E). These results suggest the IL6-miR-200c-JNK2-p65 circuit
is manifest in human cancer cells.

DISCUSSION
The mechanisms by which inflammation contributes to tumor progression and metastasis are
rapidly coming into focus (Grivennikov et al., 2010; Luo et al., 2007; Qian and Pollard,
2010). However, how the abnormal and constitutive inflammatory signaling is initiated and
maintained in transforming cells and its role in the early stages of tumorigenesis, such as cell
transformation, are largely unknown. Recently, Iliopoulos et al reported that transient
activation of oncogene Src is sufficient to induce neoplastic transformation, which is
maintained through a positive feedback loop involving NF-κB, Lin28, Let-7, and IL6
(Iliopoulos et al., 2009; Iliopoulos et al., 2010). Here, using a co-culture model system we
have shown that monocyte-derived MCP-1 directly acts as a tumor-initiating cytokine that
installs a feed-forward IL6-dependent circuit in immortal breast epithelial cells that is
necessary for the initiation and maintenance of the transformed state. Our findings also
underscore the interplay of signals between MCF-10a cells and monocytes in this response,
where co-culture triggers massive increases in MCP-1 production by monocytes that then
binds to its receptors on breast epithelial cells to initiate MEK/ERK, IKK/NF-κB, and IL6
signaling, and where the latter is sustained through the establishment of a feed-forward loop
that drives IL6 transcription and that is normally harnessed by miR-200c. We also
demonstrated that this autoregulatory loop is established and maintained by IL6-directed
suppression of miR-200c expression and that signals downstream of this regulatory RNA
bifurcate to regulate p65 activity versus that of a JNK2-to-HSF1 pathway, which are
required to demethylate the IL6 promoter to facilitate p65/c-Jun-directed transcription of IL6
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(Figure 5L). Therefore, our findings provide an important mechanism linking inflammation
to cell transformation.

Although a prolonged inflammatory response can contribute to increased DNA mutation
rates and overall genetic instability (Hussain and Harris, 2007), in our co-culture
transformation model, the phenotypic switch from non-transformed to transformed
MCF-10a cells occurs very quickly. Thus, it is unlikely that the transiently activated
inflammatory signaling induced by MCP-1 causes gene mutations or changes in DNA
sequence. Hence, the transformation of MCF-10a cells induced by monocytes is most likely
driven by the accumulation of epigenetic alterations (switch). Our findings suggest that this
epigenetic switch is a constitutively activated inflammatory signaling circuit that is triggered
by a transient inflammatory signal. As a transient inflammatory signal is clearly insufficient
to trigger such an epigenetic and phenotypic switch in normal cells, we believe that
MCF-10a cells have already accumulated some genetic and epigenetic alterations that
provide the basis for the oncogenic transformation. Therefore, our model on one hand
demonstrates that inflammatory signaling triggers epigenetic alterations that lead to cancer,
and on the other hand it does support the ‘multiple-hits’ hypothesis of tumorigenesis in
which the accumulation of a sequential genetic alteration of key growth-regulatory genes is
required for tumor initiation and genesis (Fearon and Vogelstein, 1990; Hanahan and
Weinberg, 2000). However, instead of counting only genetic alterations as ‘hits’, our model
suggests that both genetic and epigenetic alterations can be accumulated to form the
‘multiple-hits’ that collectively drive cell transformation and tumorigenesis. Therefore, it is
speculated that like MCF-10a cells, “normal” cells in human body accumulated with pre-
cancerous mutations will be at high-risk for inflammatory cytokine-driven oncogenic
transformation. Importantly, our study showed that the constitutively activated inflammatory
signaling circuit does not only exist in monocytes-induced cell transformation, but is also
manifest in breast and prostate cancer cells and in oncogene Neu-induced mouse mammary
tumorigenesis. In MMTV-Neu mammary tumor model, IL6 inflammatory signaling circuit
is triggered by c-neu oncogene itself or/and by the other extrinsic signaling from
microenvironment. In either case this is a demonstration of genetic change cooperating with
epigenetic switch in tumor initiation.

NF-κB transcription factors play important roles in the regulation of innate and adaptive
immune responses, inflammation, and cell survival (Ghosh and Karin, 2002). In normal
cells, NF-κB binds to and is negatively regulated by inhibitors of kappa B (IκB) in the
cytoplasm, and this interaction is disabled through IκB kinase (IKK)-dependent
phosphorylation and subsequent degradation of IκB (Karin and Ben-Neriah, 2000).
Liberated NF-κB dimers then enter the nucleus where they induce the transcription of many
genes (Luo et al., 2005). In contrast, the constitutive activation of NF-κB, a phenomenon
common in most cancers, is not necessarily through IKK (Karin et al., 2002). Our results
demonstrate that the initial activation of p65 by MCP-1 is triggered by a transient activation
of IKK. However, the maintenance of p65 activity is not dependent on IKK, but rather relies
on IL6-directed repression of miR-200c. MiR-200c down-regulates PTPRZ1 that contributes
to constitutive phosphorylation of IκBα, resulting in constitutive activation of p65.

The JNK family contains three members, JNK1, JNK2 and JNK3 (Gupta et al., 1996). A
major JNK target is the AP1 transcription factor complex that is comprised of Fos and Jun
family members. As JNKs have both oncogenic and tumor suppressor functions their roles
in cancer are complex (Wagner and Nebreda, 2009). Our study demonstrates a clear switch
from JNK1-to-JNK2 activation during mammary epithelial cell transformation and,
accordingly, that silencing JNK2 but not JNK1 impairs tumorigenesis. These findings are in
accord with those showing opposite roles for JNK1 and JNK2 in tumor development, where
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for example loss of JNK1 augments the development of skin cancer whilst deletion of JNK2
impairs tumorigenesis (Chen et al., 2001).

In the innate immune system select mi-RNAs are regulated by inflammatory stimuli and
some have been shown to mediate inflammatory stimuli (Moschos et al., 2007). In breast
epithelial cells IL6 suppresses miR-200c expression, and this repression is persistent and
necessary to sustain the feed-forward loop that drives transformation and maintains the
transformed state. In accord with its key roles in suppressing epithelial cell transformation,
miR-200c expression is suppressed in cancer stem cells and enforced miR-200c expression
impairs the tumorigenic potential of extant cancer cells and increases their sensitivity to anti-
tumor drugs (Cochrane et al., 2009; Shimono et al., 2009). Thus, agents that disable
miR-200c repression could represent broad-spectrum therapeutics.

Our studies suggest that ERα is involved in the IL6-induced down-regulation of miR-200c.
Our findings showing ERα has negative role in cell transformation is not contradictory to,
but rather consisting with the clinical characteristics of breast cancer. Although ER promotes
tumor growth in ER positive breast cancers, ER negativity is one of the important molecular
markers for aggressive breast cancer and for identification of breast cancer patients at high
risk for recurrence (Sheikh et al., 1994). In addition, the inflammatory breast cancer, a
particularly aggressive form of breast cancer is usually ER negative (Robertson et al., 2010).

EXPERIMENTAL PROCEDURES
RNA isolation and real time PCR

RNA was isolated using the miRVANA isolation kit (Amgen) according to manufacturer’s
recommendations including DNAse treatment. For mRNA analyses 1μg of total RNA was
transcribed to cDNA using the Sigma Enchanced Avian Reverse Transcriptase (Sigma) and
quantitative real time PCR (qRT-PCR) was performed using SYBR Green (Quanta) in the
IQ5 BioRad thermocycler. MicroRNA expression was determined by qRT-PCR using the
mercury LNA Universal RT microRNA PCR kit and microRNA LNA™ PCR primer sets
specific for analyzed microRNAs. The mRNA and miRNA data were normalized for the
amount of GAPDH and 5S RNA, respectively using the ΔΔCt method. The data is presented
as relative expression with the conrol set to 1. The experiments were performed in triplicates
and repeated for three times. The data are presented as mean ± SD. Oligonucleotides used
for qRT-PCR are shown in Table S1.

Mammary tumorigenesis transgenic mouse models
IL6−/− mice (Kopf et al., 1994) were crossed to N-Tg(MMTV-Neu) 202Mul/J mice (JAX
Lab) to generate IL6+/−/MMTV-c-Neu mice that were then intercrossed for more than six
generations. IL6+/−/MMTV-c-neu mice were then used for generating IL6+/+/MMTV-c-Neu
and IL6−/−/MMTV-c-Neu mice. Animals were observed for tumor development daily. All
mice were maintained under specific pathogen-free conditions and experimental protocols
were approved by the Scripps Florida IACUC following guidelines from the National
Institute of Health.

Statistical analysis
Differences between groups were examined for statistical significance using the Student’s t-
test. All P-values are two-tailed. Statistical significance of BrdU staining and tumor
incidence in mice was calculated using the Fisher’s exact test and the Log-rang Mantel-Cox
test, respectively. Data were considered significant when P < 0.05.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Monocyte-derived MCP-1 triggers cell transformation via MEK/ERK and IKK/
NF-κB

• Transformation requires a constitutively active feed-forward IL6 signaling
pathway

• miR-200c, p65, JNK, HSF1, and c-Jun direct the IL6 inflammatory signaling
circuit

• Targeting this IL6 pathway disables development and maintenance of breast
cancer
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Figure 1. Monocyte co-culture induces oncogenic transformation of MCF-10a cells
(A) MCF-10a cells were co-cultured with U937 monocytes or with normal primary
monocytes for 72 hr. MCF-10a cells were then put into soft-agar and numbers of colonies
were enumerated.
(B) Monocyte co-culture is sufficient to provoke tumorigenesis of MCF-10a cells. Xenograft
tumor formation in Rag1-deficient mice. 5 × 106 MCF-10a cells that had been co-cultured
with or without U937 cells or primary monocytes for 72 hr were injected into the right
flanks of Rag1 mice. Number of animals injected with MCF-10a cells is shown.
(C) Monocyte co-culture induces morphology changes of MCF-10a cells. Phase contrast
images of non-transformed MCF-10a cells and transformed (MCF-10a-T) cells are shown.
MCF-10a-T cells were isolated from soft agar colonies that arose following co-culture with
U937 cells. Representative images are shown.
(D) qRT-PCR of E-Cadherin and Fibronectin in MCF-10a and MCF-10a-T cells.
(E) Cytokines in medium from MCF-10a cells co-cultured with U937 for 24 hr were
detected by Cytokine antibody arrays. (The expression of MCP-1 is marked in a square).
(F) MCP-1 mRNA expression in MCF-10a and U937 cells with or without 24 hr of co-
culture. Note: the scale on y-axis is logarithmic.
(G) Soft agar colony assay of MCF-10a cells treated with recombinant MCP-1, or co-
cultured with U937 cells, or treated with MCP-1 neutralizing antibody for 24 hr.
(H) Time course showing the induction of MCP-1 mRNA expression in U937 cells upon co-
culture with MCF-10a cells.
(I) Time course showing MCP-1 mRNA levels in MCF-10a cells upon co-culture with U937
cells.
(J) Time course of MCP-1 protein levels (ELISA) in conditioned media from MCF-10a/
U937 co-culture.
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The results in A, D, F–J are shown as mean ± SD of one representative experiment (from
three independent experiments) performed in triplicates. Statistically significant differences
are indicated. (*) P < 0.05; (**) P < 0.01. See also Figure S1.
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Figure 2. MCP-1-induced transformation of MCF-10a cells is initiated by transient activation of
MEK/ERK, IKK/NF-κB, and IL6 signaling pathways
(A) Soft agar colony assays of MCF-10a cells treated with indicated inhibitors (10μM) and
co-cultured with U937 cells. Inhibitors were added 2 hr before and throughout co-culture.
After 24 hr of co-culture, cells were placed into soft agar (without inhibitors).
(B) Western blot analysis of MCF-10a cells incubated with 50 ng/ml MCP-1 for the
indicated intervals.
(C) NF-κB (p65) activity assay of MCF-10a cells treated with 50 ng/ml MCP-1 for the
indicated intervals.
(D) Time course of IL6 mRNA expression in MCF-10a cells treated with 50 ng/ml MCP-1
for the indicated intervals.
(E) IL6 mRNA levels in MCF-10a cells treated with MCP-1 and the indicated inhibitors.
Inhibitors were added in medium 2 hr before MCP-1 (50 ng/ml) treatment.
(F) Soft agar colony assay of MCF-10a cells transfected with IL6 siRNA or scrambled
siRNA, followed by co-culture with U937 cells for 24 hr.
(G) Soft agar colony assay of MCF-10a cells treated with or without IL6 for 24 hr.
The results in A and C – G are shown as mean ± SD of one representative experiment (from
three independent experiments) performed in triplicates. Statistically significant differences
are indicated. (*) P < 0.05; (**) P < 0.01. See also Figure S2.
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Figure 3. Constitutive activation of JNK2 and p65, and of IL6 expression in transformed
MCF-10a cells
(A) Soft agar colony assay of transformed MCF-10a-T cells. Different inhibitors as
indicated (10μM) were added in the soft agar and medium.
(B) Western blot analysis of MCF-10a (10a) and MCF-10a-T (10a-T) cells with indicated
antibodies.
(C) NF-κB (p65) activity analysis in MCF-10a (10a) or MCF-10a-T (10a-T) cells.
(D) Soft agar colony assay of MCF-10a-T cells transfected with indicated siRNAs. Cells
were transfected in monolayer culture and placed in soft agar 48 hr after transfection.
(E) IL6 mRNA levels in MCF-10a (10a) versus MCF-10a (10a-T) cells.
(F) Western blot analysis of nuclear extract of MCF-10a (10a) and MCF-10a-T (10a-T) cells
with indicated antibodies.
(G) Soft agar colony assay of MCF-10a-T cells transfected with IL6 or STAT3 siRNA. Cells
were transfected in monolayer culture and placed into soft agar 48 hr after transfection.
(H) IL6 mRNA expression in MCF-10a-T cells treated with 10μM JNK inhibitor
(SP600125) or transfected with indicated siRNAs for 72 hr.
(I) NF-κB (p65) activity analysis of MCF-10a-T cells transfected with indicated siRNAs or
treated with 10μM JNK inhibitor (SP600125) for 72 hr.
The results in A, C – E, and G – I are shown as mean ± SD of one representative experiment
(from three independent experiments) performed in triplicates. Statistically significant
differences are indicated. (*) P < 0.05; (**) P < 0.01. See also Figure S3.
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Figure 4. JNK2-dependent activation of HSF1 promotes IL6 expression via suppressing
methylation of the IL6 promoter
(A) IL6 mRNA levels in primary human mammary epithelial cells (HMEC), MCF-10a, and
MCF-10a-T (10a-T) cells treated with 10μM 5-aza-2′deoxycytidine DNA methytransferase
inhibitor for 4 days.
(B) Sequence of bisulfite converted IL6 promoter genomic DNA in HMEC, MCF-10a, and
MCF-10a-T, and MCF-10a-T cells transfected with HSF1 siRNA. The arrow indicates the
Cytosine at position -1099 that is differentially methylated.
(C) Western blot analysis of total and pHSF (S320) levels in MCF-10a (10a) and MCF-10a-
T (10a-T) cells.
(D) ChIP assay of HSF1 bound to the IL6 promoter in MCF-10a versus MCF-10a-T cells.
(E) ChIP assay of c-Jun or p65 bound to the IL6 promoter in MCF-10a-T cells transfected
with HSF1 siRNA or scrambled siRNA. The data are presented as fold enrichment of
precipitated DNA from chromatin incubated with c-Jun or p65 antibody versus IgG.
(F) IL6 mRNA expression in MCF-10a (10a) or MCF-10a-T (10a-T) cells transfected with
HSF1 siRNA or scrambled siRNA for 72 hr.
(G) Soft agar colony assay of MCF-10a-T cells transfected with HSF1 siRNA or scrambled
siRNA. Cells were transfected in monolayer culture and placed in soft agar 48 hr after
transfection.
(H) Western blot analysis of MCF-10a-T cells transfected with indicated siRNAs or treated
with 10 μM JNK inhibitor (SP600125) for 72 hr.
The histograms in A and E – G show the mean ± SD of one representative experiment (from
three independent experiments) performed in triplicates. Statistically significant differences
are indicated. (*) P < 0.05; (**) P < 0.01. See also Figure S4.
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Figure 5. IL6-directed suppression of miR-200c leads to activation of p65 and JNK2
(A) Time course of miR-200c suppression in MCF-10a cells transfected with IL6 siRNA or
scrambled siRNA for 24 hr, followed by treatment with 50 ng/ml MCP-1.
(B) Time course of miR-200c suppression in MCF-10a cells transfected with STAT3 siRNA
or scrambled siRNA for 24 hr, followed by treatment with 5 ng/ml IL6.
(C) MiR-200c levels in MCF-10a (10a) versus MCF-10a-T (10a-T) cells.
(D) MiR-200c levels in MCF-10a-T cells transfected with IL6 siRNA or scrambled siRNA
for 48 hr.
(E) Soft agar colony assay of MCF-10a (Control) or MCF-10a cells stably transfected with
miR-200c (200c). Cells were treated with 50 ng/ml MCP-1 or IL6 for 24 hr in monolayer
culture and then placed in soft agar.
(F) IL6 mRNA levels in MCF-10a-T cells transfected with a control (Cont) or a miR-200c
expression plasmid (200c).
(G) NF-κB (p65) activity analysis in MCF-10a-T cells transfected with a control (Cont) or a
miR-200c expression plasmid (200c).
(H) Western blot analysis of JNK activation in MCF-10a-T cells transfected with a control
(Cont) or a miR-200c expression plasmid (200c).
(I) MiR-200c levels in MCF-10a-T cells transfected with p65 siRNA or scrambled siRNA
for 24 hr, followed by treatment with IL6 or vehicle for 24 hr.
(J) MiR-200c levels in MCF-10a cells transfected with control or p65 expression plasmid for
24 hr, followed by transfection with IL6 siRNA or scrambled siRNA for 48 hr.
(K) NF-κB (p65) activity analysis in MCF-10a-T cells treated with 10μM JNK inhibitor
(SP600125) or vehicle for 24 hr, followed by treatment with IL6 or vehicle for 24h (JNK
inhibitor was included during IL6 treatment).
(L) Schematic overview of monocyte-induced cell transformation, demonstrating that
monocyte-derived MCP-1 induced transformation of MCF-10a cells is triggered by transient
activation of MEK/ERK and IKK/NF-κB, and maintained by constitutive activation of an
inflammatory signaling circuit consisting of miR-200c, p65, JNK2, HSF1 and IL6.
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The results in A – G and I – K are shown as mean ± SD of one representative experiment
(from three independent experiments) performed in triplicates. Statistically significant
differences are indicated. (*) P < 0.05; (**) P < 0.01. See also Figure S5.
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Figure 6. IL6-induced miR-200c suppression is mediated by STAT3-induced down-regulation of
ERα, while miR-200c-induced suppression of JNK2 and p65 is via PTPRZ1
(A) Western blot analysis of estrogen receptor α (ERα) expression in MCF-10a (10a) and
MCF-10a-T (10a-T) cells.
(B) ChIP assay of ERα bound to the miR-200c promoter in MCF-10a cells.
(C) MiR-200c levels in MCF-10a-T cells transfected with ERα expression plasmid or
scrambled plasmid for 48 hr.
(D) MiR-200c levels in MCF-10a cells transfected with ERα siRNA or scrambled siRNA
for 48 hr.
(E) Time course of ERα expression in MCF-10a cells transfected with STAT3 siRNA or
scrambled siRNA for 24 hr, followed by treatment with 5 ng/ml IL6.
(F) ChIP assay of STAT3 bound to the ERα promoter in MCF-10a-T cells.
(G) Western blot analysis of MCF-10a (10a) and MCF-10a-T (10a-T) cells with indicated
antibodies.
(H) Western blot analysis of SYK and PTPRZ1 expression in MCF-10a-T cells transfected
with control or ZEB1 siRNA.
(I) ChIP assay of ZEB1 bound to the SYK promoter in MCF-10a-T cells.
(J) ChIP assay of ZEB1 bound to the PTPRZ1 promoter in MCF-10a-T cells.
(K) Western blot analysis of pJNK in MCF-10a cells transfected with control or SYK
siRNA.
(L) Western blot analysis of pJNK in MCF-10a-T cells transfected with control or PTPRZ1
expression plasmid.
The histograms in C – E show the mean ± SD of one representative experiment (from three
independent experiments) performed in triplicates. Statistically significant differences are
indicated. (*) P < 0.05; (**) P < 0.01. See also Figure S6.
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Figure 7. IL6 loss turns off the inflammatory signaling circuit and impairs mammary tumor
development in MMTV-c-Neu mouse model
(A) Tumor incidence in IL6+/+/MMTV-c-Neu (n = 12) and IL6−/−/MMTV-c-Neu (n = 15)
mice. The P-value was calculated using the log-rank test.
(B) The staining of the whole mount mammary gland from 6-month old mice with indicated
genotypes is shown.
(C) Proliferation rate of mammary epithelial cells analyzed by BrdU staining of paraffin-
embedded sections of mammary glands from 6-month old mice (shown is a representative
image of one mouse from three analyzed mice for each group). The percentage of BrdU
positive cells is displayed at right and the significance was calculated using the Fisher’s
exact test.
(D) IL6 mRNA levels in normal mammary epithelial (Normal) cells or tumor cells (Tumor)
isolated from mammary glands or tumors of one-year old IL6+/+/MMTV-c-Neu mice.
(E) MiR-200c levels in normal mammary epithelial cells (IL6+/+_N) or tumor cells
(IL6+/+_T) isolated from mammary glands or tumors of one-year old IL6+/+/MMTV-c-Neu
mice or of one-year old IL6−/−/MMTV-c-Neu mice (IL6−/−_N).
(F) NF-κB (p65) activity analysis in normal mammary epithelial cells (IL6+/+_N) or tumor
cells (IL6+/+_T) isolated from mammary glands or tumors of one-year old IL6+/+/MMTV-c-
Neu mice or of one-year old IL6−/−/MMTV-c-Neu mice (IL6−/−_N).
(G) Western blot analysis of normal mammary epithelial cells (IL6+/+_N) or tumor cells
(IL6+/+_T) isolated from mammary glands or tumors of one-year old IL6+/+/MMTV-c-Neu
mice or of one-year old IL6−/−/MMTV-c-Neu mice (IL6−/−_N).
The histograms in D – F show the mean ± SD of the measurements of expression/activity in
one representative mouse (from three analyzed mice) performed in triplicates. Statistically
significant differences are indicated. (*) P < 0.05; (**) P < 0.01.
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