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SUMMARY

A transient inflammatory signal can initiate an epige-
netic switch from nontransformed to cancer cells via
a positive feedback loop involving NF-kB, Lin28,
let-7, and IL-6. We identify differentially regulated
microRNAs important for this switch and puta-
tive transcription factor binding sites in their pro-
moters. STAT3, a transcription factor activated
by IL-6, directly activates miR-21 and miR-181b-1.
Remarkably, transient expression of either
microRNA induces the epigenetic switch. MiR-21
and miR-181b-1, respectively, inhibit PTEN and
CYLD tumor suppressors, leading to increased
NF-kB activity required to maintain the transformed
state. These STAT3-mediated regulatory circuits are
required for the transformed state in diverse cell lines
and tumor growth in xenografts, and their transcrip-
tional signatures are observed in colon adenocarci-
nomas. Thus, STAT3 is not only a downstream target
of IL-6 but, with miR-21, miR-181b-1, PTEN, and
CYLD, is part of the positive feedback loop that
underlies the epigenetic switch that links inflamma-
tion to cancer.

INTRODUCTION

In human cells, there are ~1000 microRNAs that collectively
regulate the expression of more than 30% of protein-coding
genes at the posttranscriptional and translational level (Bartel,
2009). Each microRNA represses multiple gene targets, and
repression can occur by translational inhibition, mRNA cleavage,
and mRNA decay initiated by microRNA-guided deadenylation.
With respect to the regulation of gene expression patterns,
microRNAs are analogous to DNA-binding transcription factors
that directly regulate the expression of target genes. Thus, eluci-
dation of transcriptional regulatory circuits requires the integra-
tion of transcription factors, microRNAs, and their direct targets

into connected molecular pathways that are responsible for
specific biological phenomena.

Bioinformatic programs can identify putative target genes for
individual microRNAs, and many such microRNA-target interac-
tions have been validated experimentally. However, there is
limited information about how microRNAs are regulated at the
transcriptional and posttranscriptional levels. The related RNA-
binding proteins Lin28 and Lin28b that inhibit the let-7 family of
tumor suppressor microRNAs are the only known factors that
mediate posttranscriptional regulation of microRNAs (Viswana-
than et al., 2008; Hagan et al., 2009; lliopoulos et al., 2009).
Although examples of transcription factors directly regulating
microRNA expression have been described (O’Donnell et al.,
2005; Loffler et al., 2007; Chang et al., 2008; Lin et al., 2009),
microRNA promoters and transcription start sites were largely
unknown until recently, thereby making it difficult to study tran-
scriptional regulation of microRNAs. However, promoter regions
for 175 microRNAs were identified by combining nucleosome
mapping and chromatin signatures, and the DNA sequence of
the linker regions was used to predict transcription factors regu-
lating microRNA (Ozsolak et al., 2008). In addition, candidate
transcriptional start sites of microRNAs were identified by
analyzing H3-K4 trimethylation in multiple tissues at high resolu-
tion (Marson et al., 2008).

We recently described an inducible model of cellular transfor-
mation in order to identify transcriptional regulatory circuits
important in oncogenesis (lliopoulos et al., 2009). This model
involves a nontransformed mammary epithelial cell line (MCF-
10A) containing ER-Src, a derivative of the Src kinase oncopro-
tein (v-Src) that is fused to the ligand-binding domain of the
estrogen receptor. Treatment of such cells with tamoxifen
rapidly induces Src, and morphological transformation is
observed within 36 hr. Unlike the parental cell line, the trans-
formed cells form foci and colonies in soft agar, show increased
motility and invasion, form mammospheres, and confer tumor
formation in mouse xenografts. This model permits the opportu-
nity to kinetically follow the pathway of cellular transformation in
a manner similar to that used to study viral infection and other
temporally ordered processes.

In this inducible transformation model, transient activation
of Src triggers an inflammatory response that results in an
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Figure 1. MicroRNA Dynamics during ER-Src Cellular Transformation
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(A) Differentially expressed microRNAs between transformed (TAM 36 hr) and untransformed (0 hr) MCF10A ER-Src cells.
(B) Heatmap representation of differentially expressed microRNAs in different time points (1, 2, 4, 8, 12, 16, 24, and 36 hr) during ER-Src transformation.
Upregulated microRNAs are shown in red, while downregulated microRNAs are shown in green.

epigenetic switch between nontransformed and transformed
cells. The epigenetic switch is mediated by a positive feedback
loop involving NF-kB, Lin28b, let-7 microRNA, and IL-6 (lliopou-
los et al., 2009). This regulatory circuit operates in other cancer
cell lines, and its transcriptional signature is found in patient
cancer tissues, indicating its importance in some human can-
cers. In addition to its role in the positive feedback loop, IL-6
activates STAT3, a transcription factor that is critical for trans-
formation. This observation is consistent with the conventional
view that STAT3 is a downstream effector of IL-6 (Frank, 2007;
Yu etal., 2007, 2009), but not part of the central regulatory circuit
that mediates the epigenetic switch.

Here, we use this inducible ER-Src model to study the regula-
tion of microRNA expression throughout the process of cellular
transformation. We identify differentially regulated microRNAs
and show that many of them are important for transformation.
Using computational algorithms, we identify individual and
combinations of DNA sequence motifs that are overrepresented
in the promoter regions of these differentially regulated micro-
RNAs. We predict and experimentally validate transcription
factor binding sites and hence transcription factor-microRNA
interactions that are likely to be involved in the oncogenic
process.
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In particular, we demonstrate that STAT3 directly activates
transcription of miR-21 and miR-181b-1 microRNAs during the
transformation process. Remarkably, transient expression of
either miR-21 or miR-181b-1 is sufficient to induce a stable
transformed state, and this occurs by direct targeting of the
phosphatase and tensin homolog (PTEN) and cylindromatosis
(CYLD) tumor suppressor genes, respectively. The resulting inhi-
bition of PTEN and CYLD expression leads to NF-«B activation,
which is required to maintain the transformed state. Thus, STAT3
is not simply a downstream effector of IL-6 but, together with
miR-21, miR-181b-1, PTEN, and CYLD, is part of the epigenetic
switch that links inflammation to cancer.

RESULTS

Kinetic Analysis of Differentially Regulated MicroRNAs
during the Process of Cellular Transformation

To identify differentially expressed microRNAs during transfor-
mation, we first measured the expression of 365 microRNAs in
nontransformed and transformed (36 hr treatment with tamox-
ifen) MCF-10A-ER-Src cells by TagMan microRNA analysis
(Figure 1A). Twenty-nine differentially expressed microRNAs
were identified, 22 of which are downregulated and 7 of which
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are upregulated during transformation. Highly downregulated
microRNAs include multiple members of the let-7 family
(let-7d, let-71, let-7a, let-7b, let-7c) and miR-335, while miR-21,
miR-210, and miR-187 are highly upregulated.

To follow kinetically microRNA expression levels during
cellular transformation, microRNA profiling was performed in
cells isolated at various times (1, 2, 4, 8, 12, 16, 24 and 36 hr)
after tamoxifen treatment. This analysis reveals five distinct
microRNA clusters (Figures 1B and S1). The first cluster includes
five microRNAs (let-7d, let-7f, let-7a, let-7c, let-7b, miR-335)
downregulated very early (4 hr) during transformation. The
second cluster consists of three early (12 hr) upregulated
microRNAs (miR-210, miR-21, miR-181b-1; interestingly,
miR-181a and miR-181b-2 are not differentially regulated). The
third and fourth clusters consist of microRNAs downregulated
and upregulated, respectively, 24 hr after tamoxifen treatment.
The last cluster consists of nine downregulated microRNAs 36
hr after treatment. Overall, this kinetic analysis reveals two clus-
ters of early microRNA responders and three clusters of late
microRNA responders during transformation. Interestingly,
microRNAs that show the earliest responses generally show
the highest degree of differential regulation at later times.

Differentially Regulated MicroRNAs Are Important

for Transformation, Tumorigenicity, and Chemotactic
Cell Invasion

To assess the functional role of these differentially regulated
microRNAs in transformation, we tested whether inhibition of
upregulated microRNAs or downregulation of upregulated
microRNAs blocks the transformation process. Nontransformed
cells were transfected with antisense microRNAs for the seven
upregulated microRNAs and with microRNA precursors for the
22 downregulated microRNAs. Tamoxifen was added 24 hr after
transfection, and transformation efficiency was assayed by
morphological changes 36 hr later (60 hr from the beginning
of the experiment) (Figure 2A). Six out of seven antisense
microRNAs (as-miR-21, as-miR-181b-1, as-miR-210, as-miR-
132, as-miR-340, as-miR-187) and 10 out of 22 microRNA
precursors (let-7a, let-7f, let-7b, let-7d, let-7c, miR-335, miR-
148a, miR-148b, miR-449, miR-193a) show >50% inhibition of
transformation efficiency (Figure 2B). Interestingly, microRNAs
differentially expressed very early during transformation have
the most significant effects on transformation, whereas late-
responding microRNAs have little effect.

To extend these results, we used the same experimental
procedure to test the 16 microRNAs that affected morphological
transformation for effects on tumorigenicity and metastatic
potential. All 16 microRNAs affected tumorigenicity, as assayed
by the ability to form colonies in soft agar (Figure 2C). To analyze
metastatic potential, we measured the infiltration of these cells
through Matrigel in a modified Boyden chamber assay using
5% horse serum (HS) as a chemoattractant (Figure 2D). Under
these conditions, 13 out of 16 tested microRNAs inhibit >50%
of the invasive ability of transformed cells. Taken together, our
results identify at least 13 microRNAs that are differentially regu-
lated during the process of cellular transformation and are impor-
tant for morphological alterations, tumorigenicity, and meta-
static potential.

Enrichment of Transcription Factor Binding Sites in
MicroRNA Promoters

To identify putative transcription factor binding sites associated
with the 13 microRNAs described above, we used the Lever
algorithm (Warner et al., 2008) to scan the flanking sequences
(2 kb up- and 7 kb downstream) from the microRNA transcrip-
tion start sites for overrepresented DNA sequence motifs.
As shown in Table S1, this analysis was performed on 466
human transcription factor binding site motifs from the
TRANSFAC database and on motifs derived by universal pro-
tein binding microarrays for 272 mouse transcription factors
(Berger et al., 2008; Badis et al., 2009). DNA sequence motifs
for STAT3 and Myc are among the top ranked motifs enriched
in these microRNA promoter regions (Figure 3A), and both
STAT3 and Myc are upregulated during cellular transformation
(Figure 3B).

Putative STAT3 and Myc binding sites were further ranked
according to their PhylCRM score (Warner et al., 2008) that
combines binding affinity and evolutionary conservation across
all sequenced mammalian species. We identified putative
STAT3 binding sites in the promoters of miR-148a, miR-21,
miR-132, miR-181b-1, miR-148b, miR-193a, miR-340, miR-
335, miR-210, and miR-187 (ordered based on the maximum
PhylCRM window score) (Tables S2 and S3). We also identified
putative Myc binding sites in miR-181b-1, miR-148a, miR-335,
and let-7a3 promoter regions (Tables S4 and S5), although
PhylCRM scores for the Myc sites are generally lower than those
for the STATS sites. As assayed by chromatin immunoprecipita-
tion (ChlIP), 9 out of 18 putative STATS sites and 3 out of 5 puta-
tive Myc sites with PhylCRM scores >1 are bound by their
cognate proteins in vivo (Tables S3 and S5).

We extended our computational analysis by searching for
overrepresented pairwise combinations of motifs within the
microRNA promoter regions. We identified 267 protein binding
microarray (PBM) motif pairs and 620 TRANSFAC motif pairs
with z scores higher than 2.3 and AUC >0.7 (Table S1). A subset
of these pairs contains a motif for one transcription factor differ-
entially regulated during transformation (Figure S2), and there
are 30 pairs (including STAT3 and Myc) in which both factors
are differentially expressed (Figure 3B). Interestingly, one of the
top-scoring motif pairs is for Max and RXRa, and this motif
pair is predicted in the promoter regions of miR-148a, miR-
132, miR-181b-1, miR-210, miR-193a, miR-148b, miR-335,
and miR-340 (Tables S6 and S7). ChlP experiments validate
the binding of both Max and RXRa to the miR-148a, miR-
181b-1, and miR-148b promoter regions (Figure S2).

STAT3 and Myc Are Important for Maintenance

of the Transformed State

During the transformation process, STAT3 expression is
strongly induced during transformation while Myc expression
is induced to a lesser extent (Figure 3C). In previous work,
we showed that STAT3 is important for cellular transformation
in the ER-Src model (lliopoulos et al., 2009). To address the
role of STAT3 and Myc, we inhibited STAT3 and Myc expres-
sion by 24 hr pretreatment with siRNA (Figure S2), added
tamoxifen for 36 hr to induce transformation, and then plated
the resulting cells in soft agar to evaluate colony formation
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Figure 2. MicroRNAs Important for ER-Src Transformation

(A) Strategy for identifying microRNAs regulating ER-Src transformation.

(B) Heatmap representation of transformation efficiency (percent transformed cells as assayed by cell morphology) after transfection of microRNAs or antisense
microRNAs in ER-Src cells.

(C and D) Soft agar colony assay (C) and invasion assay (D) in ER-Src cells transfected with sense or antisense microRNAs. Experiments performed in triplicate
and data are shown as mean +SD.

15 days later. Inhibition of Myc results in a modest decrease in  were obtained when siRNAs against STAT3 and Myc were

colony formation, whereas inhibition of STAT3 in parallel exper- added 10 days after cells were stably transformed, and the
iments confers a 10-fold decrease (Figure 3D). Similar results  resulting cells tested for colony formation (Figure 3E). Thus,
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)
%)
e\
$
L,

P»

TAM
@ 36 hry @ 10 dag

MCF10A ER-Src
Non transformed

’
R

)
{

7

v

/!

Ny

l

. Positive change of mMRNA expression
. Negative change of mMRNA expression
/ Significantly enriched TF combination

SiRNA-

24 hry Soft agar
_> g

plates

# 5 days

Number of colonies

MCF10A ER-Src
transformed

MCF10A ER-Src
transformed

N
>
o

105

Number of Colonies
~
o

35
N 4% N %
& & F & &
(\"3 @ \a \a X\ \‘“
N EOE 2

(A) Lever algorithm analysis to identify transcription factor binding site motifs overrepresented in promoter areas of differentially expressed microRNAs. Motifs
with AUC score higher than 0.7 and z-score higher than 2 are considered statistically significant (red color), with STAT3 and Myc indicated.
(B) Pairs of motifs (connected by lines) of TFs that are differentially regulated (upregulated in red and downregulated in blue) during transformation and overrep-

resented in microRNA promoters.

(C) STAT3 and Myc mRNA expression levels in ER-Src cells during transformation.
(D) Soft agar colony assay (mean +SD) in TAM-treated (36 hr) cells transfected with siRNAs against STAT3, Myc, or control.
(E) Soft agar colony assay (mean +SD) in transformed ER-Src cells (for 10 days) transfected with siRNAs against STAT3, Myc, or control.

STAT3 and (to a significantly lesser extent) Myc are important
for cellular transformation and maintenance of the transformed
phenotype.

STATS3- and Myc-Regulated MicroRNAs during
Transformation

In transformed cells, STAT3 binds to three sites in the miR-21
promoter, three sites in the miR-181b-1 promoter, two STAT3
sites in the miR-132 promoter, and one STAT3 site in the
miR-210 promoter during transformation (Figure 4A and
Table S2). STAT3 binding to the target sites in the miR-21
promoter upon IL-6 induction has been reported previously

(Loffler et al., 2007). STAT3 binding to these sites is induced
upon transformation, because it is not detected in nontrans-
formed cells. Inhibition of STAT3 by siRNA or by a pharmaco-
logical inhibitor (JSI-124) strongly reduces miR-21 and miR-
181b-1 expression levels, but has only a very modest effect
on miR-132 and miR-210 expression levels (Figure 4B). Con-
versely, STAT3 activation by IL-6 treatment in MCF-10A cells
(i.e., lacking the ER-Src construct) results in upregulation of
these microRNAs (Figures 4C and S3). Interestingly, inhibition
of miR-21 and miR-181b-1 had a major effect while miR-132
and miR-210 had a minor effect on colony formation ability of
the ER-Src cells (Figure 4D). These results strongly suggest
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Figure 4. STAT3 and Myc-Regulated MicroRNAs during ER-Src Transformation
(A) STAT3 occupancy (fold enrichment) at the indicated miR loci in cells that were or were not treated with TAM, as determined by ChiP.
(B) MicroRNA expression levels in TAM-treated ER-Src cells transfected in the presence of STAT3 inhibitors (siSTAT3#2 or 8 uM JSI-124).

(C) MicroRNA expression levels in MCF-10A cells treated with 50 ng/ml IL-6.

(D) Soft agar colony assay in MCF10A-IL-6 transformed cells transfected with the indicated antisense microRNAs.
(E) Myc occupancy (fold enrichment) at the indicated miR loci that were or were not treated with TAM.
(F) MicroRNA expression levels in TAM-treated ER-Src cells transfected with siRNA negative control or siMyc. In all experiments, data are presented as

mean +SD of three independent experiments.

that STAT3 function in transformation involves transcriptional
activation of miR-21 and miR-181b-1.

ChlIP revealed one Myc binding site in the let-7a3 promoter,
one site in the miR-335 promoter, and one site in the miR-148a
promoter (Figure 4E). Inhibition of Myc expression by siRNA
did not significantly affect let-7a-3 and miR-335 expression,
but it did result in increased levels of miR-148a (Figure 4F). These
data suggest that Myc directly inhibits miR-148a expression
levels during transformation.
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Transient Expression of Either miR-21 or miR-181b-1

Is Sufficient to Induce the Epigenetic Switch to a Stable
Transformed State

STATS is phosphorylated in response to IL-6 during cellular
transformation (Frank, 2007), and in our experimental system,
this occurs only at later time points after IL-6 superactivation
(lliopoulos et al., 2009). Based on these observations, we
proposed that STAT3 is a downstream effector of IL-6 required
for transformation, but not part of the epigenetic switch that is
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needed to convert a nontransformed cell into a stable trans-
formed line (lliopoulos et al., 2009). If STAT3 and its target
microRNAs are simply downstream effectors of IL-6, they should
be insufficient for cellular transformation, because they would
not affect the function of NF-kB, Lin28, or let-7, all of which are
required for the process.

In striking contrast to our previous model, individual expres-
sion of miR-21 or miR-181b-1 is sufficient for cellular transforma-
tion (Figure 5A). As assayed by colony formation, miR-21 is
~2-fold more effective than miR-181b-1 and of comparable
efficacy to that occurring upon overexpression of Lin28b.
Remarkably, even though transiently transfected microRNAs
are likely to be present only for a few days, the transformed cells
can be passaged for at least 30 days without losing their ability to
form colonies in soft agar, indicating that cells are stably trans-
formed (Figure 5B).

These observations indicate that transient expression of either
miR-21 or miR-181b-1 is sufficient to induce the epigenetic
switch to the stable transformed state. In accord with this

) 10 day

s

Lin28b reduces the tumorigenicity of
cells transformed by miR-21 and/or
miR-181b-1. Furthermore, ER-Src-trans-
formed cells treated with antisense RNAs
against miR-21 and/or miR-181b-1 show
reduced levels of NF-kB activation (Fig-
ure 5C) that are roughly comparable to
those obtained upon inhibition by BAY-
117082. The ability of miR-21 and miR-
181b-1 to induce a stable transformed
state in a manner dependent on NF-xB
and Lin28b indicates that these
microRNAs and STAT3 are part of the
positive feedback loop mediating the
epigenetic switch and are not simply
downstream effectors of IL-6.

miR-21 Targets the PTEN Tumor

Suppressor Gene that Functions

through the Akt Pathway

The ability of miR-21 or miR-181b-1 to

induce a stable transformed state indi-
cates that these microRNAs must, in some manner, activate
NF-kB to sustain the inflammatory positive feedback loop. In
accord with a previous study identifying the PTEN tumor
suppressor gene as a direct target of miR-21 (Meng et al.,
2007), expression levels of miR-21 and PTEN mRNA expression
levels are inversely correlated during ER-Src transformation
(Figure S4A). In addition, inhibition of miR-21 expression results
in upregulation of PTEN mRNA expression (Figure S4B), sug-
gesting that PTEN expression is regulated by miR-21 in ER-Src
cells. PTEN is an upstream regulator of Akt kinase pathway
that is involved in oncogenesis (Yuan and Cantley, 2008).
In this regard, Akt activity (assayed by phosphorylation)
increases during ER-Src transformation in a manner that
depends upon miR-21 expression (Figure S4C), and inhibition
of Akt expression reduces tumorigenicity of ER-Src-transformed
cells (Figure S4D). Lastly, the PTEN/Akt pathway regulates
NF-kB activity in cancer cells, PTEN deletion results in increased
NF-kB activity (Garcia et al., 2009; Guigon et al., 2009), and
inhibition of Akt expression reduces NF-«B activity and IL-6
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Figure 6. miR-181b-1 Regulates CYLD Expression during ER-Src Transformation

(A) Sequence complementarity between miR-181b-1 and the 3' UTR of CYLD gene.

(B) miR-181b-1 and CYLD mRNA expression levels at the indicated times during ER-Src transformation.

(C) Luciferase activity of a reporter containing the 3' UTR of CYLD 24 hr after transfection with miR-181b-1 or miR negative control.

(D) CYLD mRNA levels after treatment with miR-181b-1 or miR negative control.
(E) CYLD protein levels after treatment with miR-181b-1 or miR negative control.

(F) CYLD mRNA levels after treatment with as-miR-181b-1 or as-miR-NC.

(G) NF-kB activity (ELISA assay) in ER-Src cells untreated (NT) or treated with as-miR-181b-1, si-CYLD, or as-miR-NC.
(H) IL-6 production (ELISA assay) in ER-Src cells treated with as-miR-181b-1, si-CYLD, or as-miR-NC.
(I-K) Number of colonies (I), NF-kB activity assessed by ELISA assay (J), and IL-6 luciferase activity (K) in ER-Src cells treated with two different siRNAs against

CYLD. The data are presented as mean +SD of three independent experiments.

production (Figures S4E and S4F). Taken together, these results
are consistent with a pathway in which STAT3-activated miR-21
directly inhibits PTEN, thereby resulting in increased Akt activity
and subsequent activation of NF-«kB that is required for the
positive feedback loop that maintains the epigenetically stable
transformed state.

miR-181b-1 Transforms Cells via Direct Targeting of the
CYLD Tumor Suppressor Gene

Unlike the case for miR-21, direct targets and potential pathways
for miR-181b-1 are unknown. Interestingly, bioinformatic anal-
ysis reveals sequence complementarity between miR-181b-1
and the CYLD tumor suppressor gene 3’ UTR (Figure 6A). During
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ER-Src transformation, miR-181b-1 and CYLD expression
levels are inversely correlated (Figure 6B), and miR-181b-1
overexpression inhibits activity of a luciferase reporter con-
struct containing the CYLD 3 UTR (Figure 6C), as well as
CYLD mRNA (Figure 6D) and protein expression (Figure 6E)
levels. Conversely, suppression of miR-181b-1 expression
results in upregulation of CYLD expression (Figure 6F), suggest-
ing that miR-181b-1 regulates directly CYLD expression during
transformation.

CYLD is a deubiquitinating enzyme that negatively regulates
NF-kB activity (Brummelkamp et al., 2003; Trompouki et al.,
2003). In ER-Src cells, inhibition of miR-181b-1 expression
results in reduced NF-«B activity (Figure 6G) and reduced
production of IL-6, a direct NF-«B target gene (Figure 6H). Impor-
tantly, this effect is blocked by concurrent inhibition of CYLD,
suggesting that miR-181b-1 regulates NF-«B through CYLD.
In accord with the previously characterized tumor suppressor
function of CYLD, MCF10A cells acquire the ability to form colo-
nies in soft agar after siRNA inhibition of CYLD expression
(Figure 6l). Furthermore, CYLD inhibition results in increased
NF-kB (Figure 6J) and IL-6 luciferase activity (Figure 6K) and
mRNA expression (Figure S5A). Lastly, CYLD suppression
increases the motility of ER-Src cells in a manner that depends
on NF-kB (Figure S5B). Taken together, these observations are
consistent with a pathway in which miR-181b-1 directly targets
CYLD, leading to increased NF-kB activity and maintenance of
the inflammatory feedback loop necessary for the transformed
states.

STAT3-Regulated MicroRNAs Are Important

for Tumorigenicity of Cancer Cell Lines of Diverse
Developmental Origin

The results above indicate that STAT3-induced microRNAs
(miR-21 and miR-181b-1) are important for transformation and
tumorigenicity of breast cells. To generalize these observations
beyond breast cells, we asked whether miR-21 and miR-181b-1
are important for tumorigenicity of cancer cell lines of diverse
developmental origin (Figure 7A). Inhibition of miR-21 dramati-
cally reduces colony formation in soft agar of colon (HCT-116,
HT-29) cancer cells and, to a lesser extent, prostate (PC3),
lung (A549), and hepatocellular (Hep3B) cancer cells. Inhibition
of miR-181b-1 yields similar results, although the effects are
often less pronounced. Neither microRNA affects colony forma-
tion in cervical (HelLa) or pancreatic (Panc1) cells. Thus, miR-21
and miR-181b-1 are important for tumorigenicity of many, but
not all, developmentally unrelated cancer cell lines.

STAT3 and STAT3-Regulated MicroRNAs Are Important
for Tumor Growth in Mouse Xenografts

To examine the ability of miR-21 and miR-181b-1 to regulate
tumor growth in mouse xenografts, ER-Src-transformed cells
were injected subcutaneously in nu/nu mice to generate tumors
with a size of 60 mm?®. The mice were randomly separated into
nine groups and treated intraperitoneally (i.p.) with IL-6 anti-
bodies, siRNA against STAT3, antisense RNAs against miR-21
and miR-181b-1, or appropriate negative controls for four cycles
every 5 days (Figure 7B). Inhibition of miR-21 or (to a lesser
extent) miR-181b-1 reduces tumor growth with respect to

control experiments, although tumors are not eliminated after
40 days. In contrast, the combined inhibition of miR21 and
miR-181b-1 completely suppresses tumor growth, as is also
observed upon inhibition of STAT3 or IL-6. As expected, tumors
treated with IL-6 antibody or siRNA against STAT3 had much
reduced levels of miR-21 and miR-181b-1 microRNAs (Fig-
ure 7C). These results indicate that STAT3 activation of both
miR-21 and miR-181b-1 is important for tumor growth in mouse
xenografts, with miR-21 having a more pronounced effect.

Given the importance of miR-21 and miR-181b-1 microRNAs
for tumorigenicity in colon cancer cells in vitro (Figure 7A), we
performed similar experiments in which HCT-116 and HT-29
colon cancer cells were injected subcutaneously into nu/nu
mice. After the completion of the second cycle of treatments in
HCT-116 cells and the third cycle of treatments in HT-29 cells,
there was significant suppression of tumor growth in all treated
mice (Figure 7D). As observed with transformed ER-Src cells,
reduced growth of tumors generated by both colon cancer cell
lines was more pronounced upon miR-21 inhibition than miR-
181b-1 inhibition, and complete suppression of tumor growth
occurred with simultaneous inhibition of both microRNAs or inhi-
bition of STAT3.

STATS3, miR-21-PTEN, and miR-181b-1-CYLD RNA
Levels in Human Cancer Tissues

To address whether the above observations in cancer cell lines
are relevant to human cancer, we examined the relationship
between STAT3 and miR-21 or miR-181b-1 expression levels
in colon adenocarcinomas. There is a striking positive correlation
between STAT3 and miR-21 expression levels (r = 0.9012) and
STAT3 and miR-181b-1 expression levels (r = 0.768) in the
same cancers (Figure 7E). These data suggest a mechanistic
relationship between STAT3, miR-21, and miR-181b-1 expres-
sion levels in at least one type of human cancer. In addition,
we found an inverse correlation between miR-21 and PTEN
expression levels (r = —0.678) and miR-181b-1 and CYLD
expression levels (r = —0.7) in colon adenocarcinomas (Fig-
ure 7F), strongly suggesting that both the miR-21/PTEN and
miR-181b-1/CYLD pathways are relevant for human cancer.

DISCUSSION

Kinetic Profiling Identifies MicroRNAs

that Are Important at Distinct Stages of Cellular
Transformation and Are Linked to Human Cancer

Using an inducible model of cellular transformation involving
breast epithelial cells, we perform a kinetic profile of microRNA
expression and identify 29 microRNAs that are differentially
regulated during this process (22 upregulated and 7 downregu-
lated). In general, microRNAs whose expression is affected
early in the transformation process are also more highly regu-
lated (fold induction or fold repression) at later times. This pro-
gressive enhancement of differential microRNA expression
suggests that the transition between nontransformed and trans-
formed cells occurs in a continuous fashion rather than in a set of
distinct stages. In a functional sense, these early- and highly
regulated microRNAs are more important for cellular transforma-
tion than late- and weakly regulated microRNAs. Of particular
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Figure 7. STAT3-Regulated MicroRNAs in Cancer Cells, Xenografts, and Cancer Patients

(A) Colony formation assay in colon (HCT-116, HT-29), prostate (PC3), lung (A549), cervical (HeLa), hepatocellular (Hep3B), and pancreatic (Panc1) cancer cell
lines treated with antisense microRNA negative control, antisense-miR-21, antisense-miR-181b-1, or their combination. The data are presented as mean +SD of
three independent experiments.

(B) Tumor growth (mean +SD) of ER-Src cells after i.p. treatment (days 10, 15, 20, and 25) with Ab-IgG, Ab-IL-6, siRNA negative control, siRNA against STAT3,
antisense miR-NC, antisense-miR-21, and/or antisense-miR-181b-1.

(C) miR-21 and miR-181b-1 expression levels from tumors derived from the experiment described above.

(D) Tumor growth (mean +SD) of HCT-116 and HT-29 colon cancer cells after i.p. treatment (days 10, 15, 20, and 25) with microRNA negative control, antisense-
miR-21, antisense-miR-181b-1, or siRNA against STAT3.

(E) miR-21, miR-181b-1, and STAT3 mRNA expression levels in colon adenocarcinomas, with each data point representing an individual sample and correlation
coefficients (r) indicated.

(F) miR-21, miR-181b-1, PTEN, and CYLD mRNA expression levels in colon adenocarcinomas.

(G) Model of the inflammatory positive feedback loop that mediates the epigenetic switch between nontransformed and transformed cells.
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interest are microRNAs that are rapidly and dramatically lost
(let-7 family and miR-335) or induced (miR-21, miR-181b-1,
and miR-210) during cellular transformation.

MicroRNAs that are rapidly and dramatically regulated during
the process of cellular transformation in our ER-Src model have
been previously linked to cancer. Let-7 family members are
downregulated in multiple types of cancer, and they directly
target oncogenes such as HMGA2, KRAS, and IL-6 (Johnson
et al., 2005; Mayr et al., 2007; lliopoulos et al., 2009). In our
model, the let-7 family is a key component of the epigenetic
switch that mediates transformation, and let-7 downregulation
is due to the rapid induction of the Lin28 processing factor, which
is a direct target of NF-kB (lliopoulos et al., 2009). Similar to the
let-7 family, miR-335 is rapidly and dramatically downregulated
during transformation, although it does not appear that Lin28 is
involved. This tumor-suppressor role of miR-335 during the early
stages of tumorigenesis is unexpected, as this microRNA was
previously characterized as being downregulated in metastatic
tumors (Tavazoie et al., 2008).

Important microRNAs induced early during the transformation
process in ER-Src cells (miR-21, miR-181b-1, and mir-210)
are also associated with human cancer. miR-21 has been char-
acterized as an antiapoptotic microRNA that directly regulates
PDCD4 and PTEN expression and is upregulated in many cancer
types (Meng et al., 2007; Frankel et al., 2008; Yan et al., 2008).
Overexpression of miR-21 and miR-181b-1 is associated with
the progression of leukoplakia to oral carcinoma (Cervigne
et al., 2009) and prognosis and therapeutic outcome in colon
cancer (Schetter et al., 2008), although downregulation of miR-
181b-1 occurs in other types of cancer (Shi et al., 2008; Conti
et al., 2009). miR-210, a key player in the response to hypoxia,
directly inhibits the Myc antagonist MNT, and it is upregulated
in a variety of solid tumors, including breast cancer (Zhang
etal., 2009). The observation that microRNAs critical for transfor-
mation in ER-Src cells are relevant for cancer provides additional
validation for our experimental model, and it permits mechanistic
analysis of these microRNAs in a well-defined system.

Identification of Transcription Factor Binding Sites
Associated with Differentially Regulated MicroRNAs
during Transformation
MicroRNAs and transcription factors play critical regulatory roles
in oncogenesis, but there are few examples of transcription
factors directly regulating the expression of microRNAs that
are relevant for this process. As a first step to identify such tran-
scription factor-microRNA interactions on a more global basis,
we performed a computational analysis to identify transcription
factor binding site motifs that are both overrepresented and
evolutionarily conserved in the putative promoter regions of
differentially regulated microRNAs. Many individual motifs and
pairwise combinations of motifs meet these criteria at varying
levels of stringency, and binding of the cognate transcription
factor to some of these sites in vivo was validated by ChIP.
Furthermore, in some cases, the transcription factors associated
with the microRNA promoters are important for regulating the
expression of the microRNAs.

The above analysis identifies many potential transcription
factors, individually or in combination, that may be important

for cellular transformation as well as potential regulatory sites
through which they act. While our identification of Myc and
STAT3 was not surprising given their well-known roles in trans-
formation, the combination of Max and RXRa was unexpected.
However, as the computational analysis only identifies candidate
protein-DNA interactions, it is critical to establish their physiolog-
ical relevance through ChIP and transcription measurements.
In addition, as many motifs are recognized by a family of tran-
scription factors, experimental validation is necessary to deter-
mine which family member(s) are physiologically relevant. Lastly,
it is likely that transcription factors identified here via regulation
of microRNAs will also be important for regulation of mMRNAs
during transformation.

STATS3 Activation of miR-21 and miR-181b-1

Is Important for Cellular Transformation and Associated
with Some Human Cancers

While transcription factors and microRNAs are associated with
human cancer, regulatory pathways directly connecting them
are largely unknown. Previously, we described a regulatory
circuit in which the transcription factor NF-«B is required for inhi-
bition of the let-7 microRNA family, but this regulation is indirect
and involves Lin28 as an intermediary protein (lliopoulos et al.,
2009). In addition, we and others have identified STAT3 as
an oncogenic transcription factor activated by inflammatory
responses (lliopoulos et al., 2009; Bromberg et al., 1999; Griven-
nikov et al., 2009), but microRNA targets are unknown.

Here, we provide strong evidence that STAT3 activation of
miR-21 and miR-181b-1 is important for cellular transformation.
First, in a transformation-specific manner, STAT3 directly binds
multiple sites in the miR-21 and miR-181b-1 promoter regions
and is required for transcriptional induction of these microRNAs.
Second, STAT3, miR-21, and miR-181b-1 are required for
cellular transformation, tumorigenicity, and maintenance of the
transformed state in vitro as well as tumor growth in vivo. Third,
overexpression of either miR-21 or miR-181b-1 is sufficient to
transform cells, indicating that these microRNAs can act as
oncogenes. While overexpression of some microRNAs is corre-
lated with transformed or tumor cells, to our knowledge, these
are the first examples in which transient expression of oncogenic
microRNAs can convert nontransformed cells to transformed
cells. Taken together, our observations strongly suggest that
STAT3 oncogenic function depends on miR-21 and miR-181b-1.

The importance of STAT3 activation of miR-21 and miR-
181b-1 for cellular transformation is not limited to our experi-
mental model or to breast cells. Indeed, miR-21 and (to a lesser
extent) miR-181b-1 are important for tumorigenicity (colony
formation in soft agar) of a variety of cell lines of diverse develop-
mental origin. In addition, these microRNAs are important for
growth of tumors in xenografts generated by colon cancer cells.
However, this pathway does not appear to be involved in all
types of cancer cells, as cervical and pancreatic cancer cell lines
are unaffected by depletion of either microRNAs.

In accordance with previous work, RNA levels of STAT3
(lliopoulos et al., 2009; Bromberg et al., 1999; Grivennikov
et al., 2009), miR-21, and miR-181b-1 (Schetter et al., 2008;
Yan et al., 2008; Cervigne et al., 2009) are often increased in
cancer tissues relative to normal tissues. More importantly, we
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observe a striking direct relationship between STAT3, miR-21,
and miR-181b-1 levels in a set of colon adenocarcinomas,
strongly arguing for a mechanistic relationship. Furthermore, in
this same set of tumor samples, there is a striking inverse rela-
tionship between miR-21 and PTEN as well as between miR-
181b-1 and CYLD. These observations indicate that the pathway
in which STAT3 directly activates miR-21 and miR-181b-1,
which in turn inhibit PTEN and CYLD, is relevant for at least
some forms of human cancer.

STATS3 Activation of miR-21 and miR-181b-1, via PTEN
and CYLD, Is Part of the Epigenetic Switch

from Nontransformed to Transformed Cells

In the ER-Src transformation model, a transient inflammatory
signal (mediated by Src) activates a positive feedback loop
involving NF-kB, Lin28, let-7 microRNAs, and IL-6 that is respon-
sible for an epigenetic switch between stable nontransformed
and transformed states (lliopoulos et al., 2009). The epigenetic
switch and hence transformation can be started by the appro-
priate manipulation of any component within the loop. In addi-
tion, IL-6 is required for activating the STAT3 pathway at later
times during transformation, and we imagined that this function
and the STAT3 pathway itself was required for transformation,
but not part of the positive feedback loop necessary for the
epigenetic switch (lliopoulos et al., 2009).

In contrast to this view, our observation that overexpression of
miR-21 or miR-181b-1 is sufficient for transformation strongly
argues that STAT3 and these microRNAs are not simply down-
stream effectors, but are actually part of the regulatory circuit
that constitutes the epigenetic switch (Figure 7G). To put it differ-
ently, miR-21 and miR-181b-1 are not merely upregulated in
association with oncogenesis, but rather can act as oncogenic
microRNAs when transiently overexpressed. Importantly, trans-
formation by these transiently transfected microRNAs requires
NF-kB and Lin28, and the transformed state is sufficiently stable
for formation of colonies in soft agar and mammospheres,
even though the introduced microRNAs are unlikely to be
present. To achieve such a stable transformed state, STAT3
and its microRNA targets must feedback to induce NF-kB and
start the inflammatory feedback loop. At a minimum, miR-21
directly targets PTEN, which acts through the Akt pathway,
and miR-181b-1 targets CYLD, and each of these microRNA
pathways is sufficient to induce NF-kB. Thus, STAT3 activation
of miR-21 and miR-181b-1 induces two positive feedback loops
that are part of the larger inflammatory feedback loop that
constitutes the epigenetic change from nontransformed to
transformed cells.

More generally, our results suggest that the link of inflamma-
tion to cancer is not a simple linear pathway, but rather a
complex, self-reinforcing regulatory circuit. In this sense, the
distinction between nontransformed and transformed cells is
analogous to a switch in normal development in which a given
stable state is converted to a different stable state. As discussed
previously (lliopoulos et al., 2009), activation of this inflammatory
regulatory circuit is insufficient to trigger transformation of
normal cells. Instead, this inflammatory circuit is likely to be rele-
vantin “predisposed” cells that are genetically altered to be at an
intermediate stage in the transition between a primary cell and

504 Molecular Cell 39, 493-506, August 27, 2010 ©2010 Elsevier Inc.

Molecular Cell

Positive Feedback Loop Linking Inflammation to Cancer

a cancer cell. In such predisposed cells, anything that activates
the positive factors (NF-kB, Lin28, IL-6, STAT3, miR-21, mir-
181b-1) or inhibits the negative factors (let-7, PTEN, CYLD) will
trigger the inflammatory feedback loop that induces and main-
tains the transformed state. As such, the triggering event does
not have to be an inflammatory signal (e.g., Src) per se, but
can be any genetic or environmental change that affects the
activity of the factors in the inflammatory feedback loop.

EXPERIMENTAL PROCEDURES

Cell Culture and Transformation Assays

MCF10A cells containing the ER-Src fusion protein were grown in DMEM/F12
medium supplemented with 5% donor HS, 20 ng/ml epidermal growth factor
(EGF), 10 pg/ml insulin, 100 pg/ml hydrocortisone, 1 ng/ml cholera toxin, and
50 units/ml pen/strep, with the addition of puromycin (lliopoulos et al., 2009;
Hirsch et al., 2010). To induce transformation, the Src oncogene was activated
by the addition of 1 uM tamoxifen (Sigma, St. Louis) to confluent cell cultures.
Cancer cell lines (HCT116, HT29, PC3, A549, HelLa, Hep3B, Pancl) were
grown in DMEM, 10% FBS, and pen/strep.

MicroRNA Expression Analysis

Expression levels of 365 microRNAs at various times after TAM addition were
evaluated with microRNA profiling assays (TLDA human miRNA v1.0) in the
Dana Farber Molecular Diagnostics Facility. Validation of these results was
performed using the mirVana qRT-PCR miRNA Detection Kit and qRT-PCR
Primer Sets, according to the manufacturer’s instructions (Ambion Inc.; Austin,
TX). RNU48 expression was used as an internal control.

Morphological, Soft Agar Colony and Invasion Assays for Cellular
Transformation

ER-Src cells were treated with 100 nM of microRNAs or antisense microRNAs
for 24 hr, whereupon TAM was added and cellular transformation was
assessed 36 hr later (total time 60 hr). Cell morphology was assessed by phase
contrast microscopy (10X objective), and percentage of transformed ER-Src
cells was calculated by evaluation of cell morphology by Metamorph v5.0 soft-
ware. The soft agar colony and MATRIGEL invasion assays were performed as
described previously (lliopoulos et al., 2009; Hirsch et al., 2010). In all cases,
experiments were repeated thrice, and the statistical significance was calcu-
lated using Student’s t test.

Lever and PhylCRM Analysis

The Lever and PhylCRM algorithms were described previously (Warner et al.,
2008). MicroRNA promoters to be evaluated by Lever for each pair of tran-
scription factor binding site motifs were rank-ordered according to their
maximum PhylCRM window score. In PhylCRM analysis, we evaluated evolu-
tionary conservation across 12 mammals—mouse, rat, human, rabbit, chimp,
macague, cow, dog, armadillo, tenrec, opossum, and elephant—using the
MultiZ genome alignment as described in Supplemental Experimental Proce-
dures. PBM data were for 104 TFs (transcription factors) from 22 DNA-binding
domain structural classes (Badis et al., 2009) and for 168 additional homeodo-
mains (Berger et al., 2008). Position weight matrix (PWM) representations of
the PBM data derived using the “Seed-and-Wobble” algorithm (Berger
et al., 2006) were used in the Lever analysis. The TRANSFAC PWMs were
downloaded from the TRANSFAC human database. To annotate the TSS for
the microRNAs, we incorporated the findings from Ozsolak et al. (2008) and
Marson et al. (2008) and mapped the genome coordinates to the hg18 version
of the human genome by using liftOver program from UCSC. We note that
some of the identified promoters were more than 50 kb from the microRNA
gene. For microRNAs whose predicted TSS locations differed substantially
in the two studies, we used the ones identified by Ozsolak et al. (2008). For
each microRNA gene, the Lever and PhylCRM analyses were applied to the
sequence from 2 kb upstream to 7 kb downstream of the annotated TSS.
See Supplemental Experimental Procedures for details.
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ChiP

ChIP was carried out as described previously (Yang et al., 2006). Briefly, the
chromatin fragments, derived from untreated and TAM-treated (36 hr)
MCF10A ER-Src cells, were immunoprecipitated with 6 ug of antibody against
STAT3 (9139, Cell Signaling; Beverly, MA), Myc (ab56, Abcam Inc.), Max
(@b53570, Abcam Inc.), and RXRa (sc553, Santa Cruz Biotechnology Inc.;
Santa Cruz, CA). DNA extraction was performed using QIAGEN Purification
Kit. The samples were analyzed by quantitative PCR in real time using primers
listed in Supplemental Experimental Procedures.

RNA Analysis

Equal amounts of purified RNA samples from untransformed and transformed
MCF10A ER-Src cells were reverse transcribed to form cDNA, which was sub-
jected to SYBR Green-based real-time PCR analysis as described previously
(lliopoulos et al., 2009; Hirsch et al., 2010). To analyze patient samples, RNAs
from 21 colon adenocarcinomas (Origene and Biochain Inc.; Rockville, MD)
were analyzed for levels of STAT3, miR-21, and miR-181b-1. Each sample
was run in triplicate, and the data represent the mean +SD. Correlation coef-
ficient represents correlation between STAT3 and miR-21 or miR-181b-1
expression levels in these colon adenocarcinomas.

siRNA Experiments

MCF10A ER-Src cells were seeded in 6-well plates and transfected with
different siRNAs (100 nM) from Ambion Inc. against STAT3 (s23967 and
$23969), CYLD (s590), Myc (s9129 and s9130), Max (s8538 and s224031),
and RXRa (s12385 and s12386) using siPORT NeoFX transfection agent.
Transfection with 100 nM siRNA (AM4611, Ambion Inc.) was used as a control.
No cell toxicity was detected due to the transfection agent. The resulting cells
were analyzed for transformation or RNA levels as described above.

Xenograft Experiments

MCF10A-IL-6-transformed cells or HCT-116 and HT-29 colon cancer cells
(5 x 10°% were injected subcutaneously in the right flank of athymic nude
mice (Charles River Laboratories; Wilmington, MA). Tumor growth was
monitored every 5 days, and tumor volumes were calculated by the equation
V(mm®) = a x b?/2, where a is the largest diameter and b is the perpendicular
diameter. When the tumors reached a size of ~65 mm?®, mice were randomly
distributed in six groups (four mice/group) and treated i.p. with Ab-IgG
(2 pg/ml), Ab-IL-6 (2 ng/ml), siNC (100 nM), siSTAT3 (100 nM), as-miR NC
(120 nM), as-miR-21 (120 nM), as-miR-181b-1 (120 nM), or combinations.
These treatments were repeated in a weekly basis for four cycles (days 10,
15, 20, and 25). In addition, RNA was extracted from tumors treated with
Ab-1gG, Ab-IL-6, siNC, and siSTAT3. Real-time PCR analysis was performed
for miR-21 and miR-181b-1. Nude mice were maintained in accordance with
Tufts Institutional Animal Care and Use Committee procedures and guidelines.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and seven tables and can be found with this article online at
doi:10.1016/j.molcel.2010.07.023.
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