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Epidermal growth factor (EGF) stimulates cells by launching gene expression programs that are frequently
deregulated in cancer. MicroRNAs, which attenuate gene expression by binding complementary regions
in messenger RNAs, are broadly implicated in cancer. Using genome-wide approaches, we showed that
EGF stimulation initiates a coordinated transcriptional program of microRNAs and transcription factors.
The earliest event involved a decrease in the abundance of a subset of 23 microRNAs. This step permitted
rapid induction of oncogenic transcription factors, such as c-FOS, encoded by immediate early genes. In
line with roles as suppressors of EGF receptor (EGFR) signaling, we report that the abundance of this
early subset of microRNAs is decreased in breast and in brain tumors driven by the EGFR or the
closely related HER2. These findings identify specific microRNAs as attenuators of growth factor signaling

and oncogenesis.

INTRODUCTION

Binding of growth factors to cell surface receptor tyrosine kinases stimu-
lates a network of cytoplasmic events, leading to transcriptional regulation
and thereby cell fate decisions (/). For example, stimulation of the mitogen-
activated protein kinase (MAPK) pathway is coupled to the rapid induc-
tion of transcription factors (TFs) encoded by immediate early genes [IEGs
(2, 3)]. Deregulation of signaling cascades downstream of specific growth
factor receptors, such as the epidermal growth factor receptor (EGFR), has
been implicated in diverse types of human cancer. Moreover, oncogenic
transformation is often associated with inappropriate function of compo-
nents of the network that regulate the amplitude and duration of the EGFR
signal through negative feedback. EGFR signaling involves two major
mechanisms of feedback regulation, one immediate and one delayed.
The immediate wave of feedback regulation, which occurs within 20 min
of stimulation, depends on preexisting components of the EGFR signal-
ing network that are translocated, assembled, or altered to achieve stringent
control of signals initiated at the cell surface (4). This wave of regulation
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depends on posttranslational protein modifications, for example, phos-
phorylation and dephosphorylation (5) or ubiquitination (6). In contrast,
the delayed wave of feedback regulation involves newly synthesized pro-
teins, which are encoded primarily by a group of genes collectively called
the delayed early genes (DEGs). These include transcriptional repressors
and phosphatases (7), which act together to limit the duration of signaling
downstream of active receptors (2). One central node of feedback regu-
lation includes TFs encoded by the IEGs, such as members of the c-FOS
and c-JUN families of short-lived proteins. Aberrant activation of these
well-characterized IEGs, which are rapidly and transiently induced upon
mitogenic stimulation (8), is often associated with oncogenic transfor-
mation by retroviruses and other agents (9). In contrast, a subset of the
DEGs that restrain the transcriptional activation of oncogenic IEGs is
commonly down-regulated in tumors, consistent with tumor-suppressive
functions (2, 10).

Here, we investigated the possibility that microRNAs, a class of ~22-
nucleotide single-stranded RNA molecules that bind to complementary
regions in messenger RNA (mRNA) transcripts to inhibit gene expression
(11), constitute another layer through which oncogenic signaling networks
are regulated. Exactly how mRNAs and their respective microRNAs are
integrated into signaling-controlled transcriptional networks is unclear.
Moreover, because the target specificity-determining site of microRNAs
is often short (seven to eight nucleotides), combinatorial and multiple in-
teractions at each target mRNA may underlie broad regulation of signaling
networks by microRNAs (/2). MicroRNA regulation in the context of sig-
nal attenuation is particularly interesting, because a large body of recent
evidence implicates aberrant microRNA expression in most human malig-
nancies (13, 14). Here, we describe mechanisms by which microRNAs
may contribute to the oncogenic phenotype. Although we predominantly
focused on two aspects of microRNA signaling downstream of EGFR, we
also show that similar mechanisms may occur in cancers that are not
dependent on EGFR signaling. First, we identified a group of coexpressed
microRNAs that showed decreased abundance immediately after EGF
stimulation of cultured mammary cells and explored their role in onco-
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genesis. We found that these immediately down-regulated microRNAs,
together with a group of IEGs that they target, formed a small subnetwork
within the complex transcriptional network stimulated by EGE. The primary
function of this network is to attenuate IEG expression, thereby controlling
the initiation of signal propagation. Second, we identified recognizable mod-
ules of microRNAs and mRNAs within the global response to EGF that
likely fine-tune transcriptional outcome. We implicate the subset of immedi-
ately down-regulated microRNAs in brain and breast cancers, indicating that
they act as tumor suppressors by restraining the activity of oncogenic TFs.

RESULTS

EGF elicits an immediate decrease in the abundance

of a group of microRNAs that are repressed in tumors
driven by EGFR signaling

We stimulated MCF10A mammary epithelial cells (/5) with EGF (10 ng/ml)
for time intervals ranging between 20 and 480 min and assessed changes
in microRNA abundance with oligonucleotide microarrays (Agilent) to in-
vestigate the possible roles of microRNAs in signaling downstream of the
EGFR. We used a criterion of a factor of >2 change from time zero, over
at least two consecutive time points, to consider microRNA abundance
significantly altered by EGF stimulation. The resulting matrix (Fig. 1A and
table S1) revealed a remarkably dynamic pattern of changes in microRNA
abundance over time, which resembled the patterns of changes in mRNA
abundance we previously observed after EGF stimulation of MCF10A
cells (2). We observed similar dynamic changes in microRNA abundance
with EGF stimulation of HeLa human cervical cancer cells (fig. S1B and
table S1) and when stimulating MCF10A cells with 5% serum, which
contains EGF and other mitogens and induces cell proliferation (fig. S1A
and table S1). Experiments with quantitative polymerase chain reaction
(qPCR) to analyze selected microRNAs (miR-21, miR-125b, and miR-191)
confirmed rapid changes in the abundance of the mature transcripts with
EGF stimulation of MCF10A cells (fig. S1C), and further analysis demon-
strated successive processing of microRNA precursors (fig. S1D). Like-
wise, pharmacological analyses confirmed the dependence of changes in
microRNA abundance on their de novo transcription and on the catalytic
activity of the EGFR (fig. S1E).

The microRNA analyses revealed that a group of 23 microRNAs de-
creased in abundance by at least 50% within 60 min of stimulation with
EGF (hereinafter referred to as the “immediate down-regulated microRNAs,”
or ID-miRs). To determine whether this simultaneous decrease in mul-
tiple ID-miRs occurred under other conditions associated with increased
growth factor signaling, we analyzed samples of human tumors showing
constitutive EGFR signaling or genetic aberrations of EGFR or the closely
related HER?2 (see tables S2 and S3 for patient characteristics). The subset
of ID-miRs was first analyzed in a data set of microRNAs present in 100
breast cancer specimens. On the basis of matched comparative genomic
hybridization (CGH) array data, we divided specimens into two groups:
those with amplification of the EGFR or HER?2 genes, and those without
EGFR or HER2 amplification. We ranked microRNAs according to their dif-
ferential expression between these two groups (Fig. 1B) and carried out en-
richment analysis for the ID-miRs with the use of a minimum-hypergeometric
test (mHG, see Supplementary Text). The microRNAs that were decreased
in abundance in the EGFR- or HER2-amplified specimens relative to
those without EGFR or HER2 amplification were significantly enriched
in the subset of ID-miRs [Fig. 1C and fig. S2A; P < 1.41 x 10™'°, mHG
test; 15 intermediate-amplification tumors were removed from the analysis].
Consistent with this observation, significant coordinated down-regulation of

ID-miRs was also evident in mammary tumors that overexpressed
EGFR, as determined by DNA arrays, relative to those that did not
(fig. S2B; mHG test, P < 3.86 x 10°). We also analyzed samples of
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Fig. 1. EGF elicits immediate down-regulation of a group of microRNAs that
are specifically repressed in EGFR-driven human breast cancers. (A) Serum-
starved MCF10A cells were stimulated with EGF (10 ng/ml) as indicated.
RNA was hybridized to a microRNA array (Agilent). MicroRNAs that changed
by at least 100% were sorted according to the time of peak abundance
(table S1) and compared to the pattern of mMRNA induction reanalyzed
from (2). (B) MicroRNAs were compared to a breast cancer data set (from
100 patients). Using corresponding CGH data of EGFR and HERZ2 copy
numbers, patients were divided into two groups: no aberration (left) and
high (right) copy number of EGFR or HER2. MicroRNAs were ranked ac-
cording to a combined P value that represents differential expression in
amplified versus non-amplified samples (down-regulated microRNAs in
amplified samples are shown at the top). (C) The horizontal bars of the left
column indicate positions of individual ID-miRs, relative to the ranked heat
map of (B). The right column presents the statistical significance of ID-miR
distribution within microRNAs that are down-regulated in EGFR-amplified
samples. The microRNAs that are down-regulated in the tumors are signif-
icantly enriched by the subset of ID-miRs (P < 1.41 x 107'% mHG test).
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glioblastoma multiforme (GBM), an aggressive type of brain tumor that
often shows amplification of or deletions within the EGFR gene [84 patients;
The Cancer Genome Atlas (TCGA) compendium (/6), http://cancergenome.
nih.gov/]. As in our analyses of breast tumors, we found that the abun-
dance of the 23 ID-miRs was decreased in GBM tumors with EGFR aber-
rations relative to those without such aberrations (mHG test, P <3.01 x 10~7;
fig. S2, C to E; 19 tumors that showed intermediate EGFR amplification
were excluded from analysis). Together, these observations with two cell
models and two types of human tumors suggested that the abundance of
ID-miRs are coordinately decreased by EGFR signaling, both in vitro and
in cancer.

The ID-miRs are functionally coupled with
EGF-responsive IEGs

Because microRNAs accelerate degradation of their target transcripts, altera-
tions of mRNA abundance might conceivably be coupled to temporal changes
in microRNA transcription and degradation (/7). Indeed, side-by-side com-
parisons of increases and decreases in the abundance of microRNAs and
mRNAs from MCF10A cells reflected similar wave-like configurations
(Fig. 1A). To investigate the possible functions of the ID-miRs, we grouped
mRNAs that increased in abundance after exposure to EGF according to
the time of peak abundance. Using

the PITA target prediction algo- A
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by miR-191 and miR-212) (19) (Fig. 2B). This subnetwork of ID-miRs and
their target IEGs likely gains robustness through internal redundancy (tar-
geting of same IEG by several ID-miRs) and multiplicity (targeting of sev-
eral IEGs by each ID-miR). Indeed, similar redundant and multiple wirings
are common in microRNA networks (20), suggesting that although each
microRNA offers only mild repression of its target mRNA, overt inhibition
of IEGs in resting cells depends on ID-miR redundancy.

To explore the biological relevance of the predicted miR-IEG inter-
actions, we conducted a large screen in which we individually overex-
pressed each of the 23 ID-miRs in MCF10A cells, which dissociate from
epithelial clusters and migrate in response to EGF stimulation (/5), and
determined their effects on cell migration and IEG mRNA abundance
(Fig. 3). Real-time qPCR verified a 1000 to 10,000% increase in abun-
dance of the corresponding mature ID-miRs (fig. S3A). Most of the ID-
miRs significantly inhibited EGF-induced migration (P < 0.05; Fig. 3 and
fig. S3B), whereas parallel viability assays indicated that only one ID-
miR reduced cell viability (miR-630; by >50%). Although we did not
analyze the corresponding proteins, real-time qPCR experiments of 34
of the 43 transcripts targeted by the ID-miRs shown in Fig. 2B indicated
that the miR-IEG interactions occurred (Fig. 3 and fig. S3C). Hence, the
data presented in Fig. 3 lend experimental support to the proposed network
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Fig. 2. The subset of ID-miRs is coupled to a class of EGF-induced
IEGs. (A) EGF-induced mRNAs were binned into groups according to
their time of peak abundance and probed for enrichment for seed se-
quences of ID-miRs in their 3UTRs. Shown is the enrichment of genes
predicted as targets of ID-miRs. (B) Upper panel: An expression heat
map of microRNAs down-regulated with EGF stimulation of MCF10A
cells. The right column identifies individual ID-miRs, whereas the left
column indicates relations to predicted target IEGs. Lower panel: An
expression heat map of a subset of EGF-induced IEGs; color-coded
genes (according to the upper panel) represent mRNAs enriched with
seed sequences of ID-miRs. (C) MCF10A cells were transfected with
siRNAs directed against Dicer. Thereafter, cells were serum-starved for
16 hours and RNA was analyzed with microarrays (Affymetrix). Signals
corresponding to housekeeping genes, IEGs, and DEGs were normal-
ized to treatment with control siRNAs.

1 June 2010 Vol 3 Issue 124 ra43 3

0202 ‘ST Areniga4 uo /610 Bewasualos ayis//:dny wol) papeojumod


http://stke.sciencemag.org/

RESEARCH ARTICLE

of ID-miRs and IEGs and identify roles for the ID-miRs in EGF-induced
mammary cell migration.

Growth factor—deprived cells show abundant ID-miRs, the predicted
targets of which are mitogenic IEGs, often transduced by oncogenic retro-
viruses [such as viral FOS and JUN (21)]. Thus, we postulated that ID-miRs
act as preexisting inhibitors of IEG function. Because our seed sequence
analyses predicted that individual IEGs were targeted by multiple ID-miRs
(Fig. 2B), testing this model required the simultaneous elimination of multi-
ple microRNAs. Therefore, we knocked down the pre-microRNA—processing
endonuclease Dicer (22). Gene expression microarrays of unstimulated
MCF10A cells identified 447 mRNAs showing increased abundance after
Dicer knockdown (table S5). Twenty of the mRNAs induced by Dicer knock-
down were included in our data set of EGF-induced genes, suggesting that
these mRNAs may be targets of the microRNAs down-regulated by EGE
About half of them (9 of 20) peaked in abundance at early time points after
EGEF treatment (for instance, the mRNAs encoding FOS and EGR1, which
were induced upon knockdown of Dicer; Fig. 2C). In contrast, Dicer knock-
down failed to alter the abundance of mRNAs encoded by the DEGs, or
four housekeeping genes used as controls. Together, these results confirm
attenuation of [IEG mRNA abundance by microRNAs and are consistent
with studies indicating that promoters of IEGs are poised for activation in
resting cells (23, 24).

ID-miRs prevent IEG expression under conditions of
growth factor starvation

To investigate the possibility that ID-miRs act as “safeguards” to limit the
production of potentially oncogenic IEG-encoded TFs, we focused on the
transcription factor EGR1. EGR1, which regulates several tumor suppres-
sors (9), was highly induced after Dicer knockdown (Fig. 2C and table
S5). The EGRI 3'UTR carries seed sequences for miR-191 and miR-
212, making it a predicted target for these two ID-miRs [fig. S4A; see also
(25)]. EGF-stimulated changes in the abundance of miR-191 and miR-212
showed an inverse correlation with those of EGRI mRNA (Fig. 4A). Fur-
thermore, microRNA mimics of miR-191 and miR-212 reduced the lumi-
nescence of a luciferase reporter containing the EGRI 3'UTR, especially
when coexpressed. This repression was not apparent with EGR1-luciferase
reporters in which single inactivating mutations were introduced into the
miR-191 and miR-212 seed sequences (Fig. 4B; mutations are indicated
in fig. S4A). The effects of mimic microRNAs on EGRI mRNA, along
with the effects of an inhibitor of miR-191 on EGR1 abundance (Fig. 4,
B and C, respectively), further supported repression of EGR1 by the two
ID-miRs (fig. S4A), and prompted us to investigate miR191-EGR1 inter-
action in more depth. EGR1 abundance showed superinduction after
miR-191 knockdown, especially at early time points (Fig. 4C), whereas
miR-191 overexpression decreased EGR1 abundance (fig. S4D). Ex-
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60 min. Thereafter, mMRNA abundance of the indicated target [IEGs was analyzed with real-time gPCR. Signals were quantified relative to three independent
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periments with an miR-191 inhibitor indicated that miR-191 inhibits the
transcription of EGR1 target genes in both resting and EGF-stimulated
cells (Fig. 4D).

We next tested the effect of the predicted miR191-EGR1 interaction on
two functional sequelae of EGF stimulation: MCF10A cell migration and
human mammary epithelial cell (HMEC) proliferation. miR-191 knock-
down increased EGF-dependent migration in a Transwell assay, an effect
that was nearly abolished by simultaneous EGR1 knockdown (Fig. 4E and
fig. S4E). This suggests that the decrease in miR-191 abundance in re-
sponse to EGF stimulation may induce migration by releasing inhibition
of EGR1. A wound-healing assay, which assesses cell migration, revealed
the ability of ID-miRs to discriminate between substantial from insubstantial
signals: At high concentrations (10 ng/ml), EGF induced robust wound
closure, an effect that was hardly detectable at 0.1 ng/ml (Fig. 4F). With
miR-191 knockdown, however, cell migration was apparent at an EGF con-
centration of 0.1 ng/ml. HMECs, unlike MCF10A cells, undergo prolifera-
tion after treatment with EGF, and miR-191 knockdown in these cells
increased EGF-induced proliferation (fig. S4F). Thus, we propose
that under conditions of growth factor deprivation, miR-191 and

miR-212 are abundant, thereby preventing EGRI expression, but that,
after EGF stimulation and the ensuing decrease in ID-miR abundance,
EGRI1 production increases, promoting cellular proliferation and mi-
gration (Fig. 4G).

The viral oncogene v-FOS escapes

regulation by ID-miRs

Aberrant forms of several IEGs act as retroviral transforming genes. For
instance, the Finkel-Biskis-Jinkins (FBJ) murine osteosarcoma virus
captured most of the coding region of the c-FOS gene (26) and thereby
acquired the ability to transform cells. Given the oncogenic capacity of
v-FOS, we postulated the existence of viral mechanisms allowing it to evade
regulation by ID-miRs. We compared its sequence to that of its cellular
counterpart, c-FOS, and noted that their 3'UTRs differed (Fig. 5A), al-
though the 3'UTR of ¢c-FOS is highly conserved (Fig. 5B). Our analyses
of MCF10A and HeLa cells identified miR-155 and miR-101, both of
which regulate ¢-FOS (26, 27), as ID-miRs. Notably, the miR-155 seed-
binding site of v-FOS carried a central region mutation, and the seed-
binding site for miR-101 was deleted. We found that ectopic expression
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Fig. 4. ID-miRs prevent IEG expression under conditions of growth fac-
tor deprivation. (A) RNA from EGF-treated MCF10A cells was analyzed
with real-time gPCR. (B) HelLa cells were cotransfected with specific
microRNA mimics and either a luciferase reporter containing wild-type
3'UTR of EGR1 or one with an EGR1 3'UTR with mutations in the seed
sequences (see fig. S4A). Means and SD values of duplicates lumines-
cence signals are presented. (C) MCF10A cells were transfected as
indicated and then stimulated with EGF and analyzed by immuno-
blotting. Normalized signals are presented, along with the original blot
(inset). (D) Hela cells were transfected as indicated. A luciferase reporter
gene driven by a promoter containing an EGR1-responsive element was

516 330

introduced; 40 hours later, serum-starved cells were stimulated with
EGF for 4 hours. (E) MCF10A cells were transfected with either control,
miR-191-specific, or EGR1-specific oligonucleotide inhibitors (alone or
in combination, as indicated). Thereafter, migration was assessed with
a Transwell assay (see Materials and Methods); signals were normal-
ized to control and shown below each panel. (F) MCF10A cells were
transfected as in (C). Thereafter, migration was assessed with a wound
closure assay (see Materials and Methods); scale bar, 100 um; insets:
20x magnification. (G) A summary scheme showing the effects of
EGF on miR-191, miR-212, and EGR1. Letters refer to specific panels of
the figure.
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of miR-101, as well as miR-155, reduced luminescence signals emanating
from a reporter carrying the 3'UTR of ¢-FOS. In contrast, neither miR-
101 nor miR-155 altered signals from a reporter bearing the v-FOS 3'UTR
(Fig. 5C). The 3'UTR of ¢-FOS contains, in addition to ID-miR seed sites,
AU-rich elements that are recognized by RNA-binding proteins that reg-
ulate mRNA stability, such as the zinc finger protein 36 (ZFP36) (28).
Accordingly, we observed that, whereas the increase in abundance of
c-FOS mRNA in response to EGF or serum is coupled to a decrease in
abundance of miR-155 and miR-101, the decrease in abundance of c-FOS
mRNA correlated with the delayed induction of ZFP36 (Fig. 5D). Thus,
we conclude that increased v-FOS stability resulting from the loss of ZFP36
binding sites (26) and ID-miR seed sites likely contributes to prolonged
activation of downstream c-FOS target genes.

ID-miR abundance can distinguish between malignant
and surrounding tissues

The differential ability of the ID-miRs to regulate v-FOS and c-FOS,
along with other oncogenic IEGs, suggested that low abundance of ID-
miRs may serve as a predictor of pathological states. To investigate this
possibility, we stratified the breast cancer tumors described in Fig. 1B
according to their clinical subtype, which serves as an indicator of ag-
gressiveness of the tumor (29). We found that the more aggressive
types of tumors (HER2", basal-like, and luminal B) showed decreased
ID-miR abundance relative to less aggressive lesions (luminal A and
normal-like; Fig. 6A, paired ¢ test, P <2 x 1071%). We further studied
the correlation in abundance between ID-miRs and IEGs in these sam-
ples and found a trend of negative correlation, but this was not statis-
tically significant (see table S6). A comparison of tumors and adjacent
normal tissue (peritumor) from a separate cohort of 58 breast cancer
patients (Fig. 6B and table S3) revealed that 19 of 23 ID-miRs were
coordinately and significantly down-regulated in tumors relative to

A C

their matched peritumors [Fig. 6C; Gene Set Enrichment Analysis
(30, 31) http://www.broadinstitute.org/gsea/, P < 0.0001]. Together,
these observations suggest that breast tumors uncouple a cascade link-
ing ID-miRs and IEGs, as well as DEGs (2), which normally controls
the sharp peak in IEG abundance after stimulation with EGF, and
thereby defines the boundaries of the active cellular state (Fig. 6D;
see Discussion).

The global transcriptional response to EGF involves
multiple modules of microRNAs and TFs co-regulating
a common target mMRNA

Two striking features of the ID-miR—IEG network were that each ID-miR
was predicted to target multiple IEGs and that a collective decrease in
ID-miR abundance coincided with the transcriptional induction of an IEG.
The first feature is demonstrated in Fig. 3, where ectopic expression of
individual ID-miRs caused a decrease in the abundance of several pre-
dicted IEG targets, illustrating that these ID-miRs had multiple targets.
A specific example of this, involving overexpression of miR-765, is
presented in Fig. 7A. This multiplicity of ID-miR targets, represented in
the schematic shown in Fig. 7B, was extended beyond the ID-miR and
IEG domain by surveying all EGF-regulated mRNAs and microRNAs
in MCF10A cells. For this global analysis, we developed a computational
tool aimed at multiple analyses of predicted microRNA-mRNA pairs. For
each microRNA, we compiled two mRNA lists ordered by (i) prediction
score of conserved mRNA targets (with TargetScan and PITA prediction
algorithms), and (ii) correlation between the abundance profile of the
microRNA and the abundance profile of all mRNAs in our data sets.
We found significant correlation (or anticorrelation) between the abun-
dance profile of microRNAs altered in response to EGF and of the re-
spective sets of predicted target mRNAs (see global analysis for both
MCF10A and HeLa cells in fig. S5A).

miR-155 miR-101 100
site site B Control EGF ——c-FOS
= CcFOS T 100 miR-155 ‘} ~=-ZFP36
, 3 [_ImiR-101 10 miR-155
AU-rich element 2 85
= Vv-FOS (ZFP36 site) § %;; 80 § E’ —¢
00 £% Sg ———;
200bp ¢ ros: ucucalaGCAUUAACUAAUCY  § e %‘;
© S xs
-FOS: UCUCAUAGCAGUAACUAAUCU @ = =
’ miR-1©55 go\" 40 g 5100 Serum ——C-FOS
B site 5 <% = ZFP36
gurR 4 2 gg 0 miR-101
c-FOS gene | E=
- =
Conservation c-FOS v-FOS mimetic 1
O'10 60 120 240 480

Fig. 5. The viral oncogene v-FOS escapes regulation by ID-miRs. (A)
lllustration and sequences of c-FOS and v-FOS transcripts, including
binding sites for ID-miRs and ZFP36. Note a single base replacement
within the shorter 3'UTR of the v-FOS transcript. (B) Upper panel: the
exon-intron structure of the c-FOS gene, with exons indicated by thick
lines and introns indicated by thin lines. Lower panel: histogram (ob-
tained with the UCSC Genome Browser; http://genome.ucsc.edu/) indi-
cates the degree of conservation of the corresponding regions between
all vertebrate forms of c-FOS. Note that the tail of the 3'UTR of c-FOS is

Time (min)

among the most conserved parts. (C) HelLa cells were cotransfected
with a pre-miR—encoding plasmid (Control, miR-155, or miR-101) and
a luciferase reporter (the 3'UTR of c-FOS or a v-FOS mimetic bearing
the corresponding truncation and mutation). Luminescence was
measured 48 hours later. Means and SD values (bars) of duplicates
of three repeats are presented. (D) MCF10A cells were treated with
EGF (10 ng/ml) or with serum (5%) for the indicated time intervals.
RNA was analyzed by real-time gPCR with primers corresponding to
the indicated transcripts.
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Plotting the average correlation of each microRNA to its predicted tar-
gets, compared to random gene sets, reflected comprehensive and signif-
icant correlations between microRNAs and groups of their predicted target
transcripts (Fig. 7C and table S7). We could observe a small trend for cor-
relation with the random gene sets, as they also contain targets. We next
tested the biological relevance of these correlations. MCF10A cells show a
differential response to EGF and serum: They migrate in response to EGF
but proliferate in response to serum factors (fig. S5B). Intriguingly, the
sets of predicted targets showing significant correlation to EGF- or to
serum-responsive microRNAs corresponded to Gene Ontology (Gene
Ontology database: http://www.geneontology.org, DAVID: functional an-
notation tool: http://david.abcc.nciferf.gov/summary.jsp) categories of cell
adhesion and proliferation, respectively (fig. S5C). These observations
uncover outcome-specific, extensive coordination between the inducible
microRNAs and the expression of their target transcripts.

The other feature of the ID-miR—-mRNA network we investigated,
both locally and globally, was the coordinated transcriptional induction

of IEGs. An example of this is shown in Fig. 7D: Whereas EGF induces
up-regulation of c-FOS through the activation of an upstream TF [such as
the serum response factor (SRF)], at least two EGF-regulated ID-miRs
control c-FOS abundance (miR-155 and miR-101). The corresponding cir-
cuitry is depicted in Fig. 7E: EGF induces transcription of an IEG through
the activation of a constitutive TF; on the other hand, it down-regulates a
group of ID-miRs targeting the same IEG, in line with recurrence of similar
motifs in transcriptional networks (32). To identify such EGF-inducible
motifs, we used a previously compiled list of pairs of microRNAs and
TFs (33). We focused on pairs sharing a large set of common target genes
(where the TF has a conserved binding site in the promoter of the target,
and the microRNA has a conserved predicted seed site in the respective
3’UTR of the mRNA; which we call co-occurring miR-TF pairs) and
analyzed them for correlation in their EGF-dependent abundance in our
data sets. Plotting the expression correlation for each predicted miR-TF
pair, compared to random TF sets, reflected comprehensive and significant
correlations (Fig. 7F and table S8).
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Fig. 6. Abundance of ID-miRs correlates with malignancy
of breast lesions. (A) The database of breast cancer (Fig.
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. ease subtypes. Green lines represent group overall aver-
)} L ages. (B) MicroRNAs were analyzed against a patient data
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tween a resting cellular state (arrest) and an active state

comprising binary switches able to control IEGs. The switches involve immediate down-regulated microRNAs (ID-miRs), as well as DEGs (for instance,
ZFP36, and a MAPK phosphatase, DUSP6). The cycle is initiated by an extracellular stimulus, such as EGF. A.U., arbitrary units of abundance.
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This analysis revealed that the abundance of microRNAs up-regulated
by EGF correlated with the abundance of their putative TF co-regulators
(fig. S6, A to C, and table S7). In contrast, the down-regulated microRNAs
tended to negatively correlate with their co-occurring TFs (fig. S6, D to
F). These co-occurring miR-TF pairs are embedded in the network as part
of generic feed-forward loops [FFLs (34)]. As an example of a FFL, we
analyzed one coherent and one incoherent module [respectively defined
as modules in which the path from EGF to the target gene bifurcates into
two pathways, whose overall signs (inhibition or induction) are either
identical or opposite] (figs. S6B and S6E, respectively). An incoherent
module, such as miR-183 and the TF C/EBP, involves positive correlation
between a microRNA and a TF, which enables microRNAs to act as rheo-
stats that tune the output of protein production (35). Coherent modules,
however, involve negative correlation between a microRNA and a TE so
that EGF inhibits the expression of a microRNA, but increases the abun-
dance of the TE. This type of regulation likely incorporates on-off tran-
scriptional switches in the global response to EGF (36). As an example,
we show a coherent, EGF-induced module consisting of miR-320 and the
TF CREM (cyclic adenosine 3’,5’-monophosphate responsive element
modulator).

In summary, our study identified microRNAs as an essential com-
ponent of the transcriptional response of cells to growth factors. Along
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with extensive coordination of the transcriptional response at the network
level, our global analyses uncovered generic modules of microRNAs and
TFs that co-regulate the same target transcripts. Because the ID-miR-IEG
axis emerged from our surveys of clinical data as a general target of col-
lective aberrations frequently identified in breast and brain tumors, we as-
sume that further studies of the global transcriptional response to EGF will
unveil more subnetworks relevant to human diseases.

DISCUSSION

Unlike the well-characterized roles for newly synthesized mRNA mole-
cules in short- and long-term cellular responses to growth factors, roles
for microRNAs are only just emerging. The importance of such regulation
is exemplified by miR-7 and Yan, the TF it regulates, in EGF-mediated
control of insect eye development (37), but no global analysis has previ-
ously been performed. Our data argue that the two transcriptional arms of
EGFR signaling, EGF-induced microRNAs and mRNAs, are similarly dy-
namic and subtle (Fig. 1A) and show extensive mutual coordination at the
systems level (Fig. 7) (38). Experiments in Caenorhabditis elegans indi-
cate that redundancy among closely related microRNA family members
underlies the milder effects of deleting individual microRNA loci com-
pared with the more severe effects of deleting individual TFs (39). This
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Fig. 7. Responses to growth factors involve a cascade of ID-miRs,
transcription factors, and multiple target genes. (A) MCF10A cells were
transfected as indicated and RNA was analyzed by real-time gPCR with
primers for the indicated putative target mRNAs of miR-765 (actin,
GAPDH, and tubulin served as controls). (B) Schematic depiction of
the multiple genes targeted by each ID-miR. A dashed circle indicates
additional targets. (C) Analysis of correlations of expressions between
EGF-regulated microRNAs and their predicted target mRNA groups.
Each entry reflects an expression correlation between an EGF-regulated
microRNA and either a random gene set (blue) or the respective pre-
dicted targets (red). (D) Left panel: Hela cells were transfected with a

\ey 100 200 300 400

Predicted miR-TF pairs

luciferase reporter containing a promoter with SRF response element
(RE). Thereafter, serum-starved cells were stimulated with EGF and lu-
minescence was assessed. Right panel: Hel.a cells were cotransfected
with the indicated pre-miR-encoding plasmids, along with a luciferase
reporter of the c-FOS 3'UTR. Luminescence was measured 48 hours
later. (E) Schematic representation of EGF-regulated microRNAs and
TFs that converge on target genes. (F) Analysis of co-occurring miR-
TF pairs regulating common mRNA targets. Each entry reflects the
correlation of abundance between an EGF-regulated microRNA and ei-
ther a predicted co-occurring TF (black) or random TF sets (blue; see
table S8).
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redundancy has raised the possibility that the effect of microRNAs on de-
velopmental and signaling processes may be more restricted than that of
TFs (32). Along with fine-tuning the transcriptional signals carried out by
TFs, microRNAs have unique features that may enhance the versatility of
signaling pathways. These features include the ability to terminate gene
expression more rapidly than transcriptional repressors can, along with lo-
calized action at ribosomes (40).

To uncover unique features of microRNAs and their links to target
transcripts, we compared the patterns of inducible mRNAs and microRNAs
after stimulation with EGF and serum. This enabled us to integrate data
on all the inducible microRNAs and mRNAs. Targets of microRNAs can
be predicted above the background of false positives by searching for
conserved matches to the seed region (/2). Because microRNAs instigate
degradation of their target transcripts, the spectrum of correlations of
abundance profiles of microRNAs with their target mRNAs is expected
to be negative (/7). Nevertheless, some studies have shown coexpression
of a microRNA and the target mRNA (35). Accordingly, the genome-
wide survey we performed with EGF-stimulated cells revealed both neg-
ative and positive correlations between microRNAs and target mRNAs.
We propose that this broad spectrum of correlations reflects functions
beyond binary switches and is related to the fine-tuning of signaling path-
ways. Along with the extensive interaction between microRNAs and
mRNAs induced by EGFE, we also examined network motifs consisting
of a TF and a microRNA. We found many coherent and incoherent motifs
in which a microRNA-TF pair co-regulates a target gene. The multiplicity
of such modules has previously been uncovered by a wide-scale compu-
tational analysis of mammalian regulatory networks (33). Conceivably,
incorporation of these modules in the EGFR signaling system enhances
control and finely tunes the output.

One striking feature of the pattern of EGF-responsive microRNAs we
observed was the rapid decrease in abundance of a group of microRNAs
we called ID-miRs. Genes that are coordinately expressed often share sim-
ilar cellular functions (41, 42). Applying this concept to microRNAs, we
showed that these coexpressed ID-miRs coordinately targeted IEG tran-
scripts that share a cellular function in initiating the response to a variety
of extracellular stimuli, such as mitogens and stress inducers. Using
resting cells and suboptimal EGF concentrations, we further demonstrated
that the ID-miRs constitute a subnetwork, which ensures that IEGs are
kept repressed before stimulation by an extracellular stimulus. In support
of this scenario, several studies have recently indicated basally active, yet
nonproductive transcription of IEGs in resting cells (23, 24, 43). The bio-
chemical basis of the rapid and selective down-regulation of ID-miRs by
EGF remains unknown. However, this group of microRNAs is also down-
regulated in patients with brain or breast tumors harboring genomic aber-
rations in the EGF receptor (Fig. 1 and fig. S2C), which implies that the
unknown biochemical pathways are clinically important. Although little is
known about the mechanisms mediating microRNA degradation in verte-
brates, a recent study identified a family of exoribonucleases capable of
degrading mature microRNAs in Arabidopsis thaliana and concluded that
microRNA turnover is crucial for plant development (44).

RNA degradation is also regulated by several DEG products, a class of
negative regulators responsible for the short half-life of most IEG-encoded
transcripts (2). Thus, ID-miRs and DEGs determine the steeply shaped
profile of IEG expression in healthy cells (Fig. 6D). In contrast, deviations
from pulsed expression of IEGs appear to underlie pathogenic situations,
such as infection by transforming RNA retroviruses [for instance, the lethal
osteosarcomas induced by v-FOS-encoding FBJ-MSV and FBR-MSV mu-
rine viruses; (27)]. We speculated that the ability of ID-miRs to discriminate
substantial from insubstantial stimuli (Fig. 4F) might be exploited in early
steps of pathogenesis as a mechanism of hypersensitivity to growth factors.

Indeed, we demonstrated that the viral oncogene, v-FOS, evades regulation
by two ID-miRs (Fig. 5). Moreover, a substantial proportion of the ID-miR
group is down-regulated in breast tumors compared to adjacent normal tis-
sue, and they can collectively serve as indicators of a disease state (Fig. 6).
Previous analyses of microRNAs in tumors have reported alterations in ex-
pression of individual ID-miRs; however, their collective behavior and
relevance to the group of IEGs have escaped detection. Examples include
down-regulation of miR-101 in hepatocellular carcinoma (27), hypermeth-
ylation of miR-370 in cancer cells (45), loss of miR-320 in several tumors
(46), as well as hypermethylation of miR-663 in breast cancer patients (47).

In summary, we provide strong evidence in favor of a role for EGF-
inducible microRNAs as components of a remarkably dynamic and subtle
transcriptional program, which is well coordinated with the mRNA arm.
Specifically, we uncovered an early subnetwork, the ID-miRs, that re-
presses expression of TFs. Evidence we obtained in vitro and data derived
from clinical specimens indicate that the group of ID-miRs counterbalances
oncogenic TFs, but this safeguard mechanism is defective in cancer. The
pattern of EGF-regulated early microRNAs we described herein, along
with recent studies, which concentrated on individual microRNAs and uti-
lized transforming growth factor—f (48, 49) or estradiol (50), suggest that
a combinatorial code of microRNAs underlies robust responses to extra-
cellular stimuli. It remains for future studies to resolve the roles of the
delayed phase of inducible microRNAs, thereby uncovering the full effect
of the microRNA-mRNA nexus on signal transduction and oncogenesis.

MATERIALS AND METHODS

Statistical analysis, including analyses of patients, is included in the
supplementary text.

Cell lines and RNA preparation

MCF10A cells were grown in Dulbecco’s modified Eagle’s medium-F12
(DMEM-F12) supplemented with antibiotics, insulin (10 mg/ml), cholera
toxin (0.1 mg/ml), hydrocortisone (0.5 mg/ml), heat-inactivated horse
serum [5% (vol/vol); Gibco BRL], defined as “serum” in the text, and
EGF (10 ng/ml). E184A1 HMEC cells were grown in medium containing
EGF and pituitary extract. HeLa cells were grown in DMEM (Gibco
BRL) supplemented with 10% heat-inactivated fetal bovine serum (Gibco
BRL), 1 mM sodium pyruvate, and a penicillin (100 U/ml)-streptomycin
(0.1 mg/ml) mixture (Beit Haemek, Israel).

Real-time quantitative PCR and oligonucleotide
microarray hybridization

MicroRNA abundance. Complementary DNA (cDNA) was gener-
ated with Qiagen’s miScript kit. Real-time qPCR analysis was performed
with SYBR Green I (Qiagen). Primers were designed according to the
mature microRNA sequence (miRBase, Sanger Institute release 11.0,
http://microrna.sanger.ac.uk/sequences/index.shtml). Total RNA (100 ng)
was labeled and hybridized to Human miRNA Microarray V1 (Agilent).
The expression value for each microRNA was calculated with Feature
Extraction software 9.5.1. MicroRNAs that were not detected in more
than three time points according to GeneView flags were removed. All
values lower than 5 were leveled to 5. For each microRNA the intensity
values were normalized across the sample set.

mRNA abundance. ¢cDNA was generated by the use of SSII reverse
transcriptase (Invitrogen). Real-time qPCR analysis was performed with
SYBR Green I (Finnzymes, Invitrogen) as a fluorescent dye. Primers were
designed with UniversalProbeLibrary (http://www.roche-applied-science.
comy/sis/rtper/upl/ezhome.html; see table S9 for a list of primers), and 2
microglobulin (B2M) served for normalization. Analysis of oligonucleotide
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microarrays after Dicer knockout was performed as follows: RNA (300 ng)
was hybridized to human GeneST 1.0 array (Affymetrix) according to the
manufacturer’s instructions. After the arrays were scanned, the expression of
each gene was calculated with Affymetrix Microarray software 5.0 (MASS).

Lysate preparation and immunoblotting analyses

Cells were scraped in solubilization buffer [S0 mM Hepes (pH 7.5),
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA,
10 mM NaF, 30 mM B-glycerol phosphate, 0.2 mM Na; VO, and a protease
inhibitor cocktail]. Boiled lysates were subjected to SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), followed by electrophoretic transfer to
a nitrocellulose membrane. After transfer, nitrocellulose membranes were
blocked in TBST buffer [0.02 M tris-HC1 (pH 7.5), 0.15 M NaCl, and
0.05% Tween 20] containing 10% low-fat milk, blotted for 12 hours with
a primary antibody, washed with TBST (tris-buffered saline—Tween 20),
and incubated for 30 min with a secondary antibody linked to horseradish
peroxidase (HRP).

Wound closure assay

MCF10A cells were grown to 100% confluence in 12-well plates, and
then a strip of cells was removed with a sterile pipette tip. The strip
was immediately marked and photographed at 20x magnification for
quantification. Cells were then incubated for 16 hours with EGF, fixed
with 100% methanol, and photographed at 20x magnification in the same
locations. Wound closure was calculated as the differential area covered
before and after the incubation.

Transwell cell migration assay

Cells were plated in the upper compartment of a Transwell tray (Corning)
and allowed to migrate through an intervening nitrocellulose membrane
for 20 hours at 37°C. The membrane was then removed and fixed in para-
formaldehyde (3%), followed by cell permeabilization in Triton X-100
and staining with methyl violet. Cells growing on the upper side of the
membrane were scraped with a cotton swab, and cells growing on the
bottom side of the membrane were photographed and then disintegrated
in 10% acetic acid for quantification.

MTT viability assay

Cell viability (survival) was determined by applying a 2 hour—long incu-
bation with 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT), followed by lysis in acidic isopropanol (0.35% HCI in isopropa-
nol) and measurement of absorbance at 570 nm. The assay was carried out
in sextuplets.

BrdU incorporation assay

E184A1 cells were seeded in medium containing EGF and pituitary ex-
tract. Twenty-four hours later, cells were transfected with the indicated
small interfering RNA (siRNA) oligonucleotides by HiPerfFect (Qiagen
GmbH). Cells were replated on coverslips (120 x 10° cells per well) in
full medium 24 hours after transfection. Twenty-four hours later, cells
were starved for 16 hours. Thereafter, the cells were incubated for 9 hours
without or with EGF (10 ng/ml), then washed and incubated for 3 hours
with a 5-bromo-2’-deoxyuridine (BrdU)-labeling reagent, after which
they were fixed and stained for BrdU. BrdU and DAPI (4’,6-diamidino-
2-phenylindole)-stained nuclei were counted in 14 fields of each slide.

Expression vectors and siRNAs

All plasmids encoding pre-miRs were from R. Agami (The Netherlands
Cancer Institute), pRL-TK with EGR1 3’UTR from J. Nielson, psi-CHECK2
with ¢-FOS 3’UTR from H. J. Lee (NIH, Bethesda, MD). siRNA oligo-

nucleotide pools directed at dicer, EGR1, and all microRNA inhibitors
were purchased from Dharmacon. All microRNA mimics (synthetic oligo-
nucleotides that act as mature microRNAs; the numbers of miRs we used
were as follows: 212, 188, 198, 671, 662, 575, 564, 638, 572, 654, 629,
765, 663, and 601) were purchased from Qiagen.

Luciferase reporter assays

For 3’UTR reporter assays of c-FOS, cells were cotransfected with JetPEI
(Polyplus-transfection) with a wild-type c-FOS 3'UTR or a v-FOS mimetic
along with the indicated combinations of expression plasmids. For 3’UTR
reporter assays of EGRI, cells were cotransfected with reporter plasmids en-
coding a wild-type EGRI 3'UTR or a 3’UTR with mutations in the miR-191
and miR-212 seed sequences and a pGL3-CMV containing Firefly luciferase
(Promega). Cells were also transfected with microRNA mimic oligonucleotides
(Qiagen) of miR-191, miR-212. In both assays, 48 hours after transfection
with the reporter plasmid, cells were harvested and Firefly and Renilla
luciferase activities were measured with the Promega dual-luciferase assay
system. For promoter element assays, HelLa cells were transfected with
JetPEI (Polyplus-transfection) with plasmids encoding response elements
of NFkB (nuclear factor kB) and either EGR1 or SRE fused to a luciferase
reporter gene.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/124/ra43/DC1

Supplementary Text: Statistical Analysis, including analyses of patients.

Fig. S1. Dynamic alterations of microRNA abundance after stimulation with EGF or serum.
Fig. S2. EGF-regulated microRNAs associate with specific subsets of two tumor types.
Fig. S3. Effects of ID-miR overexpression on EGF-induced migration and on expression of
putative target IEGs.

Fig. S4. Regulation of EGR1 by ID-miRs.

Fig. S5. Putative functions of predicted mRNA targets of EGF- and serum-regulated microRNAs.
Fig. S6. Examples of network motifs, including EGF-regulated microRNAs and co-
occurring transcription factors (TFs).

Table S1. MicroRNA abundance analysis in MCF10A and Hela cells treated with EGF or
serum for the indicated time intervals.

Table S2. Clinical characteristics of breast cancer patients whose tumors were used for
the analysis of microRNA abundance in EGFR/HER2-amplified vs. non-amplified tumors.
Table S3. Clinical characteristics of breast cancer patients whose tumors were used for
the analysis of microRNA abundance in tumor vs. peritumor samples.

Table S4. Analysis of predicted targets of individual microRNAs.

Table S5. mRNAs induced by Dicer knockdown in starved MCF10A cells.

Table S6. Analysis of correlation between abundance of ID-miRs and abundance of pre-
dicted target IEGs in breast cancer patients.

Table S7. Analysis of correlation between microRNA abundance and that of predicted
target genes.

Table S8. Analysis of enrichment of microRNA-TF pairs.

Table S9. Primers used for cloning and real-time PCR.
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EGF Decreases the Abundance of MicroRNAs That Restrain Oncogenic Transcription Factors
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A Loss of Restraint

Growth factors, such as epidermal growth factor (EGF), bind to receptors to stimulate cell proliferation, a process
critical during development and in wound healing. Dysregulation of the signaling pathways initiated by the EGF receptor
(EGFR) has been implicated in cancer. Noting that aberrant expression of microRNAs, small noncoding RNAs that inhibit
the expression of target genes, is common in human malignancies, Avraham et al. explored the role of microRNAs in
regulating EGFR signaling. They found that EGF elicited a rapid——and transient-—decrease in the abundance of a group
of 23 microRNAs, thereby enabling the induction of potentially oncogenic transcription factor targets. Moreover, the
abundance of this group of microRNAs was decreased in breast cancers and brain cancers with molecular lesions
consistent with increased EGFR signaling. The authors conclude that, under basal conditions, this group of microRNAs
restrains potentially oncogenic signaling pathways downstream of the EGFR. Their decreased abundance in cancer thus
enables the dysregulated activity of oncogenic transcription factors and signaling pathways transiently activated by EGF
signaling, thereby promoting the aberrant cellular behaviors associated with cancer.
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