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RESEARCH ARTICLE

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
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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.
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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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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).
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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.
4 ARREST ACTIVE STATE RECOVERY ARREST 1B) was analyzed for ID-miR abundance according to dis-
— ease subtypes. Green lines represent group overall aver-
] ages. (B) MicroRNAs were analyzed against a patient data
< i set containing pairs of breast tumor and the adjacent tissue
g (m”:!_?gpn'i%sm) (peritumor; 58 patients). Shown is a heat map representing
s abundance ratio of microRNA between tumors and matched
5 peritumors; microRNAs were sorted according to a com-
2 bined P value (see Materials and Methods) that represented
average relative change. (C) The blue bars of the left column
- indicate positions of individual ID-miRs relative to (B). The
=== right column presents an enrichment curve of the ID-miRs
N (blue line; enrichment score = 0.71) in comparison to ran-
T T T T T T . . . .
0 20 40 60 80 100 >150 dom permutations (gray area; the dashed line indicates
4 mean of enrichment scores of randomly selected groups
ST(II'\EA(LBJIIE)US Time (min) of microRNAs). (D) A scheme showing cyclic transitions be-

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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