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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 107%
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

rithm (PITA prediction software, 0.25
http://genie.weizmann.ac.il/pubs/
mir()7/mir07_prediction.html) (/8), 0.2

we found that mRNAs with peak
abundance early after exposure to
EGF were more likely to contain
ID-miR seed sequences in their 3’
untranslated region (3'UTR) than
those that peaked later (Fig. 2A
and table S4; see a similar analysis
with the Targetscan algorithm in
fig. S2F; http://www.targetscan.
org/). This suggests that the ID-
miR subset regulates early, rather ~ C

than late, waves of de novo mRNA B2M

Average fraction
of ID-miR targets

20 40 60 120240480
Peak abundance time
(min)

synthesis. A high-resolution, side- G’j@?ﬂ
by-side comparison of the temporal TUBB
expression patterns of microRNAs EGR1
and mRNAs revealed a negative cEBe
correlation between ID-miRs and ZFP36L1
IEGs; that is, mRNAs carrying seed e
sequences for particular ID-miRs NFIB
increased in abundance concurrent- BIS ,ﬁ
ly with repression of those ID-miRs NR4AL
. FOSB
(Fig. 2B). FOSL1
On the basis of conserved tar- NAB2
get predictions for the ID-miRs, TOPL
within the class of IEGs, we con- Ef.’égi
structed a map connecting mRNAs CJgga
that were targets of specific ID- TBX3
miRs and increased or decreased St
in abundance with the same tem- RBMS1
poral pattern. The map included Ssg)ﬂé
PER1

primarily TFs encoded by IEGs
such as c-FOS (putatively targeted 0.5 1 15 2
by miR-155) and early growth re- mRNA abundance
sponse 1 (EGR1; putatively targeted (Log2, relative to control)

sO3|

$93d

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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