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roRNAs (miRNA) mediate distinct gene regulatory pathways triggered by epidermal growth factor
or (EGFR) activation, which occurs commonly in lung cancers with poor prognosis. In this study,
ort the discovery and mechanistic characterization of the miRNA miR-7 as an oncogenic “oncomiR”
s role as a key mediator of EGFR signaling in lung cancer cells. EGFR activation or ectopic expression
as well as c-Myc stimulated miR-7 expression in an extracellular signal-regulated kinase (ERK)–

dent manner, suggesting that EGFR induces miR-7 expression through a Ras/ERK/Myc pathway. In sup-
f this likelihood, c-Myc bound to the miR-7 promoter and enhanced its activity. Ectopic miR-7 promoted
owth and tumor formation in lung cancer cells, significantly increasing the mortality of nude mice hosts,
were orthotopically implanted with lung cancers. Quantitative proteomic analysis revealed that miR-7
sed levels of the Ets2 transcriptional repression factor ERF, the coding sequence of which was found
tain a miR-7 complementary sequence. Indeed, ectopic miR-7 inhibited production of ERF messages
wild-type but not a silently mutated coding sequence, and ectopic miR-7 rescued growth arrest pro-
by wild-type but not mutated ERF. Together, these results identified that ERF is a direct target of
in lung cancer. Our findings suggest that miR-7 may act as an important modulator of EGFR-
miR-7

mediated oncogenesis, with potential applications as a novel prognostic biomarker and therapeutic target
in lung cancer. Cancer Res; 70(21); 8822–31. ©2010 AACR.
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g cancer, predominantly non–small cell lung cancer
C), remains the leading cause of cancer death world-
1). The epidermal growth factor receptor (EGFR) sig-
network plays a central role in the growth and

enance of epithelial tissues, and alterations of this net-
an lead to malignant transformation (2). EGFR is over-
tated in most NSCLC cases, and deregulated
GFR together with ligand binding and con-

tumor
modu
tors in
and c
impor
gressi
signal
showe
in Dro
of Yan
Ets do
extrac
phory
ization
ERK a
ation
Ras-in

ns: 1Institute of Biomedical Sciences and 2NRPGM
Proteomics and Glycomcis and Institute of Biological
ia Sinica; 3Department of Thoracic Surgery, 4Center

Cancer Research and School of Public Health, and
ology, Taipei Medical University Hospital; 6National
rsity, Taipei, Taiwan; 7Institute of Biotechnology,
ua University, Hsinchu, Taiwan; and 8Molecular
Center, Chang Gung University, Tao-Yuan, Taiwan

tary data for this article are available at Cancer
ttp://cancerres.aacrjournals.org/).

. Lin contributed equally to this work.

thor: Cheng-Wen Wu, National Yang-Ming University,
, Linong Street, Taipei 112, Taiwan. Phone: 886-2-
6-2-2823-6518; E-mail: cwwu@ym.edu.tw.

5472.CAN-10-0638

ssociation for Cancer Research.

21) November 1, 2010
ant receptor activation promotes tumor cell growth,
ration, and survival (2, 3).
roRNAs (miRNA) are endogenous noncoding RNAs of
ucleotides that regulate gene expression by binding to
mplementary sequences within mRNAs, thereby pre-
g synthesis of their protein products (4–6). Several
As display abnormal expression patterns in human
s with consequent alteration of target oncogenes or
suppressor genes (7). Owing to their “fine-tuning”

latory capabilities, miRNAs are emerging as key regula-
various signaling pathways involved in development

ancer progression (8). Although EGFR signaling is
tant and well studied with respect to lung cancer pro-
on, little is known about how miRNAs mediate EGFR
ing to modulate tumorigenesis. Interestingly, a report
d that EGFR activates the eye development cascade
sophila by inducing miR-7 to fine-tune the expression
, an Ets repressor (9). ERF (Ets2 repressor factor) is an
main transcriptional repressor, regulated by the Ras/
ellular signal-regulated kinase (ERK) pathway. Phos-
lation of ERF by ERKs determines its subcellular local-
(10, 11), and ERF functions as a constant sensor of

ctivity that links it to Ras/ERK-mediated cell prolifer-

and differentiation (11, 12). ERF can suppress Ets- and
duced transformation (10, 13). Its activation induced
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release of Ras/ERK-mediated suppression has also
mplicated in erythroid differentiation (12).
ause both the deregulation of EGFR and miRNAs con-
to neoplasia, we investigate the role of miRNAs, reg-
by the abnormal EGFR signaling, in lung cancer
ssion. To search for miRNAs regulated by EGFR, we
med miRNA microarray analysis of EGFR-silenced
cells, a lung cancer cell line that overexpresses EGFR.
gly, we found that miR-7 is highly induced by EGFR in
ancer. In the present study, we show for the first time
eregulated EGFR signaling induces miR-7, which in

uppresses ERF and plays an important role in the down
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rials and Methods

ulture
used CL1-5, A549, and H928 lung cancer lines. CL1-5
ere established in our laboratory as previously described
549 and H928 cells were obtained from the American
ulture Collection before 2007. All lung cancer cell lines
ested positive for human origin and for the presence of
expression in the current genetic analysis. All lung cancer
ere grown in RPMI 1640 with 10% fetal bovine serum.

isotope labeling by amino acids in cell
e analysis
stable isotope labeling by amino acids in cell culture
) assay was performed using SILAC protein identifica-
nd quantification kits according to standard protocols
ogen). miR-7–overexpressing CL1-5 and vector-only
l cells were grown in labeled (L-13C6,

15N2-Arg, and
-Lys) and normal medium, respectively, for 7 days. Equal
ts of heavy and light cells were mixed and subjected
lear and cytoplasmic protein extraction. Both protein
nations were further separated by 1D SDS-PAGE and
ed by tryptic digestion. Nuclear and cytoplasmic proteins
ryptic digestion were subjected to isoelectic focusing
is using OFF-GEL instrument. Peptide mixtures were
ed by liquid chromatography coupled mass spectrome-
Q-Orbitrap), and proteins were identified and quantified
MASCOT and MaxQuant software (15).

ts and tissue samples
ent samples were obtained according to Taipei Medical
rsity Institutional Review Board–approved guidelines.
idermal growth factor receptor mutation status was de-
ed by a direct sequencingmethod (exons 18–21 in EGFR).

tical analysis
ase-free survival and overall survival were estimated
the Kaplan-Meier method. The statistically significant
nce in expression level of miR-7 between tumor and
nt nontumorous tissues was calculated using the
on test. All statistical analyses were performed with

software version 12.0 (SPSS, Inc.).
itional details are included in the Supplementary Data.

efficie
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acrjournals.org
lts

induces miR-7 expression
g cancer cells are addicted to EGFR oncogenes (16). To
the importance of EGFR in lung cancer, we knocked
EGFR in CL1-5 lung cancer cells with EGFR short
n RNA (shRNA)–bearing lentiviruses. Growth arrest
larged cell size were observed in EGFR-silenced CL1-5
Supplementary Fig. S1A), whereas quantitative reverse
ription-PCR (qRT-PCR) and immunoblotting showed
oth EGFR mRNA and protein levels were significantly
regulated (Fig. 1A). miRNA microarray analysis of
RNA from EGFR-silenced cells was used to identify
As regulated by EGFR, and among them, miR-7
d a significant downregulation (Table 1). The down-
tion of miR-7 was further confirmed by both qRT-
nalysis and the RNase protection assay (Fig. 1B).
down of EGFR inhibited the expression of miR-7
9 lung cancer cells, although both EGFR and miR-7
ssions were lower in A549 cells than in CL1-5 cells
lementary Fig. S1B). Stimulation of A549 cells with
gand EGF caused significant miR-7 induction in a
dependent manner (Fig. 1C). Expression of the EGFR
nt (L858R), which promoted phosphorylations of
and c-Myc, enhanced the expression of miR-7 in
cells (Fig. 1D). These results indicate that miR-7 is
ed by EGFR signaling.

RK/Myc pathway regulates miR-7 expression
ause the miR-7 expression is dependent on EGFR sig-
, we asked if EGFR downstream effectors can regulate
expression. Overexpression of the constitutively active
f Ras in CL1-5 cells increased the miR-7 level (Fig. 2A).
trast, the EGFR-induced miR-7 expression was reduced
98059, an inhibitor of ERK1/2 phosphorylation (Fig. 2B).
se c-Myc is the downstream effector of the EGFR/Ras/
athway, we further examined the miR-7 expression in
–overexpressing cells and found that c-Myc could
ce the miR-7 expression (Fig. 2C). These data show that
s/ERK/Myc signaling is involved in the EGFR-induced
expression.
found that EGF stimulated the expressions of miR-7
s precursor pre-miR-7-1, but not pre-miR-7-2 or pre-
-3 (Supplementary Fig. S2). To determine whether
creased expression of miR-7 by EGF stimulation is reg-
at the transcriptional level, we examined the effect of
riptional inhibitors on miR-7 expression. A transcrip-
inhibitor, Actinomycin D, blocked the EGF-induced
sions of miR-7 and pre-miR-7-1, but not pre-miR-7-2
re-miR-7-3, suggesting that the transcription of pre-
-1 is primarily responsible for EGF-induced miR-7
sion (Supplementary Fig. S2). We cloned the 1.5-kb
to +61 bp of miR-7-1 coding sequence) putative miR-7-1
ter into a TATA-less pGL3- basic reporter to test the
riptional ability of miR-7-1 promoter in cells. We found
ansient expression of c-Myc, but not the control vector,

ntly stimulated the transcription of miR-7 in CL1-5 cells
he reporter containing miR-7-1 promoter (Fig. 2C). We

Cancer Res; 70(21) November 1, 2010 8823



then p
with t
to the
more
region
putati
of miR
to the
the mi

Ectop
prope
We

cells b
tiviral
green

wheth
specif
compl
untra
readin
When
the GF
(Fig. 3
the ce
(Fig. 3
press
tional
prom
tested

Figure
EGFR 2
miR-7 w
A. U6 s
(100 ng
(Ctrl) or
c-Myc, and total c-Myc in CL1-5 cells with or without EGFR (L858R). Data represent the mean ± SD of three independent experiments (each n = 3).
All data

Chou et al.

Cance8824
erformed chromatin immunoprecipitation analysis
he miR-7-1 promoter to show the recruitment of c-Myc
miR-7 gene via EGFR signaling. On EGFR stimulation,
c-Myc was indeed recruited to the miR-7-1 promoter
encompassing a conservative E-box (5′-CAGTTG-3′), a
ve c-Myc binding site located at positions -539 to -534
-7-1 promoter (Fig. 2D). In contrast, c-Myc did not bind
site (+3002 to +3140 bp) located at 3-kb downstream of
R-7-1 coding sequence (Fig. 2D).

ic expression of miR-7 enhances oncogenic
rties of lung cancer cells
investigated the functional role of miR-7 in lung cancer
y ectopically expressing miR-7 in CL1-5 cells with len-

were analyzed by the t test: **, P < 0.01.
infection. An artificial reporter system of miR-7 with
fluorescent protein (GFP) was constructed to evaluate

by miR
eratio

r Res; 70(21) November 1, 2010
er miR-7 could suppress the expression of a certain
ic gene. In this reporter construct, two copies of perfect
ementary sequences of miR-7 were inserted in the 3′
nslated region (UTR) downstream of the GFP open
g frame, which functions as a reporter gene (Fig. 3A).
this reporter vector was transfected into CL1-5 cells,
P expression was detected by fluorescence microscopy
A). However, the expression of GFP was abolished in
lls with the reporter vector on coexpression of miR-7
A). The fact that the lentiviral-based miR-7 could sup-
target gene expression allowed us to study the func-
roles of miR-7 in lung cancer cells. Because EGFR

otes cell growth and induces miR-7 expression, we
whether EGFR-regulated cell proliferation is mediated
1. miR-7 expression is regulated by EGFR signaling. A, qRT-PCR (left) and immunoblotting (right) were used to determine the expression of
d after infection of CL1-5 cells with lentiviral vector pLKO.1 carrying shRNA for EGFR (shEGFR) or control shRNA (Scramble). B, expression of
as determined by qRT-PCR (left) and RNase protection assay (right) in CL1-5 cells infected with shEGFR or Scramble vector as described in
nRNA was used as an internal control. C, expression of miR-7 was determined by qRT-PCR in serum-starved A549 cells treated with EGF
/mL) for the indicated times. D, expression of miR-7 was determined by qRT-PCR (left) in CL1-5 cells 5 d after infection with lentiviral vector HR′-puro
HR′-puro-EGFR (L858R). Immunoblotting (right) was used to show the expressions of phosphorylated EGFR, total EGFR, phosphorylated
-7. Indeed, miR-7 overexpression promoted cell prolif-
n as shown by theWST-1 conversion assay (Fig. 3B, top).

Cancer Research
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rmore, miR-7 overexpression promoted colony forma-
soft agar, an indication of anchorage-independent

owth (Fig. 3B, bottom). These results indicate that
possesses oncogenic potential.
valuate the functional role of miR-7 in vivo, we injected
th miR-7–overexpressing CL1-5 and vector-only control
to athymic nude mice and measured the tumor volume
ime. miR-7 overexpression significantly increased the
growth rate (Fig. 3C). Similarly, it also enhanced the

t of tumors harvested 6 weeks after injection (Supple-
ry Fig. S3B). The overexpression of miR-7 was further
med by qRT-PCR in excised tumors (Supplementary
3C). Furthermore, orthotopic implantation of tumor
to the lungs of nude mice resulted in significantly higher

lity of nude mouse recipients of miR-7–overexpressing
ancer cells compared with those of control cells

of ERF
ERF e

acrjournals.org
3D). After the mice expired, the growth of miR-7–
pressing tumor labeled with GFP was examined by
scence imaging of the lung cancer (Fig. 3D). Taken
er, these animal studies suggest that miR-7 promotes
ancer formation and progression in vivo.

ted miR-7 expression in human lung cancers
next looked into the possibility that miR-7 could en-
lung tumorigenesis in humans. The levels of miR-7
pairs of primary NSCLC specimens (including 20 ade-
cinoma and 10 squamous cell carcinoma specimens)
e corresponding adjacent nontumorous lung tissues
easured by qRT-PCR. The expression of miR-7 repre-
by a cancer-to-adjacent nontumorous tissue ratio for

ndividual was 1.5 for 50% of adenocarcinoma and 60%
amous cell carcinoma samples (Fig. 4A), whereas
erage of miR-7 expression was ∼2.08-fold higher in
ancer samples than in adjacent nontumorous tissues
.003; Fig. 4B). We further investigated the correlation
en EGFR and miR-7 expressions. EGFR-activating
ions were identified in 5 of the 30 NSCLC patients,
l of them were females with adenocarcinoma (Supple-
ry Table S1). EGFR and miR-7 expression levels were
cantly correlated in the EGFR mutated lung adeno-
oma (R = 0.912; P < 0.05), but not in the adjacent
morous tissue (Fig. 4C) or the non-EGFR mutated
carcinoma (data not shown). Interestingly, in the 10 pairs
amous cell carcinoma samples, EGFR and miR-7
ssions were also significantly correlated (R = 0.966;
01; Supplementary Table S2). These data are consis-
ith the in vitro observation that deregulated EGFR
ing induces miR-7 expression. Although the expres-
f miR-7 did not significantly affect the overall survival
LC patients (P = 0.386), there was a statistically sig-

nt difference in disease-free survival favoring patients
ow miR-7 expression (P = 0.045; Fig. 4D). Together,
results are consistent with the notion that miR-7 is
xpressed in human lung cancer and participates in
ancer progression.

targets ERF for suppression
identify the possible miR-7 target genes, we used quan-
e proteomics and SILAC to identify proteins differenti-
pressed in cells with or without miR-7 overexpression.
ential expressions of several proteins were detected
-7–overexpressing cells compared with control cells
lementary Table S4). ERF expression was significantly
ased in miR-7–overexpressing cells (Supplementary
A). ERF mRNA was upregulated in EGFR-silenced cells
wn by qRT-PCR analysis (Fig. 5A). On the other hand,
down of EGFR in CL1-5 cells increased ERF protein level
-7 was downregulated, indicating that both miR-7 and
ere regulated by EGFR signaling (Fig. 5B). We further
ned the effect of miR-7 on ERF expression in human
ancer cells. qRT-PCR and Western blot analysis showed
iR-7 overexpression in CL1-5 cells suppressed the levels
1. Total RNA from CL1-5 lung cancer
in fec ted wi th pLKO.1-Scramb le

mble) or pLKO.1-shEGFR (shEGFR) was
ted 2 d after infection and subjected to
n miRNA oligo microarray analysis
EGFR-regu
 d miRNAs
miRNA
 o

(Scramble/s
 GFR)
Fo
iR-7
 2 11.6
 0.0
 0

iR-361-3p
 6 2.7
 0.0
 0

iR-374b
 0 5.2
 0.0
 1

iR-33a
 0 5.5
 0.0
 7

iR-19a
 0 5.2
 0.0
 4

iR-19b
 0 4.7
 0.0
 1

iR-182
 1 2.2
 0.0
 8

iR-210
 1 2.1
 0.0
 0

iR-20a
 6 6.6
 0.0
 3

iR-17-5P
 5 5.2
 0.0
 5

iR-17-3P
 4 3.8
 0.0
 8

iR-21
 5 4.0
 0.0
 2

iR-92a
 8 5.2
 0.0
 4
-m 3.6 6 001

-miR-134 0.16 0.37 0.00009
-miR-630 0.13 0.22 0.02698

TE: The knockdown effect of EGFR on miRNA
ression in CL1-5 lung cancer is represented as a
tive miRNA expression ratio (Scramble/shEGFR) from
probe signals of arrays. The miRNA expression ratio
amble/shEGFR) was further confirmed with Ncode
NA qRT-PCR system (Invitrogen) and represented
the means of three independent experiments (each
3). Statistical analysis of the miRNA expression ratio
ramble/shEGFR) was performed using t test, and
mRNA and protein (Fig. 5A and B). The inhibition of
xpression by miR-7 was also observed in A549 and

Cancer Res; 70(21) November 1, 2010 8825
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lung cancer cells (Supplementary Fig. S4B). In contrast,
ng the function of miR-7 with a sequence-specific anti-
inhibitor (anti-miR-7) increased the ERF mRNA and pro-
xpressions, suggesting that miR-7 inhibits the ERF
sion (Fig. 5A and B). It has been reported that the acti-
cyclin A, a key cell cycle regulator, is enhanced by Ets2,
s overexpression can partially rescue the ERF-mediated
owth arrest (11, 17). We found that knockdown of ERF
RF shRNA significantly increased cyclin A expression.
rly, miR-7 overexpression also stimulated cyclin A
sion, suggesting that miR-7 could antagonize the ERF-
ted cyclin A suppression (Fig. 5B). We next asked
er ERF is a direct target of miR-7. After the coding
nce (CDS) of ERF was overexpressed in CL1-5 cells,
iR-7 and ERF shRNA inhibited ERF mRNA expression
milar extent, implying that the miR-7 target site could
hin the ERF CDS (Fig. 5C). Comparison of the ERF CDS
he miR-7 sequence by RNAhybrid software (18) led to
ication of a possible conserved miR-7 target site in the

f ERF mRNA. We made two silent mutations in the chorag

rformed as a negative control. The PCR products were also electrophoresed on
). Data represent the mean ± SD of three independent experiments (each n = 3)

r Res; 70(21) November 1, 2010
rn blot analysis indicated that miR-7 inhibited ectopic
sion of the wild-type but not of the mutant ERF (Fig.
hese data show that miR-7 suppresses ERF expression
ectly targeting the ERF CDS. Furthermore, the growth
1-5 cells was attenuated by the ectopic expression of
r ERF-mutant, whereas the expression of miR-7 pro-
cell proliferation. Coexpression of miR-7 rescued

F-mediated, but not the mutated ERF (Mut)–mediated,
h arrest of cells (Fig. 5D). These results indicate that
h.

ssion

as been widely recognized that lung cancer is under
mediated oncogenesis (16, 19, 20). In this study, we
hown that EGFR stimulated miR-7 expression via the
RK/Myc pathway to promote cell proliferation, an-

e-independent cell growth, and tumor formation of
hich did not alter its amino acid sequence (Fig. 5C). lung cancer cells. Knockdown of EGFR led to marked cell

2. Ras/ERK/Myc signaling controls miR-7 expression. A, expression of miR-7 was determined by qRT-PCR in CL1-5 cells 5 d after infection
abe-puro-H-Ras (V12) or pBabe-puro (Ctrl) alone. B, expression of miR-7 was determined by qRT-PCR in CL1-5 cells infected with HR′-puro (Ctrl) or
ro-EGFR (L858R) and treated with PD98059 (50 μmol/L) or DMSO for 12 h. Immunoblotting (bottom) was used to monitor the expressions of
orylated ERK and total ERK in the presence or absence of PD98059. C, expression of miR-7 was determined by qRT-PCR in CL1-5 cells 5 d
fection with HR′-puro (Ctrl) or HR′-puro-c-Myc (c-Myc; top). Luciferase reporter assays of normalized miR-7-1 promoter activity were performed
5 cells 2 d after transfection with pcDNA (Ctrl) or pcDNA-c-Myc (c-Myc) (bottom). D, binding of c-Myc to the E-box of miR-7-1 promoter
-388 bp upstream of miR-7-1 coding sequence) was determined by the chromatin immunoprecipitation assay with anti-c-Myc antibodies or

nt mouse IgG in CL1-5 cells 5 d after infection with HR′-puro (Ctrl) or HR′-puro-EGFR (L858R). The input was used as a positive control in the
uent PCR. In contrast, chromatin immunoprecipitation assay with primers for the site (+3,002 to +3,140 bp) located at 3-kb downstream of miR-7-1
a 2% agarose gel and visualized by ethidium bromide staining
. All data were analyzed by t test. *, P < 0.05; **, P < 0.01.
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further showing the importance of EGFR signaling
ll proliferation and survival of lung cancer cells (Sup-
ntary Fig. S1A). We found that miR-7 is overex-
d in primary lung cancers, and its overexpression
rsely correlated with disease-free survival, suggesting
iR-7 modulates EGFR oncogenic addiction.

t. *, P < 0.05; **, P < 0.01.
yc has been reported to control transcription ofmiRNAs
-Myc induces miR-7 in B-cell lymphoma (22) and stimu-

Amon
notice
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iR-17-92 cluster through binding to E-boxes in the pro-
to activate transcription (21). Here, we have found that
ers of the miR-17-92 cluster, such as miR-19, miR-20,
7, and miR-92, are also significantly downregulated in
-silenced lung cancer cells (Table 1), indicating that
can modulate expression of EGFR-induced miRNAs.
3. The effect of miR-7 on
ell growth. A, anmiR-7 target
r (GFP-2×miR-7-BS) was
cted by inserting two copies
ct complementary miR-7
ces at the 3′ UTR of GFP in
V-GFP (top). CL1-5 reporter
re obtained by infection of
ells with HR′-CMV-GFP-
7-BS, followed by second
n with HR′-puro-miR-7
or empty vector (Ctrl).
ion of GFP was detected
escence microscopy in
overexpressing or vector-
1-5 reporter cells (middle).
rphology was monitored
phase-contrast microscope
ottom). Scale bar, 10 μm.
e course of cell proliferation
-1 assay of CL1-5 cells
with HR′-puro (Ctrl) or

ro-miR-7 (miR-7) (top). miR-7
ion was determined by
protection assay in
overexpressing (miR-7) or
nly control (Ctrl) CL1-5 cells
). Growth in soft agar of
CL1-5 cells was analyzed
er initial plating (bottom).
ults are the means of three
dent experiments (each
, CL1-5 cells infected with

ro (Ctrl) or HR′-puro-miR-7
were injected s.c. into the
d left sides, respectively, of
k region of nudemice. Tumor
was monitored over time
ated. Error bars indicateSEM
op). Photographs illustrate
ntative features of the tumor
6 wk after injection (bottom).
an-Meier analysis of overall
was calculated from10pairs
er growing nude mice, in
iR-7 overexpressing (miR-7)
r-only (Ctrl) CL1-5 cells were
pically implanted into the
p). To label lung cancer cells,
overexpressing and control
ells were infected with
GFP before implantation.
entative bright field/
ence images of the lungs
bearing the miR-7–
ressing tumors were shown
). All data were analyzed
g the mitogen-activated protein kinase pathways, we
d that inhibition of ERK, but not p38 or c-Jun NH2
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al kinase, affects the EGFR-mediated miR-7 expression,
rting the notion that through the Ras/ERK/Myc path-
GFR activation induces the expression of miR-7 (Fig.
pplementary Fig. S5). In addition, AKT is reported to
te EGFR-mediated cell survival (23). We have found
locking the EGFR-mediated phosphoinositide 3-kinase
/AKT pathway with LY294002 inhibitor also attenu-
iR-7 expression (data not shown), suggesting that

I3K/AKT pathway participates in miR-7 regulation.
er, the molecular link between PI3K/AKT activation
iR-7 expression remains further elucidation.
nd colleagues (9) reported that during Drosophila
evelopment, miR-7 fine-tuned the EGFR-mediated
ation of photoreceptor neurons by targeting Yan, an
main transcriptional repressor. Yan inhibits cell pro-
ion and plays a key role in the determination of cell
24). In this study, we observed that EGFR induces
, which plays a role in oncogenesis of lung cancer
gh suppressing ERF expression. Analogous to Yan,

an Ets family transcriptional repressor and functions

onstant sensor of ERK activity that links the Ras/ERK-
repres
(26, 27

lculated from 30 NSCLC patients with tumors expressing high (>1.5-fold) and lo
-rank test.

r Res; 70(21) November 1, 2010
ted cellular proliferation to differentiation (11, 12).
it seems that the EGFR-induced miR-7 regulatory
ay is evolutionarily conserved and may be hijacked
mote tumor formation in mammalian cells.
h Yan and ERF are phosphorylated by ERK1/2, and the
horylation directs the translocation of ERF from the
s to the cytoplasm (10, 11). Furthermore, phosphoryla-
f Yan (25) but not ERF leads to its degradation (10, 11).
ve shown that through the Ras/ERK/Myc pathway,
induces miR-7 expression, which in turn suppresses
t both the mRNA and protein levels, whereas knock-
of EGFR significantly upregulates ERF, suggesting that
mediates the ERF expression via miR-7. Thus, ERK
ing controls the ERF activity through not only a rapid
tion of subcellular localization but also an efficient
–mediated inhibition. It seems that multiple mechan-
re controlling the expression, activity, and subcellular
ation of ERF, which highlight its physiologic signifi-
in the cell. Recently, ERF was suggested to impose

sion checkpoints on a subset of cell cycle control genes
). We have shown that cyclin A, a key factor in the cell
4. miR-7 is upregulated in primary lung cancer, and this upregulation is inversely correlated with disease-free survival. A, relative miR-7
ion was determined by qRT-PCR in 20 pairs of lung adenocarcinoma and 10 pairs of squamous cell carcinoma samples. Each bar represents
tive ratio of miR-7 in primary NSCLC versus adjacent nontumorous lung tissue, and the dotted line across the graph represents the normalized
evel equal to that of normal tissue (ratio = 1). The results are the means of three independent experiments (each n = 3) ± SD. B, qRT-PCR analysis
7 was performed with 30 pairs of primary NSCLC and matching adjacent nontumorous lung tissues. Statistical significance was calculated using
coxon test (P = 0.003). C, Pearson correlation analysis for miR-7 and EGFR expressions in five EGFR mutated adenocarcinoma specimens (top)
djacent nontumorous lung tissues (bottom; *, P < 0.05). D, Kaplan-Meier analyses of overall survival (top) and disease-free survival (bottom) curves
w levels of miR-7. Statistical significance was calculated using

Cancer Research



cycle,
inhibi
if not
eratio
miR

apopto
In this
prima
free su
progre
amplif
noma
mostly

of miR
carcin
notion
sion. P
sion a
(31, 32
correl
and u
shown
we fou
on mi

Figure
HR′-pu
(Anti-m
used to
(Scram
inhibito
sequen
are the
illustrat
by arro
ERF (ER
densito
D, cell
subsequently with either HR′-puro-miR-7 (miR-7) or HR′-puro (Ctrl). The results are the means of three independent experiments (each n = 4) ± SD.
All data

EGFR Downregulates ERF through miR-7 Induction

www.a
is suppressed by ERF and stimulated by miR-7 through
tion of ERF. The inhibition of ERF provides a partial,
complete, explanation for miR-7–mediated cell prolif-
n in lung cancer.
-7 was previously found to regulate cell growth and
sis of cervical cancer and neuroblastoma cells (28, 29).
study, we found thatmiR-7 was overexpressed in human
ry lung cancers and negatively correlated with disease-
rvival, echoing the important role of miR-7 in cancer
ssion. It has been shown that EGFR overexpression or
ication occurs more frequently in squamous cell carci-

were analyzed by the t test. *, P < 0.05; **, P < 0.01.
than in adenocarcinoma, but EGFR mutation occurs
in adenocarcinoma (30). Our observation that the level

There
types.
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-7 correlates with EGFR expression in squamous cell
oma and EGFR mutated adenocarcinoma supports the
that deregulated EGFR signaling induces miR-7 expres-
reviously, miR-7 was reported to suppress EGFR expres-
nd function as a tumor suppressor in glioblastoma
). However, two reports stated that miR-7 expression
ates with poorer prognosis in patients with breast cancer
rothelial carcinoma (33, 34). In addition, miR-7 was
to inhibit breast cancer migration (35). Nonetheless,
nd that the ectopic expression of miR-7 had no effect
gration of CL1-5 lung cancer cells (data not shown).
5. miR-7 targets the coding sequence of ERF for inhibition. A, expression of ERF was determined by qRT-PCR in CL1-5 cells infected with
ro (Ctrl), HR′-puro-miR-7 (miR-7), pLKO.1-Scramble (Scramble), or pLKO.1-shEGFR (shEGFR) or transfected with an antisense inhibitor for miR-7
iR-7) or a nonspecific inhibitor (Neg). The results are the means of three independent experiments (each n = 3) ± SD. B, immunoblots were
measure the expressions of ERF and cyclin A proteins in CL1-5 cells infected with HR′-puro (Ctrl), HR′-puro-miR-7 (miR-7), pLKO.1-Scramble

ble), pLKO.1-shEGFR (shEGFR), or pLKO.1-shERF (shERF) or transfected with an antisense inhibitor for miR-7 (Anti-miR-7) or a nonspecific
r (Neg). C, expression of ERF was determined by qRT-PCR in CL1-5 cells infected first with HR′-puro-ERF encoding the wild-type ERF coding
ce (ERF) and subsequently with pLKO.1-Scramble (SC), pLKO.1-shERF (shERF), HR′-puro (Ctrl), or HR′-puro-miR-7 (miR-7; left). The results
means of three independent experiments (each n = 3) ± SD. A putative miR-7 binding sequence in the coding sequence (CDS) of ERF mRNA was
ed (top right). Two silent mutations (C-G and C-U) were introduced in the coding sequence of ERF for the following experiments as indicated
ws. Expression of ERF protein level was determined in CL1-5 cells infected first with HR′-puro encoding the wild-type ERF (ERF-WT), mutated
F-Mut), or empty vector (EV), and subsequently with either HR′-puro-miR-7 or HR′-puro (Ctrl) (bottom right). The intensity for each band was
metrically quantified. The results are the means of three independent experiments (each n = 3) ± SD. Asterisks indicate significant difference.
growth analysis was performed from CL1-5 cells infected first with HR′-puro-ERF (ERF), HR′-puro-ERF-mutant (Mut), or empty vector (EV) and
fore, the role of miR-7 may be different in various cancer
Although EGFR stimulates miR-7 expression, miR-7

Cancer Res; 70(21) November 1, 2010 8829



overex
EGFR
menta
ance o
miR-7
ance m
role o
sisten
showe
growth
miR-7
EGFR
a fine-
betwe
with t
tions i
to buf
entiati
In c

served
sion, w

huma
EGFR-
bioma

Discl

No p

Grant

Insti
Univers
DOH99
DOH96-
3111-B-
perform
NRPGM
located

The
of page
accorda

Refe
1. Jem

J C
2. Sc

ep
20

3. Irm
imp
569

4. Rig
aci
Re

5. Ly
eff
UT

6. Du
tar

7. Me
Cy

8. Bu
pa

9. Li
an
Ce

10. Le
al
tha

11. Le
nu
to

12. Ath
tra
An

13. Sg
Ma
sc
ge
mi

14. Ch
sta
Am

15. Co

Chou et al.

Cance8830
pression not only blocked ERF but also attenuated
expression in lung cancer cells in our study (Supple-
ry Fig. S6). These findings indicate that a delicate bal-
f the regulatory circuit may exist between EGFR and
as well as its targets such as ERF. Such a delicate bal-
ay finally determine the outcome of cell fate and the
f miR-7 as an oncomiR or tumor suppressor. Con-
t with our observation, Cheng and colleagues (28)
d that the inhibition of miR-7 expression suppresses
of A549 lung carcinoma cells. Because EGFR induces
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en cell proliferation and differentiation. In accordance
his hypothesis, recent reports showed that miR-7 func-
n several interlocking feedback and feedforward loops
fer the developmental programs and fine-tune differ-
on processes in Drosophila (36, 37).
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