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Background: No study shows any negative feedback regulation of c-Myc by miRNAs.
Results:miR-185-3p is expressed in response to c-Myc and in return inhibits c-Myc expression.
Conclusion:miR-185-3p is a novel negative feedback regulator of c-Myc.
Significance: Unveiling this feedback loop of c-Myc-miR-185-3p offers new insight into c-Myc regulation and a potential
anti-cancer agent.

The expression of the c-myc oncogene at both protein and
mRNA levels is transient and begins to be turned off 3–6 h after
growth stimulation of cultured cells. The exact mechanism(s)
underlying this down-regulation of c-Myc remains incom-
pletely understood. Here we report the identification of miR-
185-3p as a novel feedback regulator of c-Myc. This microRNA
(miRNA) was initially identified as one of the c-Myc target
miRNA transcripts through analysis of RNA samples isolated
from cells prior to and after serum stimulation and further ver-
ified by real-time PCR, luciferase reporter, and ChIP assays.
Interestingly, overexpression of wild type, but notmutant, miR-
185-3p decreased the protein, but notmRNA, level of c-Myc in a
dose-dependent fashion and also drastically abated the serum
induction of c-Myc level in human cancer cells by targeting the
coding sequence of c-Myc mRNA, consequently suppressing
c-Myc-mediated proliferation. A miR-185-3p inhibitor rescued
the inhibition of c-Myc expression by endogenous miR-185-3p.
Thus, our results unveil miR-185-3p as the first miRNA that
monitors c-Myc levels via an autoregulatory feedback mecha-
nism in response to serum stimulation.

Since c-mycwas first identified as the human cellular homo-
log of the retroviral v-myc (1), it has been intensively studied
and shown to be essential for cell growth, proliferation, and
animal development (2–7) because knocking it out causes
embryonic lethality in mice (8). The biological importance of
c-Myc is largely ascribed to its transcriptional activity. c-Myc is
a nuclear transcriptional factor consisting of two major func-
tional domains, the N-terminal regulatory and transactiva-
tional domain containing twoMyc-box (MBI andMBII) motifs
and the C-terminal basic helix-loop-helix leucine zipper and
DNA-binding domain (2, 5, 9, 10). It forms a functional het-
erodimer with Max (4, 11). This transcriptional complex regu-
lates the expression of almost 15% of human genes (3) by bind-

ing to its responsive DNA sequence element (E-boxmotif) (12).
Most of these genes are crucial for ribosome biogenesis and
protein synthesis (13–15), which are indispensable for cell
growth, proliferation, and development (2–4). However, these
normal functions of c-Myc are often exploited by cancer cells
for their advantage because overly expressed or active c-Myc
favors cell proliferation, transformation, neoplasia, and tumor-
igenesis in mice (16–19), and its levels are highly expressed in
most human cancers (5, 20). Someof the oncogenic functions of
c-Myc are also executed through its transcriptional target
microRNAs (miRNAs),2 such as the miR-17-92 cluster (21).
Hence, cells need tomonitor c-Myc level and activity in order to
grow and proliferate normallywithout gaining their awry trans-
formational and tumorigenic potential.
Indeed, c-Myc is delicately regulated at transcriptional, post-

transcriptional, translational, and posttranslational levels
through a variety of mechanisms (3), whereas Max levels
remain quite steady in cells (4). For instance, the c-Myc protein
is considerably unstable with a half-life of�15min due to ubiq-
uitination-dependent proteolysis, which is mediated by E3
ubiquitin ligases, such as Fbw7, Skp2, or HectH9 (22–25). This
process is also highly controlled through phosphorylation at
the N-terminal Myc-box domains of c-Myc in response to
Ras signaling (26, 27), leading to stabilization of c-Myc. Fur-
thermore, both translation and stability of c-Myc mRNA are
tightly regulated (3). Although a number of protein regula-
tors have been shown to be involved in these regulations,
recent studies also divulged several miRNA regulators, such
as miR-24, miR-22, miR-145, or miR-let-7a (28–31). These
miRNAs can inactivate c-Myc by targeting its mRNA in
response to distinct signals, such as p53-responsive suppres-
sion of c-Myc by miR-145 (29).
The tight regulation of c-Myc expression can be readily

detected in cultured cells, typically reflected in its bell shape-
like expression pattern in response to growth signals: an imme-
diate rise (usually peaking at 3–6 h) of c-Myc level and activity
followed by a gradual descent upon serum stimulation (26, 32).
The first sharp (rapid increase) phase of c-Myc level and activity
after serum stimulation is chiefly attributed to the growth fac-
tor-activated Ras signaling pathway, which has been shown to
induce the mRNA transcription and protein stability of c-Myc
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(26). By contrast, themechanisms underlying the second (grad-
ual decrease) phase of c-Myc response to serumremain promis-
cuous, although it is clear that both c-Myc protein and mRNA
levels decline once they reach the induction peak (32). Our
recent study demonstrates that ribosomal protein L11 (RPL11)
plays a feedback role in regulating c-Myc transcriptional activ-
ity by binding to its MBII domain and excluding the binding of
TRRAP, a cofactor of c-Myc (33), to this domain (32). It also
suggests that RPL11 may be responsible for the second phase
decrease of c-Myc activity after serum stimulation (32).
Although knockdown of RPL11 resulted in the increase of both
of c-Myc protein and mRNA levels (34), this role may be
exerted through an indirect mechanism because overexpres-
sion of RPL11 did not simply reduce the total level of c-Myc
(data not shown). Therefore, although RPL11 can suppress
c-Myc activity after the peak induction in response to serum
stimulation, it still remains unclear how c-MycmRNAand pro-
tein levels are down-regulated at the late stage of the serum
response.
Because none of the aforementioned miRNAs has been

shown to play an autoregulatory role in monitoring c-Myc lev-
els after serum stimulation (28–31), there might exist one or
more miRNAs that could be transcriptionally activated by
c-Myc and in turn regulate the expression of this transcrip-
tional factor by either mediating its mRNA degradation or
inhibiting its translation. In an attempt to identify this c-Myc-
targeting miRNA(s), we performed an miRNA array analysis
usingRNAsamples isolated fromhuman colon cancerHCT116
p53-containing and p53-deficient cells prior to and 3 h after
serum treatment. This analysis revealed several miRNAs as
promising c-Myc-targeting miRNAs. Although two of them,
miR-145 and miR-24, were recently reported (28, 29), we
found a new miRNA, miR-185-3p, as a potential target of
c-Myc. Our further studies not only confirm that miR-
185-3p is an authentic transcriptional target of c-Myc but
also unravel its inhibitory role in regulating c-Myc protein
expression by targeting its amino acid-coding mRNA
sequence without affecting its mRNA levels. In line with
these results, inhibition of miR-185-3p function by its siRNA
induced c-Myc level and activity. Our studies demonstrate
for the first time that miR-185-3p plays an autoregulatory
feedback role in monitoring the protein level of c-Myc in
response to growth signals.

EXPERIMENTAL PROCEDURES

Cell Lines—Unless indicated specifically, all cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 50 units/ml penicil-
lin, and 0.1 mg/ml streptomycin at 37 °C in 5% CO2.
Plasmids, Adenoviruses, and Antibodies—CMV-empty,

CMV-�-Gal, pD40-His/V5-c-Myc, and E2F2(-E-box)-Luc
plasmids were described previously (32). To generate pGL3-
miR-185-3p and pGL-miR-185-3p control constructs, the
E-box promoter or the sequence far away from this E-box was
amplified by the primers listed in supplemental Table S1. The
fragments were inserted into pGL3 with the designed cutting
sites: KpnI and XhoI. To generate pSIF-miR-185-3p and pSIF-
miR-185-3p mutant plasmids, the precursor and mutant

sequenceswere synthesized and inserted into the pSIF vector at
the BamHI and EcoRI sites. The pSIF vector was kindly pro-
vided and described by Yong Li (35). Tomake the pMIR-c-Myc
and pMIR-c-Myc mutant plasmids, the targeting sequence or
its mutant was synthesized and inserted into pMIR vector
(Ambion, Austin, TX) by designed sites: SpeI and HindIII.
Adenoviruses to overexpress full-length c-Myc or control GFP
were described previously (32). The sequences of pSIF-miR-
185-3p, pSIF-miR-185-3p mutant, pMIR-c-Myc, and pMIR-c-
Myc mutant are summarized in supplemental Table S1. Anti-
bodies usedwere anti-c-Myc (N262, SantaCruz Biotechnology,
Inc. (Santa Cruz, CA)), anti-V5 (Invitrogen), and anti-BrdU
(IIB5, Santa Cruz Biotechnology, Inc.).
Transient Transfection and Immunoblot—As described pre-

viously (36), briefly, cells were transfected with the indicated
plasmids as shown in each figure by using TransFectin (Bio-
Rad), following the company’s instructions. 48 h post-transfec-
tion, cells were harvested and lysed in lysis buffer. The total
protein concentration for each sample was determined, and
equal amounts of total proteins were then subjected to SDS-
PAGE, followed by immunobloting.
Reverse Transcription-Polymerase Chain Reaction and

Quantitative Real-time PCR Analysis—RT-PCR and quantita-
tive real-time PCR for mature miRNA were done by using the
methods described previously (37). RT-PCR and quantitative
real-time PCR for other genes followed the protocol as
described previously (38). Briefly, quantitative real-time PCR
was performed on an ABI 7300 real-time PCR system (Applied
Biosystems) using SYBR GreenMix (Applied Biosystems). Rel-
ative gene expression was calculated using the �Ct method,
following the manufacturer’s instructions. All reactions were
carried out in triplicate. The primer sequences used are listed in
supplemental Table S1.
Luciferase Reporter Assays—Cells were transfected with

pCMV-�-galactoside and the indicated plasmids (total plasmid
DNA 1 �g/well) as indicated in the figures. Luciferase activity
was determined and normalized by a factor of �-Gal activity in
the same assay as described previously (39).
Chromatin Immunoprecipitation (ChIP)-PCR—ChIP analy-

sis was performed as described previously (40) using anti-c-
Myc (N262) for endogenous c-Myc and anti-V5 for overex-
pressed V5-c-Myc. Immunoprecipitated DNA fragments were
analyzed by semiquantitative and/or real-time PCR amplifica-
tion using primers for 5 S ribosomal DNA, miR-185-3p, and
control genes. The primers are listed in supplemental Table S1.
BrdU Incorporation Assays—BrdU incorporation assays

were carried out by basically following the previously described
protocol (32). Cells were incubated in the presence of 10 �M

BrdU for 5 h. Cells were then fixed with 95% of ethanol and 5%
of acetic acid, treatedwith 2MHCl containing 1%TritonX-100,
and stained with the monoclonal anti-BrdU antibody, followed
by stainingwithAlexa Fluor 546 (red) goat anti-mouse antibod-
ies and DAPI. Stained cells were analyzed under a Zeiss Axio-
vert 25 fluorescent microscope.
Knockdown of the Endogenous miRNA—Anti-miRTM

miRNA inhibitor and Anti-miRTM miRNA inhibitors (nega-
tive control) were purchased from Ambion. Transfections of
miRNA inhibitors were performed in the same way as that
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of normal siRNA, as described previously (41), by using
siLentFectTM lipid (Bio-Rad), following the manufacturer’s
protocol.

RESULTS
Identification of miR-185-3p as a Potential Transcriptional

Target of c-Myc—In order to identify miRNAs that may regu-
late the expression of c-Myc in response to serum stimulation,
we isolated total RNAs from human p53-containing or p53-
deficient colon cancer HCT116 cells that were treated with or
without the addition of 20%of FBS after being starved in 0.2% of
FBS. The RNA samples, after confirming the c-Myc induc-
tion after serum treatment (Fig. 1A), were subjected to a
miRNA array analysis by LC Sciences (Houston, TX). As a
result, at least three miRNAs, such as miR-24, miR-145, and
miR-185-3p, were identified to potentially target c-Myc (Fig.
1C and supplemental Fig. S1). While we were conducting
experiments to further study them, two of the miRNAs,
miR-24 and miR-145, were later reported by other groups to
suppress c-Myc expression by targeting the 3�-UTR
sequence of its mRNA in response to terminal differentia-
tion and p53 activation, respectively (28, 29). These pub-
lished studies validated our procedure (Fig. 1C). Because
miR-185-3p was also identified in the RNA pool isolated
from p53 null HCT116 cells after serum stimulation (data

not shown) and the promoter region of this miRNA-coding
gene contained a potential c-Myc-responsive E-box DNA
element (Fig. 2A), different from that of miR-24 andmiR-145
(28, 29), we speculated that miR-185-3p might be a c-Myc
transcription target and thus continued to study this
miRNA.
First, we verified the miRNA array data (Fig. 1C and supple-

mental Fig. S1) by analyzing the level of mature miR-185-3p in
the RNA samples from six time points before and after serum
stimulation using real-time PCR (of note, all of the primer
sequences used in this study are shown in supplemental Table
S1). As shown in Fig. 1B, indeed, the level of miR-185-3p
reached a peak at 3 h and then declined at 6 h and stayed at a
relatively level 24 h after serum stimulation, which was well
correlated with the serum-induced protein level of c-Myc
except at the 24 h point, when c-Myc was drastically
reduced, as shown in Fig. 1A. Also, the miR-185-3p level was
positively correlated with c-Myc among several cell lines
tested (supplemental Fig. S4). To determine if ectopic
expression of c-Myc could also induce the expression of this
miRNA, we infected human lung non-small cell carcinoma
H1299 cells, which are p53-deficient, with adenovirus
encoding c-Myc or GFP and harvested cells for a real-time
PCR analysis using primers for mature miR-185-3p, miR-

FIGURE 1. Bioinformatics analysis and micro-RNA array suggest that miR-185-3p and c-Myc may mutually regulate each other. A, the level of c-Myc in
cells following serum stimulation. HCT116 cells were treated with 0.2% FBS for 24 h and then stimulated by 20% FBS and harvested at the indicated time
points for immunoblot (IB) assays. 50 �g of protein was used for each lane (true also for the rest of the experiments). *, nonspecific band. B, the
correlation of miR-185-3p and c-Myc. Cells were treated with 0.2% FBS for 24 h and then stimulated by 20% FBS. Cells were harvested at the indicated
times. Values represent the mean and S.D. (error bars) of three independent experiments. C, bioinformatics analysis of microarray data shows that
miR-145, 185-3p, and 24 may target c-Myc. D, c-Myc induces miR-185-3p expression in cells. H1299 infected with c-Myc-expressing adenovirus and the
expression of miR-185-3p and the positive control E2F2 and C23 were determined within 48 h by quantitative real-time PCR assays. Significance was
determined using an unpaired Student’s t test. *, p � 0.05. Data are presented as means � S.E. (error bars), n � 3. E, immunoblot was performed to detect
the c-Myc overexpression.
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1246, and miR-671-5p as well as for E2F2 and C23 mRNAs,
the last two of which are c-Myc transcription targets (32) and
used as positive controls. As shown in Fig. 1D and supple-
mental Fig. S6, miR-185-3p, E2F2, and C23, but not miR-
1246 and miR-671–5p, were significantly induced when
c-Myc was ectopically expressed in the cells (Fig. 1E). These
results indicate that the expression of miR-185-3p can be
induced by c-Myc, suggesting that this miRNA might be a
transcriptional target for this transcriptional factor.
Confirmation of miR-185-3p as an Authentic Transcription

Target of c-Myc—Next, we wanted to determine if miR-185-3p
is a genuine transcription target of c-Myc by performing two
sets of experiments. First, we identified a potential E-box DNA
element at the position of �1215 nucleotides from the tran-
scriptional starting site of the miR-185-3p-encoding gene by a
bioinformatic analysis using the available University of Califor-
nia, Santa Cruz, online genomic database. Then we cloned this
E-box DNA element sequence into a luciferase reporter plas-
mid as shown in Fig. 2A. Using this reporter, the c-Myc expres-

sion adenovirus, and an E2F2 luciferase reporter as a positive
control, we carried out a transfection/infection coupled with a
luciferase reporter assay as detailed under “Experimental Pro-
cedures.” As shown in Fig. 2B, overexpression of exogenous
v5-taggged c-Myc induced the luciferase activity significantly
when either the E2F2 or miR-185-3p promoter-driven lucifer-
ase reporter was used. To determine if exogenous c-Myc could
bind to the promoter region of themiR-185-3p-coding gene,we
conducted a ChIP assay after infecting 293 cells with adenovi-
rus encoding v5-c-Myc. As shown in Fig. 2C and supplemental
Fig. S2A, ectopic c-Myc indeed bound to the endogenousmiR-
185-3p promoter as well as to the 5 S ribosomal DNA pro-
moter, which was shown as a c-Myc target as well (42), in
comparison with the result using IgG control antibodies.
Furthermore, the miR-185-3p promoter-driven luciferase
activity was also responsive to serum stimulation in H1299
cells (Fig. 2D). Finally, endogenous c-Myc was found to bind
both the miR-185-3p and 5 S ribosomal DNA promoter
regions containing the E-box element as detected by ChIP

FIGURE 2. miR-185-3p is a transcriptional target of c-Myc. A, schematic representation of the E-box upstream of the miR-185-3p gene. B, c-Myc induces
miR-185-3p expression in cells. H1299 cells were cotransfected with the indicated plasmids and �-Gal plasmid. 16 h after transfection, luciferase
activities were measured. Luciferase activity was normalized to �-Gal, and the significance was determined using an unpaired Student’s t test. *, p �
0.05. Data are presented as means � S.E. (error bars), n � 3. C, ectopic c-Myc binds to the miR-185 promoter in 293 cells. 6 h after serum stimulation,
chromatin immunoprecipitation (IP) assays were performed using 293 cells that were transfected with V5-c-Myc plasmid and with the indicated
antibodies followed by PCR for miR-185 promoter sequences or negative control promoter sequences (n � 3; error bars, S.E.). Primers are listed in
supplemental Table S1. D, miR-185-3p expression luciferase reporter activity is correlated with endogenous c-Myc level and in response to serum
stimulation. H1299 cells were treated with 0.2% FBS for 24 h and then stimulated by 20% FBS and harvested at the indicated time points. Significance
was determined using an unpaired Student’s t test. *, p � 0.05. Data are presented as means � S.E., n � 3. E, endogenous c-Myc binds to the miR-185
promoter in cells. 6 h after serum stimulation, chromatin immunoprecipitation assays were performed on U2OS cell lysates with antibodies as indicated,
followed by PCR for miR-185-3p promoter sequences and negative control sequences (n � 3; error bars, S.E). Primers are listed in supplemental
Table S1.

Autoregulation of c-Myc by miR-185-3p

33904 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 39 • SEPTEMBER 30, 2011

http://www.jbc.org/cgi/content/full/M111.262030/DC1
http://www.jbc.org/cgi/content/full/M111.262030/DC1
http://www.jbc.org/cgi/content/full/M111.262030/DC1
http://www.jbc.org/cgi/content/full/M111.262030/DC1
http://www.jbc.org/cgi/content/full/M111.262030/DC1
http://www.jbc.org/cgi/content/full/M111.262030/DC1
http://www.jbc.org/cgi/content/full/M111.262030/DC1


assays in U2OS cells (Fig. 3E and supplemental Fig. S2B).
Together with the results in Fig. 1, these results using various
cell lines (of note, each of the above results was also repeated
in different cells used in this study, and representative results
are shown here) regardless of the p53 status demonstrate
that miR-185-3p is indeed a bona fide transcriptional target
of c-Myc, and miR-185-3p expression is c-Myc-dependent
but p53- and cell-independent (supplemental Fig. S5).
Suppression of c-Myc Level and Activity by miR-185-3p—To

identify potential mRNA targets of miR-185-3p, we carried out
a bioinformatic analysis based on experimentally derived rules
formiRNA target recognition (43). From this analysis, we found
that one of the top target candidates is c-Myc itself. However,
surprisingly, the potential target sequence formiR-185-3p with
a calculated energy of �46.5 kcal/mol is within the protein-
coding region of c-Myc mRNA, which encodes the C-terminal
domain of the c-Myc protein (Fig. 3A). This is clearly distinct
from the recently reported c-Myc targeting miRNAs (28–30).
This miR-185-3p-targeted sequence is highly conserved from

rodent to human c-Myc mRNAs. To test if miR-185-3p could
affect the level of c-Myc, we cloned a wild type or mutant miR-
185-3p expression sequence, as indicated in Fig. 3A, into the
pSIF miRNA expression vector (35). H1299 cells were trans-
fected with these vectors individually and harvested 24 h post-
transfection for real-time PCR and immunoblot analyses. As
shown in Fig. 3, B–D, overexpression of miR-185-3p reduced
the protein, but not mRNA, level of c-Myc. By contrast, the
mutant miR-185-3p failed to reduce the level of both endoge-
nous (left) and exogenous (right) c-Myc proteins, and miR-24,
shown to target the 3�-UTR of c-myc (28), failed to reduce the
exogenous c-Myc protein level expressed via its cDNAwithout
3�-UTR, as assayed by immunobloting (Fig. 3D and supplemen-
tal Fig. S3). In addition, wild type, but not mutant, miR-185-
3p, when overexpressed, markedly abrogated the serum-re-
sponsive induction of c-Myc protein levels, as shown in Fig.
3, E and F. Of note, the mutant miR-185-3p did not affect the
c-Myc induction pattern after serum treatment in compari-
son with the mock-transfected cells (data not shown; also

FIGURE 3. miR-185-3p decreased c-Myc protein, but not mRNA, levels in cells. A, the ORF sequence of c-Myc mRNA harbors putative binding sites
complementary to miR-185-3p. The putative c-myc ORF sites was targeted 305–327 bp upstream from the c-myc stop codon. B and C, quantitative real-time
PCR (QRT-PCR) assays were performed using RNAs isolated from H1299 cells transfected with the indicated amount of the pSIF miR-185-3p plasmid. c-Myc was
induced at 6 h after changing medium. Data are presented as a function of miR-185-3p (B) and c-Myc mRNA (C) copies relative to GAPDH mRNA. The mean
levels were from three independent samples. The plug-in Western blot shows the endogenous c-Myc protein level. D, miR-185-3p can decrease both endog-
enous and exogenous c-Myc protein levels in cells. H1299 cells were transfected with the indicated plasmids. 20 h after transfection, cells were treated with
serum-free medium and stimulated by 20% FBS, and cells were collected 3 h after stimulation. Immunoblot analysis was performed with the N262 anti-c-Myc
antibody. E, miR-185-3p inhibits c-Myc response to serum stimulation. H1299 or HCT116 cells were transfected with the indicated plasmids and treated with
0.2% FBS for 24 h and then stimulated by 20% FBS and harvested at the indicated time points. F, quantification of the results from E. The intensity of each band
in E was quantified and graphed in this panel. The y axis represents the -fold increase of c-Myc protein levels, whereas the x axis denotes the time course after
serum stimulation.
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compare Fig. 3E with Fig. 1A). These results clearly demon-
strate that miR-185-3p can suppress the expression of the
c-Myc protein without affecting its mRNA level and also
suggest the possibility that this miRNA may target the 3�
amino acid-coding sequence of c-Myc mRNA, consequently
inhibiting its translation.
Targeting the Amino Acid-coding Region of c-Myc mRNA by

miR-185-3p—To test the above possibility, we constructed a
luciferase reporter by cloning a wild type or mutant miR-185-
3p-targeted DNA sequence derived from the c-Myc mRNA
into the pMIR vector (Ambion) (Fig. 4A). H1299 cells were
co-transfected with these vectors individually with or without
wild type or mutant miR-185-3p expression vectors and har-
vested 48 h post-transfection for luciferase assays. As shown in
Fig. 4B, wild type, but not mutant, miR-185-3p, when overex-
pressed, reduced the luciferase activity that was driven by the
wild type, but not mutant, c-Myc RNA sequence in a dose-de-
pendent fashion. This result indicates that miR-185-3p indeed
binds to this amino acid-coding region of c-Myc mRNA and
inhibits its translation.
Inhibition of c-Myc-mediated Transcriptional Activity and

Cell Proliferation by miR-185-3p—To investigate the func-
tional outcome of suppression of c-Myc protein expression
by miR-185-3p, we first determined if overexpression of
miR-185-3p could affect c-Myc transcriptional activity by
performing transfection-coupled with luciferase and real-
time PCR assays using an E2F2 promoter-driven luciferase

reporter and E2F2 primers. As expected, ecoptic c-Myc
induced the luciferase activity driven by the wild type, but
not mutant, E2F2 promoter (Fig. 5A). While titrating up the
miR-185-3p expression vector, this c-Myc-induced lucifer-
ase activity wasmarkedly inhibited in amiR-185-3p dose-de-
pendent fashion (Fig. 5A, left graph). In addition, miR-
185-3p inhibited the c-Myc-dependent expression of
endogenous E2F2 mRNA (Fig. 5B, right graph). In line with
these results, miR-185-3p also significantly alleviated
c-Myc-induced cell proliferation as assays in BrdU-staining
(Fig. 5, C and D). Taken together, these results demonstrate
that miR-185-3p can repress the transcriptional activity of
c-Myc by reducing its protein level, consequently inhibiting
c-Myc-mediated cell proliferation.
Rescue of c-Myc Level through Inhibition of miR-185-3p—To

determine if endogenous miR-185-3p plays a role in regulat-
ing c-Myc level, we employed an Anti-miRTM miRNA inhib-
itor specific to miR-185-3p or an Anti-miRTM miRNA con-
trol as a negative control (Ambion). Human colon cancer
HCT116 or breast cancer MCF7 cells were transfected with
either the miR-185-3p inhibitor or the negative control and
harvested 24 h after transfection for immunblotting and
real-time PCR analyses to test the level of endogenous c-Myc
and the expression of its target gene E2F2 as well asmiR-185-
3p. As shown in Fig. 6, miR-185-3p inhibitor, but not nega-
tive control, induced the level of endogenous c-Myc proteins
in both of the cell lines (top panels) as well as the expression
of E2F2 mRNA (bottom panels). In accordance with these
results, the level of endogenous miR-185-3p was markedly
reduced by miR-185-3p inhibitor but not negative control
(void columns in the bottom panels of Fig. 6, A and B). Con-
sistent with these results, this miR-185-3p inhibitor, but not
its control, further enhanced the serum induction of cell
proliferation and c-Myc levels and, more remarkably, pro-
longed this induction period after serum stimulation of
HCT116 cells by more than 2 h (Fig. 6, C and D). These
results demonstrate that miR-185-3p indeed is responsible
for down-regulation of c-Myc protein expression in its sec-
ond descent phase after serum stimulation.

DISCUSSION

Although several miRNAs have been recently shown to
target c-Myc mRNA and suppress its expression (28–30),
none of them is shown to play a negative feedback regulatory
role inmonitoring c-Myc level. In the current study, we iden-
tify miR-185-3p as a novel c-Myc regulator that can suppress
the expression of c-Myc via an autoregulatory mechanism.
First, the serum-responsive expression of miR-185-3p was
well correlated with the c-Myc expression under the same
condition. Also, exogenous c-Myc significantly induced the
level of endogenous miR-185-3p and the E-box-containing
miR-185-3p promoter-driven luciferase activity as well as
bound to the endogenous miR-185-3p promoter region, as
assessed by ChIP assays, confirming that miR-185-3p is a
genuine transcriptional target of c-Myc. Interestingly, over-
expression of wild type, not mutant, miR-185-3p led to the

FIGURE 4. miR-185-3p targets the amino acid-coding sequence of c-Myc
mRNA. A, schematic representation of the pMIR-c-Myc reporter constructs
used in this set of experiment. The plasmids contain the wild type or
mutant miR-185-3p-targeted site of the c-Myc mRNA. B, H1299 cells were
cotransfected with the indicated plasmids. 48 h after transfection, lucifer-
ase activities were measured. Luciferase activity was normalized to �-Gal
expression.
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marked decrease of c-Myc protein, but not mRNA, levels and
also alleviated the serum-stimulated induction of c-Myc,
basically flattening the peak of c-Myc levels. More interest-
ingly, unlike other known c-Myc-targeting miRNAs (28–
30), miR-185-3p appeared to target the 3� amino acid-coding
region of c-Myc mRNA instead of its 3�-UTR sequence. This
was further confirmed by a luciferase reporter assay. As a
result of targeting c-Myc expression by miR-185-3p, this
miRNA repressed the transcriptional activity and cell prolif-
eration function of c-Myc. Conversely, miR-185-3p inhibi-
tor, but not negative control, markedly reduced the level of
endogenous miR-185-3p and consequently induced the level
of endogenous c-Myc in both HCT116 and MCF7 cells.
Therefore, our study uncovers miR-185-3p as the first
miRNA that can act as an autoregulatory inhibitor of c-Myc
by targeting the 3� amino acid-coding sequence of c-Myc
mRNA and inhibiting its translation (Fig. 6E).
It is particularly interesting to learn that miR-185-3p tar-

gets the 3� amino acid-coding, instead of 3�-UTR, sequence
of c-Myc mRNA. This is different from the previously and
recently reported c-Myc targeting miRNAs, which bind to
distinct seeding sequences residing in the 3�-UTR sequence
of c-Myc mRNA (28–30). Although most miRNAs target a
3�-UTR sequence of mRNAs (43), targeting an open reading
frame sequence of an mRNA by an miRNA molecule is not
that unusual because an increasing number of miRNAs have
been recently reported to target an mRNA protein-coding
sequence (43, 44). For instance, a number of potential
miRNA targeting sequences reside within the amino acid-
coding sequences of an mRNA, as revealed by a global com-
puter analysis of miRNA-targeted genes in human cells (45,

46). Specifically, miR-24 was recently shown to target the
open reading frame region of Fas-associated factor 1 (FAF1)
mRNA (47). Also, miR-206 was able to target the estrogen
receptor �-coding sequence (48). Hence, it appears that tar-
geting amino acid-coding mRNA sequences is probably a
common and alternative mechanism for miRNA-mediated
regulation of gene expression.
Although miR-185 was recently shown to induce cell cycle

arrest (49), its molecular targets were unclear. Most recently,
when we were preparing this paper, miR-185-5p,3 the
miRNA processed from the 5� stem-loop arm opposite to
that for miR-185-3p, was reported to target Six1 (50). Unlike
miR-185-5p, miR-185-3p specifically targets the amino acid-
coding nucleotide sequence of c-Myc mRNA as a negative
feedback regulator in monitoring the protein level of c-Myc,
as discussed above. This finding is also physiologically sig-
nificant. It has been known that both c-Myc protein and
mRNA levels start to decline 3–6 h after serum stimulation
(32). Although the abrogation of transcription, translation,
and stability of c-MycmRNAwas believed to account for this
c-Myc reduction (3), the role of miRNAs in this serum-re-
sponsive regulation of c-Myc expression has not been estab-
lished. Our finding that miR-185-3p is expressed in response
to serum stimulation and in turn represses the protein
expression of c-Myc suggests that miR-185-3p is also
responsible for the descent phase of c-Myc protein level in

3 miR-185-5p and miR-185-3p are defined as the mature miRNAs processed
from the 5� and 3� side, respectively, of the same precursor miRNA, and
therefore, they share the same promoter.

FIGURE 5. miR-185-3p inhibits c-Myc-dependent transcriptional activity and cell proliferation. A, miR-185-3p inhibits c-Myc-induced luciferase
reporter expression. 293 cells transfected with plasmids, as indicated, were subjected to luciferase assays as described under “Experimental Proce-
dures.” c-Myc was induced at 6 h after changing medium of cultured cells. B, miR-185-3p inhibits c-Myc-dependent transcription of the endogenous
c-Myc target genes. H1299 cells were transfected with pSIF-miR-185-3p plasmid and/or infected with Ad-c-Myc, and the expression of E2F2 was
measured by quantitative RT-PCR assays. C, and D, miR-185-3p reduces c-Myc-mediated cell proliferation. H1299 cells infected with Ad-c-Myc and/or
transfected with pSIF-miR-185-3p were labeled with BrdU and subjected to anti-BrdU staining (red), as shown in C, and counterstained with DAPI. The
percentage of BrdU-positive cells is shown in D. Significance was determined using an unpaired Student’s t test. *, p � 0.05. Data are presented as
means � S.E. (error bars), n � 3.
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response to growth signals. Thus, our study offers a molec-
ular mechanism for not only why miR-185 can lead to cell
cycle arrest (49) and block cell proliferation (Fig. 5, C and D)
but also why the protein level of c-Myc starts to diminish 3 h
after serum treatment, although it still remains to be further
investigated how c-Myc mRNA level also starts to decrease
under this condition.
Identification of miR-185-3p as a suppressor of c-Myc also

raises a tempting question as to whether this miRNA would
play a role in suppressing c-Myc-driven tumor growth. It is
likely that overexpression of miR-185-3p would eradicate
the oncogenic function of c-Myc because miR-185-3p, when
overexpressed in H1299 cells, significantly inhibited c-Myc-
induced cell proliferation (Fig. 5). This likelihood will be
further examined by using xenograft mouse models that
express high level of c-Myc in the near future. Another unad-
dressed question is if the expression or level of miR-185-3p
would be altered in human tumors. Regardless of these
remaining questions, our study as presented here demon-

strates that miR-185-3p is a physiological and negative feed-
back regulator of c-Myc.
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