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MicroRNAs (miRNAs) act in post-transcriptional gene silenc-
ing and are proposed to function in a wide spectrum of pathol-
ogies, including cancers and viral diseases. Currently, to our
knowledge, no detailed mechanistic characterization of small
molecules that interrupt miRNA pathways have been reported.
In screening a small chemical library, we identified compounds
that suppress RNA interference activity in cultured cells. Two
compounds were characterized; one impaired Dicer activity
while the other blocked small RNA-loading into an Argonaute 2
(AGO2) complex. We developed a cell-based model of miRNA-
dependent tumorigenesis, and using this model, we observed
that treatment of cells with either of the two compounds effec-
tively neutralized tumor growth. These findings indicate that
miRNA pathway-suppressing small molecules could potentially
reverse tumorigenesis.

MicroRNAs (miRNAs)® are small non-coding RNAs that
regulate the expression of many genes and are involved in a
variety of cellular processes, including development, cell prolif-
eration, apoptosis, immunity, hematopoiesis, tumorigenesis,
and viral infection (1-4). Primary miRNAs are transcribed and
subsequently processed to precursor miRNAs (pre-miRNAs),
which are exported into the cytoplasm and cleaved by Dicer
into ~23 nucleotide (nt) RNA duplexes (5-7). These small
RNAs are loaded onto an effector complex, termed the RNA-
induced silencing complex (RISC), which is constituted by the
argonaute (AGO) protein as a central core component (7-11)
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together with other regulatory proteins such as TRBP, PACT,
MOV10, Gemin3/4, GW182, TNRC6B, and RNA helicase A
(RHA) (12-19). Once RISC is loaded with a guide miRNA or
siRNA, the mi-RISC or si-RISC can recognize and anneal to
target mRNAs to down-regulate their expression (20, 21).

Dysregulated miRNAs contribute to disease pathogenesis
(22, 23). For example, an miRNA cluster miR-17-92 is often
up-regulated in human B-cell lymphomas, leading to acceler-
ated disease progression (24). miRNA-155, overexpressed in
several types of B-cell lymphomas and solid tumors (25, 26), can
also contribute to B-cell malignancy (27). miR-21 is augmented
in various tumors and exhibits pro-tumorigenic activity (26, 28,
29). Other examples include the oncological roles played by
miR-93 and miR-130b in human T-cell leukemia virus type-I
(HTLV-I)-infected adult T-cell leukemia (30), the role of let-7,
miR-15, and miR-16 as tumor suppressors (31, 32), and the
contributions of RISC components such as AGO proteins
(33-35), Dicer (36, 37), and TRBP (38) to cellular prolifera-
tion. The variegated actions of miRNAs in cell growth are
likely cell-type- and context-specific. Until now, there is no
well characterized demonstration that chemical manipula-
tion to activate or inactivate miRNA pathways can influence
miRNA-related tumorigenesis.

Here, we screened a chemical compound library for moieties
that modulate miRNA-mediated gene silencing in cells. Two
compounds with relatively non-cytotoxic profiles that suppress
miRNA-RISC activity, polylysine (PLL) and trypaflavine (TPF),
were identified. In a miRNA-dependent cellular transformation
model, treatment of cells with PLL and TPF effectively attenu-
ated the cells’ tumorigenic properties.

EXPERIMENTAL PROCEDURES

Reagents and Compound Screening—530 compounds were
screened (supplemental Table S1). The compounds included
some whose bioactivities and pharmacological properties have
been well characterized. For most of the compounds, we exam-
ined each at six different concentrations (0.041, 0.12, 0.37, 1.1,
3.3, and 10 um). An initial screening was conducted by trans-
fection with pRS-shLuc, pRL-TK, and pGL3 promoter-plas-
mids, which express sh-Fluc (shRNA targeting firefly luciferase
mRNA) or Rluc (Renilla luciferase expression vector), or SV40
promoter-driven Fluc (firefly luciferase), respectively, into
293T cells (supplemental Figs. S1 and S2). This screening iden-
tified 19 compounds (3.6% of the total number of compounds
tested) that augmented the ratio of Fluc/Rluc more than 2-fold,
and 3 compounds (0.57% of the total compounds) that

JOURNAL OF BIOLOGICAL CHEMISTRY 24707


http://www.jbc.org/cgi/content/full/M109.062976/DC1
http://www.jbc.org/cgi/content/full/M109.062976/DC1
http://www.jbc.org/cgi/content/full/M109.062976/DC1
http://www.jbc.org/cgi/content/full/M109.062976/DC1

Small Molecules Suppressing miRNAs

decreased Fluc/Rluc by 2-fold or more. Next, two follow-up
screenings to cull false positives from the initial screening
were performed (supplemental Fig. S3). The first follow-up
employed pCMV-luc, encoding a CMV promoter-driven Fluc,
instead of the SV40 promoter-driven Fluc used in the initial
screening. In the second follow-up, a pRS vector expressing
sh-GFP in place of pRS-shLuc was used. Compounds that
showed positive results in the initial and second screenings,
but negative or unchanged results in the third screening were
sought. Based on these criteria, two candidates, PLL and TPF,
from our pool of 530 compounds were identified (sup-
plemental Fig. S4). The PLL (poly-L-lysine hydrobromide,
molecular weight 4,000-15,000 (Sigma-Aldrich, P6516)) and
TPF (3,6-diamino-10-methylacridinium chloride) used in this
study were purchased from Sigma-Aldrich.

Plasmid Construction—The expression vectors for Fluc and
Rluc were the pGL3-plasmid (Promega, Madison, W1I) and the
pRL-TK plasmid (Promega), respectively. Those for sh-Fluc,
sh-GFP, and their corresponding empty vector were pRS-
shLuc, pRS-shGFP, and pRS control plasmid (OriGene),
respectively. pIRESneo-FLAG/HA-AGO2 was provided from
Drs. Thomas Tuschl and Gunter Meister at the Rockefeller
University through Addgene Inc. (7). pCA-FLAG-AGO2 and
pCA-HA-AGO?2 were prepared by inserting a PCR product
using 5'-GTTGAATTCATGTACTCGGGAG-3' and 5'-GTT-
GCGGCCGCTCAAGCAAAGTAC-3' as primers and pIRES-
neo-FLAG/HA-AGO2 as a template. pFLAG-TRBP was gener-
ated based on the TRBP expression plasmid as described
previously (39). pcDNA-FLAG-RHA was provided from Dr.
Chee-Gun Lee at the University of Medicine and Dentistry of
New Jersey. The expression plasmids for miR-93 and miR-130b
were described previously (30, 40).

Cell Culture and Transfection—293T and HeLa cells were
cultured with DMEM (Invitrogen) supplemented with 10% fetal
bovine serum and L-glutamine (Invitrogen, growth medium).
293T(FLAG-AGO?2) cells were established by transfection with
pCA-FLAG-AGO?2 and pRS vector into 293T cells followed by
selection with 1 ug/ml puromycin for 3 weeks. These cells were
maintained with the above growth medium supplemented with
1 pg/ml puromycin. 3T3-miR-93, 3T3-miR-130b, 3T3-Ras, and
3T3-control cells were established by transduction of miR-93-,
miR-130b-, Ras-, or empty vector-packaged feline immunodefi-
ciency virus into NIH3T3 cells followed by selection with G418.
HTLV-I-infected cells and MT1, MT4, and ED cells were cultured
in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine
serum and L-glutamine. PBMCs were isolated from healthy
donors and cultured with the above medium supplemented with 2
pg/ml phytohemagglutinin and 20 units/ml interleukin-2.

Plasmid transfection into cells was performed using
TurboFectin 8.0 (OriGene), Lipofectamine 2000 (Invitro-
gen), and FuGENE 6 transfection reagent (Roche Applied
Science) according to the manufacturer’s protocol. Small
RNAs were transfected with Lipofectamine 2000 and Lipo-
fectamine RNAiIMAX transfection reagent (Invitrogen)
according to the manufacturer’s protocol.

Antibodies—Antibodies used in this study were anti-Fluc
(PMO016, MBL), anti-Rluc (MAB4410, Millipore), anti-actin
(Sigma), anti-FLAG (M2, Sigma), anti-HA (HA-7, Sigma),
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and anti-RHA (anti-DHX9 A300-855A, Bethyl Laborato-
ries) antibodies.

Luciferase Assay—Luciferase activity was quantified using
the Dual-Glo Luciferase Assay System (Promega) according to
the manufacturer’s protocol.

Cell Proliferation Assay—Cell proliferation was examined by
MTT assay using the Cell Proliferation Kit II (XTT, Roche
Applied Science) according to the manufacturer’s protocol.

Immunoblot Analysis—Immunoblots were performed as
described previously (41).

Recovery and Quantification of Small RNA—Small RNA frac-
tion was recovered with an mirVana miRNA isolation kit
(Ambion) or TRIzol (Invitrogen). siRNA and miRNA were
quantified using a QuantiMir RT kit (System Biosciences) and a
TagMan MicroRNA Assay kit (Applied Biosystems) by follow-
ing the manufacturers’ protocol. Real-time PCR analysis was
done as described previously (30). The antisense primers used
for the real-time PCR followed the procedure with QuantiMir
RT kit and are 5'-GCTGGAGTACAACTACAACAGCC-3/,
5'-TAGCAGCACGTAAATATTGGCG-3', 5'-CAAAGTGC-
TTACAGTGCAGGTAG-3', 5'-TGAGGTAGTAGGTTG-
TATAGTT-3', 5'-TAGCTTATCAGACTGATGTTGA-3’,
5'-TGTAAACATCCTCGACTGGAAG-3',and 5’ -TAGGTA-
GTTTCATGTTGTTGGG-3' for detection of si-GFP, miR-16,
miR-17, let-7a, miR-21, miR-30a, and miR-196a, respectively.

In Vitro Dicer Assay—The enzymatic activity of Dicer was
studied in vitro with Turbo Dicer siRNA generation kit (Gen-
lantis). For preparing a substrate RNA, the control GFP plasmid
was amplified by PCR reaction. The PCR product was tran-
scribed using TurboScript T7 transcription kit (Genlantis) in
the presence of [a-**P]UTP. The resulting substrate RNA was
reacted with a recombinant Dicer by following the manufactur-
er’s protocol. After electrophoresis in a denaturing gel, labeled
RNAs were visualized with an imaging analyzer FLA-7000
(Fujifilm).

Immunoprecipitation Analysis—Immunoprecipitation (IP)
for recovering AGO2-IP fraction was performed using the IP
buffer comprising 50 mm HEPES, 150 mm NaCl, 0.5% Nonidet
P-40, 10% glycerol, 1.5 mm MgCl,, 1 mm dithiothreitol, 1 mm
phenylmethylsulfonyl fluoride, protease inhibitor (Complete,
Roche), and 100 units/ml SUPERase-In RNase inhibitor
(Ambion). After lysing cells, 2 ug of anti-FLAG antibody was
added to isolate the AGO2 complex. In co-immunoprecipita-
tion analysis for protein binding, cells were lysed with the IP
buffer without SUPERase-In. 2 ug of anti-FLAG, anti-HA, and
anti-RHA antibodies was used for the immunoprecipitation.

RNA Precipitation Analysis—Unless otherwise indicated,
the small RNAs used for RNA precipitation assay were bio-
tinylated (bio-) with si-GFP; the RNAs were prepared by
annealing the two strands 5'-CUUGAAGAAGUCGUGCU-
GCdTdT-bio-3" and 5'-GCAGCACGACUUCUUCAAGd-
TdT-3' (Dharmacon).

293T(FLAG-AGO2) (42) cells that were treated with TPF
or PLL, or not treated with TPF or PLL, were lysed and incubated
with bio-si-GFP. The RNA-protein complex was recovered by
precipitation with streptavidin-Sepharose (GE healthcare)
(streptavidin precipitation fraction) or without precipitation to
detect the total FLAG-AGO2 complex in the lysate. Where
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indicated, 293T(FLAG-AGQO?2) cells were transfected with bio-
si-GFP and treated with TPF or were untreated. These cells
were then lysed and recovered with streptavidin-Sepharose
(streptavidin precipitation, upper panel) or directly recov-
ered without beads precipitation. Recovered AGO2 complex
was detected with anti-FLAG antibody.

Colony Formation in Soft Agar—The base and the top agar
were prepared with 0.5% agar (bacto-agar, DIFCO)/DMEM/
F-12 (Invitrogen) and 0.35% agar (agar noble, DIFCO)/DMEM/
F-12, respectively. After laying a base agar, 7 X 10” cells were
mixed with a top agar solution to spread over the base agar in a
6-well plate. Cells were observed for 1 week for colony forma-
tion. Cells were pretreated with PLL or TPF or were untreated
for 3 days before being subjected to the soft agar assay. The agar
used in this assay was supplemented with PLL or TPF or was
unsupplemented.

In Vivo Implantation of Cells into Nude Mice—2 X 10° cells
were suspended in 100 ul of DMEM/2% fetal bovine serum/25%
Matrigel (BD Biosciences). The cell suspension was injected into
5- to 8-week-old female nude mice (BALBNU-M-F (C.Cg/
AnNTac-FoxnlnuNE9), Taconic) subcutaneously in the neck
region according to the protocol approved by the NIAID, National
Institutes of Health animal care and use committee. Three mice
per group were used for the experiment. At 2 weeks after implan-
tation of cells, the mice were observed for tumor formation.
Tumor weight was measured after dissection.

RESULTS

Identification of Compounds That Suppress RNAi—miRNA
and shRNA share some common steps in biogenesis and activ-
ity. To measure the gene-silencing activities of miRNAs and
shRNAs in a cell-based assay, we employed a firefly luciferase
(Fluc) mRNA-targeting shRNA (sh-Fluc), which is processed
inside cells to a Fluc-specific siRNA (supplemental Fig. SI).
Cells transfected with sh-Fluc silenced a Fluc reporter, but
not a control Renilla luciferase (Rluc) reporter (supplemental
Fig. S2A). This sh-Fluc-induced gene silencing was less effective
if cell endogenous AGO2 was first knocked down (supple-
mental Fig. S2B), verifying that the observed effect was indeed
due to RNAI. Using this assay, we screened a library of 530
compounds containing many previously characterized drugs
(supplemental Table S1).

Our initial screening netted 19 compounds that increased,
and 3 compounds that decreased, the Fluc/Rluc ratio in cells
transfected with Fluc, Rluc, and sh-Fluc. This first screening
used a SV40 promoter-driven Fluc plasmid. In a second screen-
ing, we employed a Fluc expression plasmid driven by a CMV
promoter (supplemental Fig. S3); finally, as a negative control,
we performed a third screening in which Fluc and Rluc ex-
pression plasmids were targeted with an irrelevant shRNA (an
shRNA that targets GFP (sh-GFP)) in place of sh-Fluc (sup-
plemental Fig. S3). Collectively, the goal of these assays was
to identify compounds that modulate specific sh-Fluc targeting
of Fluc (as measured by the Fluc/Rluc ratio) normalized against
any nonspecific sh-GFP effect on the Fluc/Rluc ratio (sup-
plemental Fig. S3, right column).

Among the 530 samples after the three screenings, two com-
pounds, PLL and TPF (supplemental Fig. S4), were found to
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FIGURE 1. PLL and TPF suppress shRNA-mediated gene silencing. A, 293T
cells were transfected with expression plasmids for firefly (Fluc) and Renilla
luciferase (Rluc) together with a shRNA that targets Fluc (sh-Fluc, lanes 2—-4) or
a control irrelevant shRNA (sh-control, lane 1). Sh-Fluc is designed to silence
Fluc, but notRluc. In parallel, cells were treated with 3.3 um PLL (lane 3), 3.3 um
TPF (lane 4), or were untreated (lanes 1 and 2). In the left graph, luciferase
activities were quantified at 24 h post treatment, and Fluc/Rluc ratios are
graphed based on the averages from three independent experiments. In the
right panels, Fluc (top), Rluc (middle), and actin (bottom) as an internal control
were immunoblotted. Effective silencing of Fluc by sh-Fluc was seen in lane 2
while treatment with PLL (lane 3) or TPF (lane 4) reduced the effectiveness of
silencing. B, MTT assays for cell viability of control-treated or PLL- or TPF-
treated cells. C, dose-dependent suppression of shRNA silencing by PLL (left)
and TPF (right). 293T cells were transfected with plasmids as in A and then
treated with escalating amounts of PLL (0, 0,0.31, 1.3,and 5.0 um in lanes 1-5)
orTPF (0,0, 1.5,3.3,and 7.5 umin lanes 6 -10). Luciferase activities were quan-
tified as in A.

suppress significantly the specific Fluc/Rluc ratio while mini-
mally perturbing the assay that used a negative control sh-GFP
(supplemental Fig. S3). We next verified that treatment of cells
with PLL or TPF did reduce specific sh-Fluc targeting of Fluc
(Fig. 14, left, graph of luciferase assay; right, Western blotting),
but did not elicit significant cytotoxicity (Fig. 1B). In immuno-
blotting for luciferase protein in sh-Fluc-transfected cells
treated without (Fig. 14, lane 6) or with TPF (Fig. 1A, lane 7) or
PLL (Fig. 14, lane 8), we observed increased Fluc protein in the
PLL- and TPF-treated cells (Fig. 14, compare lane 6 to lanes 7
and 8 of the upper panel), and we found that both PLL (Fig. 1C,
lanes 1-5) and TPF (Fig. 1C, lanes 6 —10) exhibited dose-depen-
dent reversal of sh-Fluc-mediated silencing of Fluc (Fig. 1C).
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PLL and TPF Affect Different Mechanistic Steps—How do  RISC, the recognition of target RNA by guide RNA, and the
PLL and TPF affect sShARNA-mediated silencing? Suppression  suppression of protein expression by mi- or si-RISC. To inves-
of silencing can occur at several steps. Among others, these tigate these mechanisms, we used a 293T cell line with a stably
steps include Dicer processing of shRNA/pre-miRNA to integrated FLAG-AGO?2 expression vector (293T(FLAG-AGO2),
siRNA/miRNA, the incorporation of guide siRNA/miRNA into  Fig. 24) (42). This 293T(FLAG-AGO?2) cell permits the recov-
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ery of AGO2 complexes using anti-FLAG monoclonal anti-
body. An shRNA when transfected into 293T(FLAG-AGO2)
cells is expected to be processed by Dicer to siRNA; this siRNA
can enter either the total small RNA (siRNA(T)) pool and/or
the AGO2-associated small RNA (siRNA(A)) pool (Fig. 24).
One could then query if PLL or TPF treatment changes the
relative amounts of shRNA-produced small RNA in the
siRNA(T) and/or siRNA(A) fractions. Mechanistically, if PLL
or TPF affects Dicer function, then the amount of siRNA in
siRNA(T) might be expected to be reduced. On the other hand,
the amount of siRNA in the siRNA(T) fraction could also be
decreased if Dicer function is not affected, but some other process
perturbs siRNA stability. Interestingly, sh-GFP-transfected cells
treated with either PLL or TPF showed clearly decreased amounts
of GFP siRNA in the siRNA(T) fraction (Fig. 2B, left graph).

Dicer activity has been reported to be reduced directly by
highly basic polypeptides such as the human immunodefi-
ciency virus-1 Tat protein (43), which suppresses RNA silenc-
ing in mammalian cells (44). Because PLL is also a highly basic
polypeptide, we reasoned that its effect in Fig. 2B could result
from a direct repression of Dicer activity. To address this pos-
sibility, we performed an in vitro Dicer assay. Purified recom-
binant Dicer was added to a **P-labeled double-stranded GFP
RNA of 700 nucleotides, and this incubation led to the expected
cleavage of GFP-double strand RNA to 21 nucleotide products.
We then asked how PLL would affect Dicer activity. Indeed,
when PLL was added to the reaction, it reduced Dicer-mediated
RNA-processing (compare the 21-nt band in lanes 2—6), with-
out affecting the stability of the Dicer protein (Fig. 2C, bottom
Western blot Dicer, see lanes 2—9) or the stability of the added
carrier bovine serum albumin protein (Fig. 2C, bottom bovine
serum albumin, see lanes 1-9). By contrast, the addition of
TPF to the same assays did not change Dicer-mediated pro-
cessing of RNA (Fig. 2C, compare the 21-nt band in lane 2 to
the band in lanes 7-9). A similar decrease in Dicer’s in vitro
processing of RNA by PLL, but not TPF, was seen using
pre-let-7a instead of double strand GFP RNA as a Dicer sub-
strate (supplemental Fig. S5A).

Small Molecules Suppressing miRNAs

The reduction of Dicer-mediated RNA processing by PLL
(Fig. 2C and supplemental Fig. S54) could result from two pos-
sible steps: a decreased association of Dicer with substrate RNA
or a direct impairment of the enzymatic activity of Dicer. To
gain insights into these mechanisms, we examined Dicer-RNA
association using an in vitro RNA precipitation assay. We incu-
bated biotinylated pre-let-7a RNA as a probe with lysate from
Dicer-overexpressing 293T cells that were treated with PLL or
TPF or untreated. Streptavidin-captured RNA co-purified
Dicer protein (Fig. 2D, left), and the streptavidin-beads cap-
tured equal amounts of input biotinylated pre-let-7a RNA in
each of the control reactions incubated without lysates (Fig. 2D,
right). The amount of RNA-associated Dicer was decreased by
treatment of the cells with PLL (Fig. 2D, upper left, compare
lane 3 to 2), but not by TPF (Fig. 2D, upper left, compare lane 4
to 2). Neither PLL nor TPF treatment affected the Dicer level in
the total cell lysates (Fig. 2D, lower left panel, total). These find-
ings are consistent with the interpretation that PLL treatment
reduces the formation of DicerRNA complexes. In separate in
vitro RNA precipitation assays, we observed that treatment
with PLL, but not TPF, also decreased RNA association with
Drosha (supplemental Fig. S5B). This latter PLL activity could
also influence the amount of processed miRNA that enters the
miRNA(T) pool.

The above results suggest that PLL, but not TPF, perturbs the
association of Dicer with RNA. If TPF did not influence Dicer’s
processing of pre-miRNA to miRNA (supplemental Fig. S54),
or its processing of shRNA to siRNA (Fig. 2C), how would it
modulate shRNA-mediated silencing (Fig. 1)? Upon closer
inspection, we noted a dramatically larger reduction in pro-
cessed sh-GFP (i.e. GFP-siRNA) in the AGO2-associated
siRNA(A) fraction (Fig. 2B, middle graph) in TPF-treated versus
PLL-treated cells. By calculating the ratio (i.e. siRNA(A)/
siRNA(T)) of GFP siRNA in the AGO2-associated siRNA(A)
fraction versus that in the total siRNA(T) fraction as a normal-
ized measure of the amount of GFP-siRNA loaded into the
AGO2 complex, we found a statistically significant decrease in
this ratio when comparing mock treated cells to TPF-treated

FIGURE 2. PLL and TPF inhibit small RNA biogenesis/silencing in different ways. A, schematic representation of the experimental procedure for recovering
shRNA produced small RNAs in AGO2-IP and total cell fractions. 293T(FLAG-AGO?2) cells after shRNA transfection and treatment with compounds were lysed
and equally divided and then immediately extracted for total small siRNAs (siRNA(T); left). The lysate was also subjected to immunoprecipitation with anti-FLAG
followed by the extraction of small AGO2-associated siRNAs (siRNA(A); right). B, siRNA(T) and siRNA(A) were extracted as described in A from 293T(FLAG-AGO2)
cells treated with PLL, or TPF, or untreated cells (—). The amount of processed sh-GFP (si-GFP) was measured by real-time RT-PCR. The relative ratio of si-GFP in
sRNA(T) (si-GFP(T), left) and that in SRNA(A) (si-GFP(A), center) from control-, PLL-, or TPF-treated cells was calculated using cells without treatment (—) setas 1.
To quantify AGO2 association of si-GFP, the si-GFP(A) value was normalized by dividing with the si-GFP(T) value and graphed (right). The association of si-GFP
with AGO2 (siRNA(A)/siRNA(T)) in cells treated with TPF was reduced compared with control (—) or PLL treated cells. C, in vitro Dicer assay. Various amounts of
PLL (8,4,2,and 1 umin lanes 3-6) or TPF (100, 10, and 1 um in lanes 7-9) were added to the reactions. The substrate (unprocessed) and processed *?P-labeled
RNAs were visualized. The presence of a “processed” band measures the Dicer enzymatic activity. The lower panel shows the amount of immunoblotted Dicer
protein in each lane. Bovine serum albumin carrier protein was also blotted in each sample as a loading control. The addition of PLL, but not TPF, decreased
Dicer-mediated processing of the ~700 nt to the ~21 nt band. D, in vitro RNA binding assay. 293T cells overexpressing myc-Dicer were treated with PLL (lane
3), TPF (lane 4), or untreated (lane 2). 293T cells, which do not express myc-Dicer, were used as a negative control (lane 7). Lysates from these cells were incubated
with biotinylated pre-let-7a RNA and then precipitated with streptavidin-Sepharose. In the left panel, myc-Dicer was detected in the precipitates by immuno-
blotting (top). Total myc-Dicer in each sample was measured by immunoblotting at the bottom (total). In the right panel, total pre-let7a RNA in the samples used
for lanes 2-4 of the left panel was quantified by real-time RT-PCR in three replicates. E, siRNA association with AGO2 after PLL or TPF treatment.
293T(FLAG-AGO2) cells treated with PLL or TPF or untreated (—) were lysed and mixed with biotinylated si-GFP RNA (left panels). si-GFP-containing complexes
were captured with streptavidin beads (top) or left unprecipitated (bottom) and detected for FLAG-AGO2 by immunoblotting. siRNA association with AGO2 was
reduced in lysates from cells treated with TPF but not PLL. Separately, an RNA precipitation assay with transfected RNA was performed (right panels).
293T(FLAG-AGO?2) cells were transfected with biotinylated si-GFP, and cells were treated with TPF or were untreated. The cells were lysed and captured with
streptavidin beads (top) or left unprecipitated (bottom) for detection of FLAG-AGO?2. F, pre-miR-17,-21,-16-2, and -30a in total RNA fraction were quantified by
real-time RT-PCRin 293T cells treated with PLL or untreated (—). G, 293T cells overexpressing FLAG-AGOT1, -2, -3, or -4 were transfected with sh-GFP and treated
with TPF or untreated (—). Left, the ratios of siRNA(A)/siRNA(T) were quantified as in Fig. 2B. Right, AGO1, -2, -3, or -4 expression was immunoblotted using
anti-FLAG antibody. Anti-actin was used as a loading control.

AUGUST 6, 2010+VOLUME 285-NUMBER 32 YASEMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 24711


http://www.jbc.org/cgi/content/full/M109.062976/DC1
http://www.jbc.org/cgi/content/full/M109.062976/DC1
http://www.jbc.org/cgi/content/full/M109.062976/DC1
http://www.jbc.org/cgi/content/full/M109.062976/DC1

Small Molecules Suppressing miRNAs

cells, but no statistically significant decrease when comparing
mock treated cells to PLL-treated cells (Fig. 2B, right graph).

There can be several ways to interpret a change in the
siRNA(A)/siRNA(T) ratio. One interpretation, which does not
exclude others, is that TPF primarily affects the association or
loading of processed siRNAs into an AGO2 complex, whereas
PLL affects the association of substrate RN As with Dicer and/or
Drosha. Accordingly, the latter (PLL), but not the former (TPF),
could directly affect the processing of pre-miRNA/shRNA to
miRNA/siRNA. Thus, PLL treatment affects the abundance of
miRNAs/siRNAs that enter the miRNA(T)/siRNA(T) fraction
without affecting how the RNAs in the miRNA(T)/siRNA(T)
fraction are loaded onto AGO2 (i.e. the miRNA(A)/siRNA(A)
fraction). By contrast, TPF treatment would not affect di-
rectly the biogenesis of miRNA/siRNA that enters the
miRNA(T)/siRNA(T) fraction, but rather influences the effi-
ciency that miRNA/siRNA associates with an AGO2 complex
(i.e. the miRNA(A)/siRNA(A) fraction). One should note that
preventing si-/miRNA loading to AGO2 could destabilize the
RNA. In this respect, an indirect consequence of TPF treatment
could be a reduction in the measured miRNA(T) or siRNA(T)
values (see “Discussion”).

To investigate how TPF might influence the miRNA(A)/
siRNA(A) value, we performed a precipitation assay using
streptavidin beads and biotinylated si-GFP RNA to investigate
RNA-AGO2 complexes after PLL or TPF treatment (Fig. 2E).
The results showed that cells treated with TPF exhibited
reduced ability to form siRNA-AGO2 complexes (Fig. 2E, TPF),
whereas cells treated with PLL were minimally affected in these
complexes (Fig. 2E, left, PLL). Collectively, the results in Fig. 2
(D and E) suggest that PLL treatment reduces pre-miRNA asso-
ciation with Dicer while TPF treatment reduces siRNA/
miRNA association with AGO2.

Two additional experiments were performed to clarify the
effects of PLL and TPF treatment. To assess the activity of PLL
on pre-miRNA-Dicer interaction, we checked the abundance of
four cell endogenous pre-miRNAs before and after PLL treat-
ment. Indeed, the amount of pre-miR-17, -21, -16 -2, and -30a
quantified in the pre-miRNA(T) fraction (total RNA isolated by
TRIzol, and pre-miRNA measured by quantitative RT-PCR)
was higher in PLL- treated versus untreated cells (Fig. 2F). We
also checked how TPF might affect siRNA association with the
four known types of mammalian AGO proteins. We transfected
293T cells with epitope-tagged AGO1, -2, -3, and -4 expression
plasmids with sh-GFP and measured AGO-associated GFP-
siRNA in cells with or without TPF treatment. When normal-
ized to the total small RNA fraction siRNA(T), TPF treatment
decreased AGO1, -2, -3, and -4 associated siRNAs as measured
by the siRNA(A)/siRNA(T) ratios (Fig. 2G, left). The TPF treat-
ment did not destabilize the AGO proteins as evidenced by
Western blotting (Fig. 2G, right). Additional studies are needed
to clarify the implications of the TPF effect on the functions of
AGO1, -3, and -4.

Elsewhere, TRBP and RHA have been reported as cofactors
that regulate RNA association with AGO2 (12, 19). We ex-
tended our exploration of the TPF mechanism by asking if this
treatment could affect TRBP and/or RHA activity. TPF treat-
ment of 293T cells reduced the association of transfected
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FIGURE 3. TPF disrupts the association of TRBP and RHA with AGO2. A and
B, 293T cells were transfected with HA-tagged AGO2 (HA-AGO2) and FLAG-
tagged TRBP (FLAG-TRBP in A) or RHA (FLAG-RHA in B). At 24 h post transfec-
tion, cells were treated without or with TPF. After a further 24 h, cells were
lysed and immunoprecipitated with anti-FLAG or anti-HA. The immunopre-
cipitates were blotted with anti-FLAG or anti-HA as indicated. In the left panels
of A, the recovered bands for the IgG heavy chain (IgH) as well as for FLAG-
TRBP are indicated. Recovery of HA-AGO2 is shown in the right panels. In
B, recoveries of FLAG-RHA and HA-AGO2 are shown. C, 293T cells transfected
with FLAG-AGO?2 (lanes 4-6) or the corresponding empty vector (lanes 1-3)
were treated with TPF (lanes 2 and 5), PLL (lanes 3 and 6), or were untreated
(lanes 1 and 4). Cells were lysed and immunoprecipitated with anti-RHA (top
and bottom) or anti-FLAG (middle). The immunoprecipitates were blotted
with anti-FLAG (top and middle) or anti-RHA (bottom). D, after 24-h treatment
with TPF or untreated (—), 293T cells were lysed and immunoprecipitated with
anti-TRBP, anti-RHA, or anti-AGO2 as indicated. The immunoprecipitates were
blotted with anti-AGO2, anti-TRBP, or anti-RHA. Endogenous AGO2 co-pre-
cipitated with TRBP or RHA was decreased in cells treated with TPF.

FLAG-TRBP or FLAG-RHA with HA-AGO?2 (Fig. 3, A and B).
We also found that TPF, but not PLL treatment disrupted
FLAG-AGO?2 association with cell endogenous RHA (Fig. 3C,
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lane 5). Interestingly, whereas the interaction between cell
endogenous AGO2 and TRBP or RHA was reduced following
TPF treatment (Fig. 3D), the interaction between Dicer and
AGO2 was unaffected by TPF treatment (supplemental
Fig. S5C). Taken together, the collective data suggest that TPF
acts differently from PLL, and that one of its effects is through
influencing the association of TRBP and AGO2 and/or RHA
and AGO2. By disturbing these interactions, TPF potentially
affects the loading of miRNAs/siRNAs into AGO2-RISC.

Next, we wished to exclude that the observed PLL and TPF
effects might be due to nonspecific influences on the general
stability of small RNAs. We thus checked how PLL or TPF
might affect the ambient levels of two small nuclear RNAs.
Neither PLL nor TPF significantly changed the intracel-
lular levels of ACA17 and ACA19 small nuclear RNAs
(supplemental Fig. S5D). These results indicate that the effects
of PLL and TPF on siRNA/miRNA/Dicer/AGO?2 interactions
are unlikely from generalized nonspecific activities on small
RNAs. Because TPF affected miRNA association with AGO2,
we also checked to see if this compound influenced the stability
of cell endogenous AGO2. No effect of TPF on AGO2 stability
was observed (supplemental Fig. S5E).

Effects of PLL and TPF on Cell Endogenous miRNA—Many of
the above experiments examined PLL and TPF effects on over-
expressed transfected shRNAs. We also wished to understand
their effects on cell endogenous miRNAs. We selected six cel-
lular miRNAs, miR-16, -17, -21, -30a, -196a, and let-7a, and
asked how PLL or TPF treatment would affect their expression
(Fig. 4). Treated and untreated cells were fractionated and
measured for total small RNAs (miRNA(T), Fig. 4, left column)
and AGO2-associated small RNAs (miRNA(A), Fig. 4, middle
column) after 2 days of treatment with compound, and we
calculated the miRNA(A)/miRNA(T) ratios (Fig. 4, right col-
umn). Overall, PLL had a greater effect than TPF on reducing
the miRNA(T) (Fig. 4, left column), whereas TPF had a larger
effect than PLL on reducing miRNA(A) (Fig. 4, middle col-
ummn). When these two values were integrated, we observed
that TPF, but not PLL, compared with mock treated cells
consistently decreased the miRNA(A)/miRNA(T) ratio in a
statistically significant manner (Fig. 4, right column). These
findings from cell endogenous miRNAs agree in part with
the results from transfected shRNAs (Fig. 2B) that TPF pre-
dominantly affects miRNA(A), whereas PLL primarily
decreases the miRNA(T) (Fig. 4, left column). The miRNA
results are consistent with an interpretation that PLL affects
Dicer-mediated processing of pre-miRNA to miRNA while
TPF affects the association of processed miRNA with an
AGO2 complex.

We next examined if PLL and TPF treatment could function-
ally inhibit the silencing activity of miRNAs. To test this point,
we employed a construct for luciferase fused with three repeats
of let-7a target sequences positioned in the downstream
untranslated region. We transfected this plasmid together with
a let-7a expression plasmid into HeLa cells. The luciferase
activity was reduced by the overexpression of let-7a in a dose-
dependent manner (supplemental Fig. S6, lanes 1-4), reflecting
the silencing activity of let-7a. Treatment with PLL or TPF
attenuated this silencing activity (supplemental Fig. S6, com-
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FIGURE 4. Effect of PLL or TPF treatments on the abundance of cell endog-
enous miRNAs. 293T(FLAG-AGO?2) cells treated with 5 um PLL (P), 10 um TPF
(T), or untreated (—) for 2 days were recovered for small RNA as described
in Fig. 2A. Total miRNA or AGO2-associated miRNA fractions are termed
miRNA(T) and miRNA(A), respectively. The amounts of miR-16,-17, let-7a, miR-
21,-30a, and -196a were quantified using real-time RT-PCR.

pare the difference between lanes 1 and 4 with those between
lanes 5 and 6 (for PLL), or with those between lanes 7 and 8 (for
TPF)). These results support that PLL or TPF treatment inhib-
its the silencing function of miRNAs.
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PLL and TPF Treatment Reversed miRNA-dependent
Tumorigenesis—AGO2 and Dicer overexpression have been
correlated with the development of several types of cancer (33,
37, 45). In settings where cell growth and cellular transforma-
tion may be miRNA-dependent, we reasoned that treatment of
cells with PLL or TPF could change the proliferative phenotype.
Previously, we had found that the overexpression of miR-93
and miR-130b impacts leukemogenesis (30). Extending those
findings, we established NIH3T3 cells that stably overexpress
miR-93 (3T3-miR-93) or miR-130b (3T3-miR-130b) or Ras
(3T3-Ras) and found that these cells, different from parental
NIH3T3 cells, formed significant anchorage-independent col-
onies in soft agar (supplemental Fig. S7A). Moreover, the
implantation of 3T3-miR-93, 3T3-miR-130b, or 3T3-Ras cells,
but not parental NIH3T3 cells, into nude mice produced gross
in vivo tumors (supplemental Fig. S7B) providing a model of
miRNA-dependant cell growth and tumorigenesis.

We investigated the consequence of PLL or TPF treatment of
3T3-miR-93 and 3T3-miR-130b cells. In assays for miR-93 and
miR-130b, TPF treatment most significantly decreased the
miRNA(A)/miRNA(T) ratio while PLL treatment decreased
significantly the level of assayed small RNA in the miRNA(T)
pool (Fig. 54 and supplemental Fig. S8B). Treatment with PLL
or TPF also significantly abrogated the ability of 3T3-miR-93
and 3T3-miR-130b cells to form colonies in soft agar (Fig. 5B
and supplemental Fig. S8C), but did not affect the baseline col-
ony numbers seen with 3T3 control cells (supplemental Fig.
S8D). As a control experiment, the colony forming ability of
3T3-miR-93 cells was decreased by transfection with antago-
nizing oligonucleotide for miR-93 (supplemental Fig. S8E).
These PLL and TPF effects were not due to general cytotoxicity,
because PLL or TPF treatment of cells in tissue culture for 3, 5,
and 7 days using the same conditions elicited no perturbation of
cell growth (supplemental Fig. S8F). TPF- and PLL-treated
3T3-miR-93 cells also showed significant reduction in their
ability to form tumors when implanted into nude mice (Fig. 5C
and supplemental Fig. S8G).

We next examined the compounds’ effect by testing a phys-
iological tumor cell model. Previously, we have reported that
HTLV-1-infected cells overexpress miR-93 and -130b at
amounts 20 to 4000 times higher than those in normal periph-
eral blood mononuclear cells (PBMC) and that these miRNAs
play pivotal roles in virus-mediated leukemogenesis (30, 46). To
ask how miRNA inhibition might affect HTLV-1 tumor main-
tenance, we tested PLL and TPF treatment of adult T-leukemic
celllines (MT-1, MT-4, and ED) and normal PBMCs. The effect
of treatment on cell growth was checked by MTT assay. As
shown in Fig. 5D, PBMC viability was minimally affected by
PLL and TPF, whereas adult T-cell leukemia cells were signifi-
cant reduced in cell viability. These results support a role played
by miRNA-dysregulation in certain leukemogenic events and
illustrate that chemical inhibition of miRNA pathways can in
selected settings reverse oncogenic miRNA (oncomiR)-medi-
ated cellular proliferation.

DISCUSSION

Here, we have identified PLL and TPF as inhibitors of
miRNA-mediated silencing function. To date, there has been a
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FIGURE 5. PLL and TPF treatments suppress the tumorigenic activity of
miR-93 overexpressing NIH3T3 cells. A, 3T3-miR-93 cells transfected with
FLAG-AGO2 were treated with PLL or TPF, or were untreated (—) for 3 days
and then recovered for small RNA as described in Fig. 4. miR-93 in miRNA(T)
and miRNA(A) was quantified, and the ratios of miRNA(A)/miRNA(T) are also
shown. B, 3T3-miR-93 cells treated with 2 um PLL, 1 um TPF, or untreated were
observed in a soft agar growth assay. Representative images are shown.
C, 3T3-miR-93 cells were pretreated without or with PLL or TPF for 3 days and
subsequently implanted into nude mice subcutaneously for observation of
tumor formation. Treated cells did not form tumors in mice. Representative
pictures of mice are shown. D, cell growth of HTLV-I-infected leukemic cell
lines and normal PBMCs upon PLL and TPF treatment. Cell proliferation was
examined by MTT assay on HTLV-1-cells, MT1, MT4, and ED, or on normal
PBMC treated with 3 um PLL, 3 um TPF, or untreated (—) for 4 days. MT1, MT4,
and ED cells all overexpress miR-93 and miR-130b. The A,;, value for the
untreated sample was set as 1 for each cell type. Treatment with PLL and TPF
reduced the growth of HTLV-1-cells compared with normal PBMCs.

single report of the screening of compounds that suppressed
miR-21 activity; however, in that study, the mechanistic action
and cellular target(s) of the compounds were not clarified (47).
In our work, we have investigated in detail two chemical com-
pounds that suppress small RNA-mediated gene silencing. We
note with interest that others with complementary goals have
screened for compounds that activate, rather than suppress,
RNA-mediated silencing (48).

In our analyses, PLL and TPF act differently. PLL inhibited
Dicer-mediated processing (Fig. 2C), of pre-miRNA/shRNA to
miRNA/siRNA. PLL treatment of cells also reduced mature
miRNA(T) levels (Fig. 4) while increasing the amount of
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unprocessed pre-miRNAs (Fig. 2F). The PLL mechanism
appears to be an inhibition of the association of pre-miRNA
with Dicer (Fig. 2D). It is currently unclear how PLL reduces the
interaction of RNA substrates with Dicer (Fig. 2D) or Drosha
(supplemental Fig. S5B). Further efforts to clarify the structural
bases for these effects are needed, but are outside of the scope of
the current study.

By contrast, TPF appears to act by reducing the association of
siRNA/miRNA with AGO2 (Fig. 2E). This inhibitory effect of
TPF may be due to its ability to disrupt the protein-protein
association between TRBP and AGO2 (Fig. 34) and between
RHA and AGO?2 (Fig. 3B). Previous reports in the literature
have suggested that a failure of siRNA/miRNA association with
AGO2 leads to the destabilization of these small RNAs,
decreasing their intracellular amounts (49, 50). Thus, although
TPF primarily affects the loading of si-/miRNAs into the AGO2
complex as reflected by its reduction of siRNA(A) (Fig. 2B) and
miRNA(A) (Fig. 4) values, this reduced loading of si-/miRNA to
AGO2 can in some settings destabilize the not loaded small
RNAs, leading to an indirect reduction in miRNA(T) or
siRNA(T) values (Fig. 2B). We should add that these mechanis-
tic interpretations represent our operational observations of
the effects of PLL and TPF on transiently transfected shRNA
(Fig. 2) and on cell endogenous miRNAs (Fig. 4) in 293T cells.
TPF and PLL effects on oncomiRs in cells that are selected for
transformation (Fig. 5) may be more complex due to additional
secondary changes that could occur during transformation.

It remains unknown how TPF disrupts the association of
AGO?2 with TRBP or RHA. In our experiments, TPF did not
affect the subcellular localizations of AGO2, TRBP, or RHA
(data not shown). We also did not observe a TPF effect on the
half-life of AGO2 (supplemental Fig. S5E). At this juncture, we
do not have the capability to fully resolve the definitive TPF
mechanism. Elsewhere, it has been reported that TRBP stabi-
lizes the DicerrAGO2 complex and enhances the efficiency of
RNA transfer from Dicer to AGO2 (51). According to this sce-
nario, TPF may decrease the efficiency of RNA transfer by
reducing TRBP-AGO?2 association (Fig. 3A). Alternatively, a
second possibility is that TPF directly interrupts the binding of
AGO?2 with RNA, which could then affect the formation of an
AGO2-TRBP/RHA complex (Fig. 3B).

Our two compounds can reverse the tumorigenicity of
miR-93- and miR-130b- overexpressing cells (Fig. 5 and sup-
plemental Fig. S8). We believe that treatment with these two
compounds affects general miRNA activities, rather than
only the specific activities of miR-93 or miR-130b. However,
in settings where tumorigenesis is dependent on the overex-
pression of oncomiRs, reducing the activities of these
oncomiRs, albeit accompanied by commensurate reductions
in other cellular miRNAs, may be therapeutic (Fig. 5 and
supplemental Fig. S8). Of interest, the tumorigenicity of Ras-
overexpressing NIH3T3 cells was also decreased by com-
pound treatment to ~50—60% of untreated cells, although
this value appears not to be statistically significant (sup-
plemental Fig. S8D). The recent report that Ras-induced cel-
lular transformation also includes an miRNA-dependent
mechanism (52) would seem to agree with our observed
decrease in tumorigenicity.
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As a final thought, oncomiRs such as the miR-17-92 cluster,
miR-155, and miR-21 play important roles in several cancers
(22, 23, 53). It has not been examined whether PLL and TPF
reverse the tumorigenic influence of these miRNAs. Additional
investigation in this direction could be of future utility to fur-
ther establish the relevance of chemical inhibition of miRNA
pathways in tumor reversion. Going forward, further screen-
ings for small molecules that more specifically inhibit the bio-
logical effects of oncomiRs may be scientifically informative.
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