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ABSTRACT

Rbfox proteins regulate tissue-specific splicing by
targeting a conserved GCAUG sequence within pre-
mRNAs. We report here that sequence-specific bind-
ing of the conserved Rbfox RRM to miRNA precur-
sors containing the same sequence motif in their
terminal loops, including miR-20b and miR-107, sup-
presses their nuclear processing. The structure of
the complex between precursor miR-20b and Rbfox
RRM shows the molecular basis for recognition, and
reveals changes in the stem-loop upon protein bind-
ing. In mammalian cells, Rbfox2 downregulates ma-
ture miR-20b and miR-107 levels and increases the
expression of their downstream targets PTEN and
Dicer, respectively, suggesting that Rbfox2 indirectly
regulates many more cellular miRNAs. Thus, some of
the widespread cellular functions of Rbfox2 protein
are attributable to regulation of miRNA biogenesis,
and might include the mis-regulation of miR-20b and
miR-107 in cancer and neurodegeneration.

INTRODUCTION

MicroRNAs (miRNAs, miRs), small (∼20–22 nt) non-
coding RNAs, play key post-transcriptional regulatory
roles by base pairing primarily to the 3′-untranslated re-
gion (UTR) of target mRNAs and repressing translation
or inducing mRNA degradation (1,2). Because base pair
complementarity need not be perfect, each miRNA can reg-
ulate the expression of multiple genes and each gene can
be regulated by multiple miRNAs (1). Thus, even relatively
small changes in expression levels of individual miRNAs
can combinatorially result in large phenotypic effects. With
more than 2000 miRNAs recognized in humans (3), miR-

NAs target at least 60% of human protein-coding genes and
participate in all fundamental cellular processes (4). More-
over, the mis-regulation of their expression is associated
with many human diseases (5,6).

MicroRNA expression is regulated transcriptionally as
well as post-transcriptionally (7,8). MiRNAs are tran-
scribed as long precursors (primary miRNA, pri-miRNA)
and cleaved by the Drosha/DGCR8 microprocessor com-
plex in the nucleus (9–11) to release the precursor miR-
NAs (pre-miRNAs), a stem-loop of 60–70 nt which em-
beds the mature miRNA. Following export to the cy-
toplasm, pre-miRNAs are excised by Dicer into ∼22 nt
miRNA:miRNA* duplexes (10). One strand of the duplex,
the mature miRNA, is loaded onto Argonaute (AGO)-
containing RNA-induced silencing complexes (RISC) to
guide the repression or degradation of target mRNAs (10),
while the second strand is generally but not always de-
graded. Several RNA-binding proteins (12–14) have been
found to regulate miRNA processing either positively or
negatively by binding to miRNA precursors often within
the apical portion of the stem-loops (15). These studies sug-
gest that the presence of a binding site for an RNA-binding
protein within a precursor miRNA hairpin can confer the
ability to regulate the expression of a miRNA and its down-
stream targets.

The Rbfox family of RNA-binding proteins, conserved
tissue-specific alternative splicing factors (16), consists in
mammals of Rbfox1 (A2BP1), Rbfox2 (RBM9) and Rb-
fox3 (NeuN). High levels of mammalian Rbfox1 protein are
expressed in neurons and in both skeletal and cardiac mus-
cle cells (17,18), whereas Rbfox3 protein is only detected in
neurons (19). Rbfox2 is more broadly distributed, expressed
in neurons and muscles as well as in stem cells, hematopo-
etic cells and in the embryo (16,18). It is the only Rbfox pro-
tein expressed in embryonic stem cells, where it is required
for their proliferation. Rbfox proteins contain a highly con-
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served nuclear localizing signal (NLS) in the C-terminal re-
gion, and most Rbfox1/2 isoforms localize to the nucleus
(20,21). Rbfox3 also localizes predominantly to the nuclei
of neurons (19). Mutations or abnormal expression of Rb-
fox1 have been found in patients with epilepsy, mental retar-
dation, autism and heart disease (16). Moreover, expression
of Rbfox2 protein is downregulated in ovarian cancer and
its splicing is altered in breast cancer samples, suggesting a
role of Rbfox2 in cancer proliferation (22).

Recently, Rbfox3 protein was found to directly regulate
the expression of many miRNAs in neuron in a manner
that is independent of the presence of a cognate binding
site (23). This result, though, was very surprising, consid-
ering that, unlike most other splicing factors, the highly
conserved RRM of Rbfox proteins targets RNA specifi-
cally through the GCAUG motif (21,24), a well-known cis-
element required for regulation of alternative splicing. The
binding of Rbfox2 protein is strongly enriched around the
conserved (U)GCAUG motif in transcripts found in mouse
embryonic stem cells (25). In a systematic study of binding
specificity, Rbfox2 protein was found to cross-link in cells
to sites containing the cognate sequence with high speci-
ficity (26); furthermore, binding and activity of Rbfox pro-
teins were determined by the intrinsic binding preferences
of the proteins and largely driven by RNA-binding affinity
(26). Thus, we searched computationally for the GCAUG
motif within human precursor miRNA hairpin sequences
and identified >120 human miRNAs, including the precur-
sor miR-20b (pre-miR-20b) and miR-107 (pre-miR-107),
which contain the exact sequence motif in their apical loops,
where it is accessible for protein binding. Because the apical
loop is an important site for regulation of miRNA biogene-
sis (10), we hypothesized that Rbfox proteins would specif-
ically bind to the sequence motif within those miRNA pre-
cursors, in doing so, would regulate their mature miRNA
levels and affect expression of downstream targets.

We found that the RRM of Rbfox proteins (given the
identical RNA specificity in all three family members, we
refer to it with a single name) binds to stem loop struc-
tures of miR-20b and -107 precursors with high specificity.
The nuclear magnetic resonance (NMR) structure of the
complex of pre-miR-20b with the Rbfox RRM, together
with SHAPE chemistry, demonstrates that protein binding
differentially alters the conformation of the two miRNA
hairpins. This interaction represses processing of the pri-
miRNA in vitro. Importantly, Rbfox2 downregulates the
production of mature miR-20b in mammalian cells and in-
creases expression of endogenous PTEN (Phosphatase and
TEnsin Homolog) protein, a tumor suppressor with a criti-
cal role in cell growth and proliferation (27); up-regulation
of mature miR-107 by Rbfox2 knockdown reduces cellular
levels of Dicer enzyme.

The newly identified role for Rbfox family proteins in reg-
ulation of miRNAs maturation, directly, through the Rbfox
binding sites, and indirectly, through Dicer, links their ab-
normal expression, mutation and altered splicing forms to
changes in the levels of specific miRNAs in cancer and brain
diseases.

MATERIALS AND METHODS

Computationally screening miRNA hairpin sequences

Human miRNA hairpin sequences were downloaded from
miRBase (release 21) (http://www.mirbase.org/ftp.html)
(28,29). The desired Rbfox binding sites (GCAUG or
GCACG) were searched and grouped according to their lo-
cations within the hairpin (terminal stem loop, upper stem
or lower stem) (Supplemental Figure S1A).

Protein and RNA preparation

Full-length Rbfox1 and Rbfox2 cDNA clones were ob-
tained from Open Biosystems. DNA encoding the full-
length Rbfox1 (418 amino acids, transcript variant 1) and
Rbfox2 proteins (380 amino acids, transcript variant 1) as
well as the RRM of Rbfox1 alone (residues 109–208, Swis-
sprot Q9NWB1 and various other extensions as discussed
in the text) were amplified by polymerase chain reaction
(PCR) and cloned into a pET28a (with N-terminal His-
tag) vector. Since it is identical in sequence to the RRM
of Rbfox2, it will be referred to as Rbfox RRM, The full-
length proteins could not be expressed in Escherichia coli
(E. coli) and were in vitro translated instead using the S30
T7 High-Yield Protein Expression System (Promega) and
purified by the MagneHisTM Protein Purification System
(Promega) according to the manufacturer’s protocol. The
Rbfox RRM domain was expressed in transformed BL21
(DE3) E. coli and purified by two-steps of nickel-affinity
and heparin affinity column chromatography (24). Purified
proteins were then dialyzed and concentrated against assay
buffer of 20 mM Tris–Cl (pH7.5) and 50 mM NaCl. Protein
concentrations were measured by UV absorbance at 280 nm
and confirmed by Bradford assay.

Different lengths of pre-miR-20b and pre-miR-107 for
SHAPE and NMR analysis were prepared by standard in
vitro T7 RNA transcription (30) using DNA templates or-
dered form Integrated DNA Technologies (IDT).

The paramagnetic spin labeling of the RNA is described
in Supplementary Material.

Gel-shift protein–RNA binding assays

Rbfox proteins were assayed for their RNA-binding activity
by using synthetic RNAs (IDT) containing the apical stem-
loop sequences of the pre-miRNAs. Shorter constructs as
well as the full-length pre-miR-20b and pre-miR-107 de-
rived from miRBase were used in the binding assay (Supple-
mentary Figure S1C and D). The RNAs were 5′-end-labeled
using � 32-ATP (adenosine triphosphate). The proteins were
incubated with 20 pM of radiolabeled RNAs at room tem-
perature for 1 h. Samples were run on 10% native polyacry-
lamide gels and the radioactive signals were detected on a
GE Storm phosphor imagine scanner.

Isothermal titration Calorimetry (ITC)

MicroCal iTC200 was used to examine the thermodynamics
of binding between various constructs of the Rbfox RRMs
and pre-miR-20b. The proteins and pre-miR-20b were di-
alyzed into the same buffer containing 10 mM NaH2PO4
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(pH 6.5) and 100 mM NaCl. The titration was carried out
at 293 K, with pre-miR-20b in the cell as titrate (10 uM) and
RRM protein in the syringe as titrant (100 uM). Data anal-
ysis was carried out using Origin 7 provided by MicroCal.
All measurements were performed more than two times.

In vitro primary and precursor miRNA processing assays

The DNA segments containing pri-miRNA sequences of
miR-20b and miR-107 were amplified from genomic DNA
by PCR, then cloned into a pUC19 vector downstream
of a T7 promoter. The plasmids were linearized and gel
purified. The internally labeled pri-miRNAs were tran-
scribed in vitro using T7 RNA polymerase (Promega) in
the presence of [�-32P]-CTP, and purified with QIAGEN
RNeasy Mini kit. HeLa cell nuclear extracts from Pro-
teinOne were used for the pri-miRNA processing assays.
Processing assays were carried out (typically using 25 �g
cell nuclear extract per 20 �l reaction) at 30◦C for 1 h. Sam-
ples were then phenol/chloroform extracted, precipitated
and re-suspended in RNA loading dye prior to denatur-
ing polyacrylamide gelelectrophoresis separation. All the
assays were preformed at least in triplicate.

Processed pri-miRNA products were resolved on 12.5%
acrylamide-8 M urea gels together with Molecular weight
markers of radiolabeled RNA oligonucleotides (Ambion R©
DecadeTM Marker System). After electrophoresis, the
gels containing the separated RNAs were exposed to a
phosphor-screen and visualized by autoradiography using
a Storm PhosphorImager (GE Life Sciences). Band inten-
sities were quantified using ImageJ software (31).

Selective 2′OH acylation analyzed by primer extension
(SHAPE)

We performed SHAPE chemical probing (32) on pre-
miRNA-20b and pre-miR-107 in both free and Rbfox-
RRM bound forms. Prior to conducting SHAPE chem-
istry, RNAs were denatured by heating at 95◦C for 3 min,
then snap-cooled on ice to refold the RNA. Three 9-�l
aliquots of free precursor miRNAs or protein–RNA com-
plexes (100 nM each) were each combined with 1 �l of ei-
ther Dimethyl sulfoxide ( DMSO) (control), or 65 mM N-
Methylisatoic Anhydride (NMIA) (dissolved in DMSO), or
130 mM NMIA (in DMSO). Reactions were incubated at
37◦C for 40 min, then ethanol precipitated on dry ice. After
pelleting at 4◦C by centrifugation, the RNA was allowed to
air dry before re-suspension in 10 �l water.

The DNA primer was 5′-end labeled with � -[32P]-ATP us-
ing T4 polynucleotide kinase and purified. Modified RNA
(∼0.5 pmol) was annealed with 1.5 pmol 32P-labeled DNA
primer. Reverse transcription was performed using Super-
script III (Invitrogen) by incubation at 52◦C for 10 min,
and stopped by degrading the RNA with 200 mM NaOH
at 95◦C for 5 min. Each sequencing and modification re-
action was analyzed by gel electrophoresis. The fixed gels
were dried and exposed overnight onto a storage phosphor
screen. Autoradiographs were imaged with a Typhoon laser
scanner and manipulated with Semi-Automated Footprint-
ing Analysis (SAFA) software (33). All of the SHAPE anal-
yses were replicated at least three times. Secondary structure

analysis was conducted with RNAstructure (34) and MC-
Fold (35).

NMR spectroscopy

Constructs of various length corresponding to the apical
part of the pre-miR-20b stem-loop were prepared by stan-
dard in vitro T7 RNA transcription using unlabeled or 13C,
15N labeled NTPs (36). Following purification through de-
naturing polyacrylamide gel electrophoresis, the RNA was
desalted, lyophilized and re-suspended in NMR buffer (10
mM NaH2PO4, 20 mM NaCl, pH 6.5). RNA samples were
annealed by heating at 80◦C for 5 min followed by snap
cooling on ice.

Unlabeled or 13C, 15N labeled Rbfox RRM (residues 109–
208 of Rbfox1) was prepared from E. coli grown from LB
or minimal M9 medium supplemented with 1 g/l 15NH4Cl
and 2 g/l 13C-glucose. After His-trap and Heparin column
purification, protein was buffer exchanged into the same
NMR buffer as the RNA and concentrated to 1 mM for
later use. The complex was formed either by titrating unla-
beled protein into 13C, 15N labeled RNA, monitored by 1H-
13C HSQC (Heteronuclear Single-Quantum Correlation) of
the RNA or, vice versa, by titrating unlabeled RNA into
13C, 15N labeled protein, monitored by 1H-15N HSQC of
the protein. NMR experiments were performed on Bruker
Avance 600 and Avance 800 spectrometers equipped with
HCN cryogenic probes and single axis pulse field gradi-
ents. NMR data were processed with NMRPipe (37) and
analyzed with CCPNMR (38). Resonance assignments and
structural determination of the free RNA and protein–
RNA complexes were carried out using standard NMR
spectroscopy (details described in Supplementary Mate-
rial).

Structural modeling

Full-length pre-miR-20b free or in complex with the Rb-
fox RRM was modeled by using the MC-Fold and MC-
Sym pipeline (35) with SHAPE and NMR data as restraints.
Two structures were merged in the modeling process. The
experimentally-determined apical stem loop structure of
pre-miR-20b (U21 to A39), as determined by NMR with or
without the Rbfox RRM, and the structure of full-length
pre-miR-20b modeled by MC-Fold and MC-Sym pipeline
using SHAPE data as restraints for the secondary structure,
as well as base pairs identified in the analysis of the 46 nt
RNA construct of pre-miR-20b. These two fragments were
merged to generate a single hybrid model which was mini-
mized using Amber with force field ff99 (39).

Cell culture, transfection and siRNA

HeLa, HEK293, SHSY5Y, NSC-34 and MCF7 cells from
ATCC were grown in Dulbecco’s modified Eagle’s medium
(DMEM, GIBCO) plus 10% fetal bovine serum (FBS) with
penicillin/streptomycin supplement. MCF7 and mda-mb-
231 cells were grown in DMEM plus 10% FBS, supple-
mented with 2 mM Glutamine, 0.1 mM non-essential amino
acids and 1× penicillin/streptomycin. Plasmids were trans-
fected using Trans IT R©-LT1 Transfection Reagent (Mirus).
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In co-transfection experiments, cells were transfected with
2.5 �g of FLAG-Rbfox2 and 2.5 �g of miR-20b expres-
sion plasmids. In the controls, an equivalent amount of
the empty expression plasmid was utilized. SiRNAs against
Rbfox2 protein were purchased from Life Technologies (In-
vitrogen) (Silencer R© Select Pre-Designed siRNA to human
Rbfox2 #4392420, siRNA ID: s24047, Silencer R© Select
Pre-Designed siRNA to mouse Rbfox2 #4390771, siRNA
ID: s96621 Negative Control No. 1 siRNA #4390843). Si-
RNA transfections were performed using INTERFERinTM

siRNA trasfection reagent (Polyplus transfection) accord-
ing to the manufactures instructions. Forty-eight hours af-
ter transfection, cells were harvested for protein and RNA
extraction.

MiRNA expression plasmids for primary miR-20b and
miR-107 were obtained from OriGene. Full-length Rb-
fox1 (Fox-1, NM 145891) and Rbfox2 (Fox-2, RBM9,
NM 001031695) proteins and relevant fragments, as de-
scribed in the main text, were cloned into pCMV-Tag2B
vector. The expressed proteins have N-terminal Flag-tags
for western-blot detection.

Preparation of cell extracts, immunoblot analysis and anti-
bodies

Cell extracts were prepared with radioimmunoprecipitation
assay (RIPA) buffer (Sigma) supplemented with a protease-
inhibitor cocktail (Roche). For immunoblot analysis pro-
tein samples were resolved on a 10% polyacrylamide Bis-
Tris gel and transferred onto a nitrocellulose membrane.
The following primary antibodies were used: rabbit poly-
clonal anti-Rbfox1 (1:1000, Abcam), mouse monoclonal
anti-Rbfox2 (1:1000, Abcam), mouse monoclonal �-actinin
(1:1000, Santa Cruz Biotechnology), rabbit polyclonal anti-
DICER (1:1000, Santa Cruz Biotechnology), mouse mon-
oclonal E-Cadherin (1:1000), mouse monoclonal ß-tubulin
(1:1000, Santa Cruz Biotechnology), mouse monoclonal
anti-actinin (1:2000, Santa Cruz Biotechnology) and mouse
monoclonal anti-FLAG M2 antibody (1:1000, Sigma).
Goat anti-rabbit IgG-HRP (1:3000, Santa Cruz Biotechnol-
ogy) and goat anti-mouse IgG-HRP (1:3000, Santa Cruz
Biotechnology) were used as secondary Abs. All Western
blots were analyzed with the ChemiDoc XRS+ System
(Bio-Rad).

Immunofluorescence microscopy

Cell staining and immunofluorescence microscopy were
carried out as described previously (40). Briefly, MCF7
cells transfected with an FLAG-Rbfox2 expression plasmid
were fixed with 4% paraformaldehyde and permeabilized
with 0.5% Triton X-100 in phosphate-buffered saline. Fixed
cells were incubated with primary mouse monoclonal anti-
FLAG M2. Alexa-488–conjugated goat antibody against
mouse IgG (1:500, Molecular Probes) was used as sec-
ondary Ab. Nuclei were counterstained with 4,6-diamidino-
2-phenylindole (DAPI, 5 �g/ml). Microscopy analysis was
performed using the Zeiss Observer Z.1 microscope imple-
mented with the Zeiss ApoTome device. Pictures were ac-
quired using AxioVision imaging software package (Zeiss)
and assembled with Adobe Photoshop CS3. Images were

not modified other than for adjustments of levels, bright-
ness and magnification.

RNA preparation, RT-PCR and qRT-PCR

Total RNA was extracted with the miRNeasy Mini kit
(Qiagen). One microgram of total RNA was used in the
retro-transcription reaction using TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems). qRT-
PCR was performed in triplicate with TaqMan Universal
Master Mix II, no UNG (Applied Biosystems). Relative
differences in RNA levels were calculated according to
the 2−��Ct method and normalized against RNU48
small-nucleolarRNA. Statistical analysis from three cell
cultures was performed by ANOVA followed by Bon-
ferroni’s multiple comparisons test. The TaqMan probes
were 5′-CAAAGUGCUCAUAGUGCAGGUAG-3′ for
mature hsa-miR-20b-5p (ID: 001014, Life Technologies);
5′-AGCAGCAUUGUACAGGGCUAUCA-3′ for mature
hsa-miR-107 (ID: 000443, Life Technologies), snoRNA234
(mouse) and RNU48 (human) TaqMan Controls miRNA
Assay (Life Technologies).

RESULTS

Rbfox targets the GCAUG sequence found in pre-miR-20b,
pre-miR-107 and >100 other precursor miRNA hairpins

A recent manuscript reported that Rbfox3 protein regu-
lates miRNA biogenesis in a manner that is independent
of the presence of its known target sequence within the
pre-miRNA (23). However, Rbfox proteins are known to
target pre-mRNAs by sequence specific recognition of the
GCAUG motif by their RRM and to cross-link to cellu-
lar RNAs at or near sites carrying that canonical signal
(24,26). Furthermore, their function in splicing regulation
is strongly correlated and dependent on their binding to
the cognate motif (26). In fact, we were already investi-
gating if the presence of Rbfox target sites within a pre-
cursor miRNA hairpin would lead to regulation of pro-
cessing by the Drosha and/or Dicer, and computationally
searching human precursor miRNA hairpin sequences for
the presence of the GCAUG motif. Approximately 120 pre-
miRNAs (from 1881 entries in miRBase release 21) contain
this sequence (Supplementary Table S1), while >40 addi-
tional pre-miRNAs contain the related GCACG sequence
(26) (Supplementary Table S2).

Most of the candidate miRNAs of Supplementary Tables
S1 and 2 are poorly annotated with uncertain cellular abun-
dance or functions. Thus, we focused our investigation on
two well-studied miRNAs, miR-20b and miR-107, which
contain the Rbfox target sequence within the terminal loop
(TL) of their precursor hairpins, a hotspot for regulation
of miRNA processing (15). Rbfox proteins participate in
cancer and neurological disorders (16,41), conditions where
abnormal levels of miR-20b and miR-107 have also been
found. Finally, the TL sequence of precursor miR-107 is
highly conserved throughout vertebrates (15), although the
TL sequence of pre-miR-20b is conserved only among pri-
mates (Supplementary Figure S1A and B).

The RRM domain of human Rbfox1 protein has the
same sequence as Rbfox2, and differs from the Rbfox3
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RRM in only four positions which are not involved in RNA
binding; thus, all three RRMs bind to RNA in the same way.
We refer to the identical Rbfox1 and Rbfox2 RRMs as the
Rbfox RRM. Electrophoretic mobility shift assay experi-
ments were used to determine the binding affinity of Rbfox
RRM against pre-miR-20b and pre-miR-107. This assay vi-
sualizes the presence of multiple complexes or smears in-
dicative of non-specific binding. The protein binds to both
the complete and the truncated terminal stem-loop of pre-
miR-20b with a binding affinity (Kd) of ∼50 nM (Figure 1A;
Supplemental Figure S1C and D). The difference in affinity
compared to the single-stranded RNA is not unexpected,
because secondary structure formation inhibits binding (26)
and the (G)GCAUG sequence is sub-optimal compared to
(U)GCAUG (24). The Rbfox RRM binds to pre-miR-107
more weakly (Kd of ∼1 �M) (Figure 1A, right side). Binding
is highly specific as well: mutation of GCAUG to ACAUA
within both pre-miR-20b and -107 reduced Rbfox RRM
binding to only a smear in the gel at high (10 �M) protein
concentration, indicating Kd >10 �M (data not shown).

Binding of the Rbfox RRM to pre-miR-20b and pre-miR-107
hairpins inhibit their processing in vitro by Drosha

Because of the mainly nuclear localization of Rbfox pro-
teins (16), we investigated whether binding of the Rbfox
RRM to pri-miR-20b and pri-miR-107 affects nuclear pro-
cessing by Drosha. A typical primary miRNA consists of
a stem-loop corresponding to the pre-miRNA, and single-
stranded RNA segments at both 5′- and 3′- sides (Sup-
plementary Figure S1A). We found that the pri-miR-20b
and -107 were processed in vitro in the presence of HeLa
nuclear extracts, generating products corresponding to the
predicted pre-miR-20b (∼60 nt) and pre-miR-107 (∼65 nt).
When the Rbfox RRM was added to the reaction, we ob-
served reduced cleavage efficiency in a dose-dependent man-
ner (Figure 1B). Consistent with our hypothesis that inhibi-
tion is driven by direct protein–RNA recognition, the ef-
fects correlate with binding affinity. Namely, processing of
miR-20b is more strongly affected, compared to miR-107,
at equivalent protein concentrations. No difference in the
size of the cleavage products was observed in the presence
or absence of the Rbfox RRM, suggesting that the accu-
racy of cleavage is not affected by protein binding. When
we repeated the processing assays using recombinant full-
length Rbfox1 and Rbfox2 proteins (Figure 1C), we found
the same inhibitory effects as for the Rbfox RRM on both
pri-miR-20b and -107 processing.

In order to demonstrate that inhibition is specific and re-
quires binding to RNA, we expressed a mutant full-length
Rbfox2 protein (Rbfox2-F/A) where all three phenylala-
nine residues (F126, F158, F160) on the RNA-binding
protein surface are replaced with alanine. This construct
abolishes RNA binding since each single mutant F126/A,
F158/A and F160/A reduces RNA-binding affinity by
∼1500-, 700- and 30 000-fold, respectively (24). Processing
of pri-miR-20b and -107 by Drosha in the presence of full-
length Rbfox2-F/A protein is similar to the processing reac-
tions in the absence of Rbfox proteins (Figure 1C). Taken
together, our data show that sequence-specific binding of
Rbfox protein to the TLs of primary and precursor miR-

20b and -107 inhibit their processing by Drosha micropro-
cessor complex, and that binding to RNA is required for
this to occur.

Binding of Rbfox alters the conformation of pre-miR-20b and
pre-miR-107

In order to understand mechanistically how Rbfox protein
binds to pre-miRNAs and affects their processing, we in-
vestigated the effect of this protein on the structures of
the pre-miR-20b and -107 hairpins. We used both NMR
and SHAPE chemistry (42), which provides information
on local nucleotide dynamics and accessibility in RNA and
RNA–protein complexes (43).

The SHAPE data for free pre-miR-20b (Figure 2A) in-
dicates that the secondary structure computationally pre-
dicted from miRBase is incorrect. Instead of forming a 2
× 3 internal loop (G20U21 and C37U38A39, Supplemental
Figure S1C), pre-miR-20b forms a much longer apical he-
lix through the formation of a non-canonical U24·U36 base
pair and a well-ordered U25·C35 mismatch (Figure 2C). For-
mation of this helix reduces the size of the TL to 5 nt, but
leaves the Rbfox targeting sequence GCAUG exposed.

These unexpected observations are supported by the
NMR structure of the apical portion of pre-miR-20b
(Figure 3A), a 23-nt stem-loop (G20-C40) containing the
GCAUG target sequence whose secondary structure and
NMR signals match exactly that of a much longer construct
(46 nt, G7-C52; starting from the miRBase 5′-end of the pre-
cursor) covering most of the structured region of full-length
pre-miR-20b. The secondary structures and protein bind-
ing of the two RNAs (G20-C40 versus G7-C52) are identi-
cal except for the bottom G20-C40 pair, as judged from the
comparison of the resonances of the two constructs, which
match perfectly and change in the same way in the com-
plex (Supplementary Figure S2A and B). The 15N HSQCs
of the Rbfox RRM in complex with the two RNAs are also
identical (data not shown), but the shorter construct pro-
vides higher spectral quality for the complex (see below) and
therefore improves structural resolution.

Not only is the apical loop of free pre-miR-20b in a closed
conformation, as suggested by SHAPE, but the five un-
paired nucleotides (G28-U32) within the protein targeting
sequence are rigidly ordered, forming a well-defined loop
structure (local RMSD 0.80 Å, comparable to that of the
rigid imperfect helix 0.69 Å, Figure 3A and Supplementary
Table S3). The G29, A31 and U32 bases are splayed out with
their Watson–Crick face pointing outward to the solvent,
while G28 continues helical stacking on top of U27 and the
base of C30 faces inward toward the minor groove (Figure
3C).

This loop conformation would not allow binding of the
Rbfox RRM, which must therefore reorganize the loop
structure and bind to it by an induced fit mechanism (44,45).
Comparison of the SHAPE reactivity for pre-miR-20b in
free form and in complex with Rbfox RRM indicates that
protein binding indeed opens up the structure to generate a
larger unpaired apical loop. We observe increased reactiv-
ity at many nucleotides (protein binding does not decrease
accessibility to the chemical probe, see below), even at sites
distant from RRM binding, namely at the G20 bulge and



4386 Nucleic Acids Research, 2016, Vol. 44, No. 9

pre-miR-107 

pri-miR-107 

B 

NE       +    +    +    
Fox-RRM          1µM  10µM  

NE      +    +    + 
Fox-RRM         1µM  10µM  

pre-miR-20b 

pri-miR-20b 

1.0 0.79 0.45 1.0 0.80 0.54 

10µM 1µM 100nM 10nM 1nM[RRM] 

A 

10µM  1µM 100nM 10nM 1nM 

Pre-miR-20b Pre-miR-107 

pri-miR-107 

pre-miR-107 

pri-miR-20b 

pre-miR-20b 

C 

NE       +    +    +   + 
FL-Fox            1    2  F/A   

NE      +   +    +   + 
FL-Fox           1    2  F/A   

1.0 0.60 0.57 0.92 1.0 0.78 0.75 1.05 

Figure 1. Rbfox proteins specifically bind to miR-20b and -107 precursor hairpins and repress their processing in vitro. (A) Electrophoretic mobility shift
assay analysis of the Rbfox RRM binding to pre-miR-20b and -107. Truncated constructs of pre-miR-20b and -107 were used in these figures but the same
results were obtained with the complete pre-miRNA stem-loops (Supplementary Figure S1C and D). (B) In vitro Drosha processing of pri-miR-20b and
-107 in HeLa nuclear extract (NE) is inhibited by the Rbfox RRM at the indicated protein concentrations. Pri-miRNAs are uniformly radiolabeled. (C) In
vitro Drosha processing of pri-miR-20b and -107 in HeLa nuclear extract is inhibited by full-length Rbfox1 and Rbfox2 proteins, but not by the Rbfox2
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and normalized to NE only.



Nucleic Acids Research, 2016, Vol. 44, No. 9 4387

-0.8 

-0.4 

0.0 

0.4 

0.8 

1.2 

1.6 

2.0 

8 16 24 32 40 48 56 
-0.8 

-0.4 

0.0 

0.4 

0.8 

1.2 

1.6 

2.0 

8 16 24 32 40 48 56 

A 

-0.8 
-0.4 
0.0 
0.4 
0.8 
1.2 
1.6 
2.0 

3 11 19 27 35 43 51 59 
-0.8 
-0.4 
0.0 
0.4 
0.8 
1.2 
1.6 
2.0 

3 11 19 27 35 43 51 59 

pre-miR-20b Rbfox-RRM + pre-miR-20b

pre-miR-107 Rbfox-RRM + pre-miR-107
B 

Free pre-miR-20b pre-miR-20b in complex 

C 

C
A
A
A

G
5

U
G
C

U
C

10

A
U

A
G
U15

G
C

A
G

G20

U

A

G
U

U25

U

U
G
G
C

30

A
U
G

A

C 35

U
C

U

A
C
40

U
G
U
A
G
45

U
A
U
G
G
50

G
C
A
C
U
55

U
C
C
A
G

60
C
A
A

A
G

5

U
G

C
U
C

10

A
U
AG

U
15

G
C
A

G
G20

U

A

G
U

U
25

U
U
G
G C

30

A
U
G
A
C 35
U
C

U

A
C
40

U
G U

A
G 45
U
A
U
G
G
50

G
C
A
C
U
55

U
C
C A

G
60

Free pre-miR-107 pre-miR-107 in complex 

D 

G
C
A

G
C

5

U
U
C

U

U10

U

A

C

A
G15

U

G

U
U

G20

C
C

U
U

G25
U
G
G
C
A

30
U G

G
A
G 35
U
U

C

A

A 40
G
C

A
G

C 45

A

U
U

G

U 50

A

C
A

G
G
55

G
C
U
A
U
60

C
A

G
C
A

G
C

5

U
U
C

U

U10

U
A

C

A

G15

U

G

U

U
G20

C
C
U

U

G25
U
G
G
C
A

30
U G

G
A
G 35
U

U

C

A
A 40
G

C
A

G

C 45

A
U

U

G

U 50

A

C

A

G
G
55

G
C
U
A
U
60

C
A

Figure 2. Conformational changes of pre-miR-20b and -107 stem loops upon Rbfox-RRM binding. SHAPE reactivity traces for pre-miR-20b (A) and
pre-miR-107 (B) in free and complex forms (protein/RNA ratio is 1:1); reactivity is normalized to untreated samples. Secondary structures of pre-miR-20b
(C) and -107 (D) in their free and Rbfox RRM-bound forms calculated using MC-Fold and MC-Sym by incorporating information provided by SHAPE
and NMR analyses (35). Nucleotides are colored according to their normalized SHAPE reactivity with no data as gray, low reactivity (<0.4) as black,
medium reactivity (0.4–0.85) as orange and high reactivity (>0.85) as red. Canonical and non-canonical base pairs are shown by bold lines with black dots
and non-bold lines, respectively.
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Figure 3. Structural basis for recognition of pre-miR-20b by the Rbfox RRM: (A) superposition of NMR structures of free pre-miR-20b; (B) superposition
of NMR structures pre-miR-20b (orange) in complex with Rbfox RRM (green); comparison of loop conformations in free (C) and complex (D) forms;
structural models of the free full-length pre-miR-20b (E) and the complex of full-length pre-miR-20b with Rbfox RRM (109–208) (F) showing how the
highly conserved C-terminal tail of the RRM can reach down into the stem-loop to provide additional contacts that are not possible with single-stranded
RNA. Nucleotides are colored by their normalized SHAPE reactivity.
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the 1 × 1 internal loop (G14·G45). Since Rbfox RRM binds
single-stranded RNA and requires at least 5 nucleotides
(GCAUG) for sequence-specific interaction (24), the open-
ing at the G20 bulge and the 1 × 1 internal loop are not likely
caused by second protein binding site.

The SHAPE data for the pre-miR-107 hairpin (Figure
2B) also indicate a structure inconsistent with computa-
tional predictions from miRBase (Supplementary Figure
S1C), but in a manner opposite pre-miR-20b. In the free
RNA (Figure 2D), nucleotides predicted to form a short
four-base-pair terminal helix, as well as those in the TL,
have high SHAPE reactivity, indicating that nucleotides
U26 to U37 are in a large open loop that exposes both the
GCAUG motif targeted by Rbfox and the UGU motif that
contributes to the accuracy of Drosha processing (46). Ad-
ditional high SHAPE reactivity was observed at the C21 and
U7 bulges, but the predicted 1 × 1 internal loop formed by
U10 and C52 has very low SHAPE reactivity, indicating a
well-ordered U10·C52 mismatch at this position, similar to
the U25·C35 mismatch in pre-miR-20b. Upon Rbfox RRM
binding, the pre-miR-107 hairpin has reduced SHAPE re-
activity (Figure 2B), especially in the terminal stem-loop
region containing the UGU motif, which becomes base-
paired and rigidified (Figure 2D). This indicates an opposite
effect from what we observed with pre-miR-20b, yet in both
cases we observe reduction of processing efficiency. The im-
plications of this observation are discussed later.

Structural basis for recognition of pre-miR-20b by the Rbfox
RRM

We next determined the NMR structure of pre-miR-20b
both free and in complex with the Rbfox RRM. Since we
observed a very large number of intermolecular NOE re-
straints (197, a large number for a complex of this size;
Supplementary Table S3), the RMS deviation of the heavy
atoms for ordered parts of both RNA and protein (G29-A34
and Pro116-Arg194) is low, 0.90 Å (Figure 3B), enabling
confident structural analysis.

The key structural features reported for the Rbfox1 RRM
in complex with single-stranded UGCAUGU (24) are re-
tained in our structure as well and are described in detail in
the supplementary material, but the different RNA struc-
tural context adds new elements to the complex. First, sev-
eral local features of the protein–RNA interface differ, as
described in detail in the supplementary results (Supple-
mentary Figure S8). Second, the �2�3 loop of the Rbfox
RRM is inserted into the opened-up TL of pre-miR-20b,
anchoring the RNA loop-helix junction to the protein sur-
face in a manner reminiscent of the structure of the U1A
protein–RNA complex (47), which is absent in the complex
structure between Rbfox RRM with single-stranded RNA
(Supplementary Figure S8). Unlike U1A, this interaction
might not be optimized for binding to a specific RNA stem-
loop; as a consequence, secondary structure reduces bind-
ing of Rbfox2 (26), while U1A binds much more strongly
to a stem loop compared to single-stranded RNA with the
same sequence (47). This feature leads to a reorganization of
the RNA, which opens up the pre-structured RNA loop to
allow recognition of the single-stranded nucleotides (Figure
3C and D), but also masks a critical structural element rec-

ognized by DGCR8. In the process, the base of A31 rotates
about 180 degree to base pair with the base of G29, which
slightly tilts inward, while the base of G33 flips outward to
stack with the aromatic ring of Phe160 of Rbfox, switching
from the anti to syn conformation. Third, the four base pairs
in the apical stem of pre-miR-20b immediately below the
loop are broken up to increase loop size drastically, which
inevitably reduces the local quality of the NMR structure
as reflected in the superpositions (Figure 3B).

Unexpectedly, protein binding at the TLs of pre-miR-
20b and -107 cause long-range effect on the SHAPE reac-
tivity of nucleotides further down the stem, in mismatches
(G14/G45 in pre-miR-20b) and bulged nucleotide (U7 in pre-
miR-107), away from the expected protein binding site (Fig-
ure 2C and D). We also found by NMR that protein recog-
nition extends to the very end of the stem-loop, including
the artificial G19·C41 closing base pair that was added to in-
crease transcription. Intermolecular NOE connections were
observed between G19 and C41 to the side chains of Tyr205
and Thr206, located at the very C-terminal end of our Rb-
fox RRM construct.

Sequence alignment of Rbfox family proteins revealed
that sequence conservation extends beyond the canonical
RRM to Ala225 (Supplementary Figure S3A), suggesting
the possibility of additional interactions between the con-
served C-terminal end of Rbfox RRM and the lower stem
of pre-miR-20b. We compared RNA binding of Rbfox1
RRMs with variable C-terminal lengths (Supplementary
Figure S3B) using ITC (Supplementary Figure S4). Among
the three RRM constructs tested, the median-length Rb-
fox1 RRM (109–208), which we have used in the other
experiments reported in the paper, binds pre-miR-20b 2-
fold tighter than the RRM (109–194) alone without a C-
terminal tail; by comparison, the Rbfox1 RRM (109–225)
with an extended C-terminal tail binds twice as strongly as
the RRM (109–208) with a much larger enthalpy change
(−22 kcal·mol−1). The results suggest the formation of ad-
ditional intermolecular interactions, such as stacking be-
tween protein aromatic side chains and RNA bases (48). In
addition, we found that two more base pairs G23·C37 and
A22·U38 were opened up upon binding of this longer Rb-
fox RRM (109–225) construct. Finally, paramagnetic relax-
ation enhancement (PRE) data confirmed the long-range
contacts we predicted (Supplementary Figure S9). We con-
clude that the conserved C-terminus of the Rbfox RRM
forms long-range interaction with the lower stem of pre-
miR-20b. Structural models based on SHAPE and NMR
data were generated to show how Rbfox1 RRM (109–208)
interacts with full-length pre-miR-20b and its effect on
RNA conformations (Figure 3E and F).

Thus, SHAPE and NMR data demonstrate that the con-
served C-terminal tail of the Rbfox RRM interacts with the
stem region of pre-miR-20b and affects the stability and dy-
namics of bulges and internal loops, in regions of the struc-
ture that affect the efficiency of Drosha cleavage. The in-
teraction between the conserved C-terminal tail of Rbfox
RRM and the stem region of pre-miR-20b also suggests
that Rbfox proteins may be suited to bind to the loop se-
quence of stem-loop RNAs, and not just to single-stranded
RNA sequences encountered within pre-mRNAs.
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Rbfox2 protein inhibits miR-20b and miR-107 maturation in
mammalian cells

As a pre-requisite to analyzing the effect of Rbfox proteins
on miR-20b and miR-107 expression in vivo, we examined
the levels of endogenous full-length Rbfox1 and Rbfox2
proteins as well as mature miR-20b (miR-20b-5p) and -107
in different cell lines by Western blot and qRT-PCR, re-
spectively. Rbfox1 is expressed mainly in the mouse motor
neuron cell line NSC-34, while Rbfox2 protein is highly ex-
pressed in HEK293 and SHSY-5Y cells but is very low in
HeLa and MCF7 cells (Supplementary Figure S5A). The
qRT-PCR analysis conducted in HeLa, HEK293, MCF7
and SHSY-5Y cells show that expression levels of miR-
20b and miR-107 are both significantly higher in SHSY-5Y
cells compared to HeLa cells (Supplementary Figure S5B).
Based on these expression patterns, we focused on Rbfox2
rather than Rbfox1 in cell analysis, because it is more widely
expressed, and investigated whether siRNA knock-down
would alter the expression levels of mature miR-20b and
miR-107 in SHSY-5Y cells. In these cells, endogenous Rb-
fox2 is highly expressed and, at the same time, endogenous
Rbfox1 is not detected, preventing a potential cross-talk be-
tween the two proteins. MCF7 cells, where Rbfox2 is very
low and Rbfox1 is absent, were used instead for protein
overexpression experiments.

When Rbfox2 was efficiently downregulated by RNAi
(compared to a scrambled control, Supplementary Figure
S6A) in SHSY-5Y cells, we found significantly increased
levels of miR-20b (Figure 4A). MiR-107 was also upregu-
lated, but to a less significant level (Figure 4A). Immunoblot
analysis showed that FLAG-Rbfox2 is efficiently expressed
and its level is stable in MCF7 cells (Supplementary Figure
S6B). When we assessed the intracellular localization of the
recombinant Rbfox2 by performing immunostaining exper-
iments, we found that the exogenously expressed FLAG-
Rbfox2 localizes predominantly to the nucleus (Figure 4B),
confirming that any effect on miRNA processing would oc-
cur at the nuclear step. Therefore, we transfected MCF7
with a plasmid containing primary miR-20b, not the pre-
miRNA, and observed >3-fold increase in mature miR-20b
levels by qRT-PCR. Over-expressing FLAG-Rbfox2 by co-
transfection significantly decreased mature miR-20b levels
compared with cells expressing miR-20b alone (Figure 4C).
Similar results following over-expression of Rbfox2 were
obtained in HeLa cells as well, using a luciferase reporter
assay to monitor the effect of Rbfox2 expression on a re-
porter gene carrying miR-20b binding sites within the 3′-
UTR (data not shown). Altogether, these data show that
Rbfox2 protein interacts with pre-miRNAs carrying Rbfox
binding sites within cells, confirming the in vitro data, and
that mis-expression of Rbfox2 alters the biogenesis of both
miR-20b and miR-107 in vivo.

Over-expression of Rbfox2 upregulates PTEN protein ex-
pression

One of the target mRNA for miR-20b encodes the PTEN
protein, whose misregulation leads to the development of
many types of human cancers (49,50). We hypothesized that
the expression of PTEN, a representative downstream tar-
get of miR-20b, would be regulated by Rbfox2 through

miR-20b. In order to confirm this hypothesis, we deter-
mined the expression of PTEN protein in MCF7 cells (with
low endogenous levels of miR-20b and Rbfox2) by trans-
fecting with a plasmid expressing primary miR-20b (pri-
miR-20b) either alone or together with the FLAG-Rbfox2
expression plasmid. As shown in Figure 4D, miR-20b over-
expression significantly decreases the levels of PTEN pro-
tein. Conversely, the expression of PTEN protein is signif-
icantly increased in cells transfected with plasmid contain-
ing primary miR-20b together with the FLAG-Rbfox2 ex-
pression plasmid, compared to cells treated only with con-
trol miRNA plasmid at 48 h post transfection. The effects
on PTEN expression are much larger than for the RNA
levels, but this is commonly observed, where modest (2–
4-fold) effects on miRNA expression lead to much larger
downstream effects. These results indicate that Rbfox2 pro-
tein regulates mature miR-20b expression levels in a manner
that is inversely correlated with PTEN protein expression.

Downregulation of Rbfox2 reduces Dicer protein levels

Rbfox2 expression in different cancer cells is linked to
their epithelial/mesenchymal characteristics (51). In hu-
man breast cancer, high levels of miR-103/107 family miR-
NAs are associated with metastasis and poor outcome
(52). Moreover, the miR-103/107 family globally attenu-
ates miRNA biosynthesis by downregulating Dicer (53,54).
It has been demonstrated that miR-107 directly targets
the 3´UTR of Dicer mRNA (52–54). These observations
prompted us to investigate whether downregulation of Rb-
fox2 would alter expression levels of Dicer, the down-
stream target of miR-107, in two cancer cell lines: a non-
invasive breast cancer cell line (MCF7) and a more ag-
gressive breast cancer cell line (mda-mb-231). By western
blot, we confirmed that Rbfox2 protein expression is sig-
nificantly higher in the more metastatic mda-mb-231 cell
line (Supplementary Figure S7A). By qRT-PCR analysis,
we observed higher expression levels of miR-107 and miR-
20b in mda-mb-231 cells compared to MCF7 cells (Supple-
mentary Figure S7B). When Rbfox2 is efficiently downreg-
ulated by RNAi compared to a scrambled control in mda-
mb-231 cells, we found that knockdown of Rbfox2 protein
significantly increased the level of miR-107 (Figure 5A), as
compared to miR-20b which is increased to a less signif-
icant level (Supplementary Figure S7C). As we hypothe-
sized, knockdown of Rbfox2 significantly decreased Dicer
protein expression levels in mda-mb-231 cells (Figure 5B),
as well as in 4TO7 mouse cell lines (Supplementary Figure
S7D and E). These results demonstrate for the first time that
Rbfox2 regulates Dicer expression by modulating the levels
of miR-107 in a manner that correlates with the invasiveness
of breast cancer cell lines.

DISCUSSION

We report herein that Rbfox family proteins regulate
miRNA biogenesis by specifically targeting their cognate se-
quence within miRNA precursors through their conserved
RRMs. Among the miRNAs directly regulated by Rbfox
proteins are miR-20b and miR-107, the latter of which reg-
ulates Dicer enzyme, providing an indirect mechanism by
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Figure 4. Rbfox2 downregulates mature miR-20b and upregulates miR-20b downstream targets (A) Quantitative RT-PCR of mature miR-20b in SHSY5Y
cells. Cells were collected 48 h after siRNA transfection with anti-Rbfox2 siRNA. CTRL: cells transfected with scrambled siRNA. n = 3 (biological
replicates, cell cultures), average ± s.e.m., **P < 0.01, *P < 0.05 (one way ANOVA statistical test). (B) Immunofluorescence micrographs showing nuclear
localization of FLAG-Rbfox2 expressed in MCF7 cells. Exogenously expressed FLAG-Rbfox2 was detected 48 h after transfection by immunostaining
as indicated. Nuclei are stained by DAPI. (C) qRT-PCR of mature miR-20b in MCF7 cells. CTRL: empty vector; miR-20b: cells collected 24 h after
transfection of vector containing pri-miR-20b; miR-20b + FLAG-Rbfox2: Day 0––cells were seeded; Day 1––FLAG-Rbfox2 plasmid transfection; Day
2––pri-miR-20b vector transfection (into the same well transfected at day 1 with FLAG-Rbfox2); Day 3––cell harvest. n = 3 (biological replicates, cell
cultures), average ± s.e.m., **P < 0.01, ***P < 0.001 (one way ANOVA statistical test). (D) Immunoblot analysis of endogenous PTEN protein in MCF7
cells. CTRL: empty vector; miR-20b 24 and 48 h: cells collected 24 or 48 h after transfection of vector containing pri-miR-20b; miR-20b + Rbfox2: Day
0––cells were seeded; Day 1––FLAG-Rbfox2 plasmid transfection; Day2––pri-miR-20b plasmid transfection (into the same well transfected at day 1 with
FLAG-Rbfox2); Day 3––cells harvested. �-actinin serves as a loading control. The levels of PTEN were quantified by densitometry and the normalized
level in the presence of control vector was set to 1.
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Figure 5. Effects of Rbfox2 on the levels of mature miR-107 and its down-
stream target Dicer in mda-mb-231 cells. (A) qRT-PCR of mature miR-
107. Transfected siRNAs are as indicated. Rbfox2 siRNA: siRNA against
Rbfox2; CTRL siRNA: non-targeting siRNA. n = 3 (biological replicates,
cell cultures), average ± s.e.m., *P < 0.05 (one way ANOVA statistical test).
(B) Immunoblot analysis of Dicer and Rbfox2 proteins. Rbfox2–1A and
Rbfox2–1F represent two different isoforms of this protein (75). Actinin
serves as a loading control.

which Rbfox proteins regulate cellular miRNA levels. Al-
though a recent manuscript suggested that Rbfox3 con-
tributes to miRNA biogenesis independent of the presence
of an Rbfox target sequence (23), Rbfox2 crosslinks pre-
dominantly at or near sites carrying canonical target se-
quences and their function in vivo is strongly correlated
with and dependent on their intrinsic RNA-binding activ-
ity (26). In fact, the use of negative control library in cross-
linking, which was proven critical for filtering non-specific
signals (55), made it possible to detect predominantly high-
fidelity binding to conserved loci containing the consensus
(U)GCAUG motif (25). Since the RRMs of Rbfox1, 2 and 3
have identical RNA-binding sequence specificity, we would
expect the same behavior to hold for Rbfox3 as well. Consis-
tent with the latter study, we found that abolishing binding
to RNA also prevents Rbfox RRM from inhibiting process-
ing of miR-20b and miR-107. These results indicate that at
least some of the biological functions of these tissue-specific
alternative splicing factors are due to their effect on miRNA
processing either by directly sequence-specific binding to
miRNA precursors or, indirectly, by altering Dicer levels.

A computational search of the Rbfox target sequence
within human precursor miRNA hairpins identified >120
miRNAs containing this sequence motif. We have thus
far investigated only miR-20b and miR107, because many
of the other miRNAs identified have low cellular abun-
dance and unclear biological role, but it is likely that more
of the miRNAs listed in Supplementary Tables S1 and 2
are also regulated by Rbfox proteins. Rbfox RRM binds
more strongly to pri-miR-20b compared to pri-miR-107, al-
though the target sequence is exposed in the latter. We do
not have an explanation for this observation, which would
require a complete structural analysis of both complexes.
However, both Rbfox RRM alone and the full-length Rb-
fox2 protein inhibit pri-miR-20b and -107 maturation in
biochemical assays and in several cell lines.

How would binding of the Rbfox RRM, which occu-
pies a region of the RNA that is not recognized directly by
the microprocessor complex (56) suppress processing effi-
ciency? A large and flexible TL has been proposed to pro-
mote Drosha and Dicer processing, perhaps by enhancing
enzyme turnover (57), but we found that pre-miR-20b has
a closed terminal hairpin structure, which is opened by the
binding of Rbfox RRM. In contrast, the conformation of
the pre-miR-107 TL is rigidified by the binding of RRM.
Yet in both cases, we observe reduced miRNA processing,
suggesting that loop size per se does not matter. The results
for miR-107 can be interpreted by observing that a criti-
cal sequence motif promoting processing, the apical UGU
motif (46,58) recognized by the RHED domain of DGCR8
(56,59) becomes less accessible when Rbfox binds to it (Fig-
ure 2D), as judged by SHAPE reactivity. However, the re-
sults for miR-20b processing cannot be interpreted by anal-
ysis of sequence features alone, because the stem loop of
miR-20b precursor lacks the UGU and other sequence mo-
tifs required for efficient processing. Instead, it requires a
more careful analysis of the structure. First, the Rbfox �2�3
loop inserts itself into the apical stem-loop junction where
the RHED domain of DGCR8 binds, thus effectively com-
peting with the RHED domain (56,59). Second, we observe
both local and long-range effects on the pre-miR-20b struc-
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ture and dynamics mediated both by the RRM itself and by
a conserved C-terminal tail that augments the RRM. Bind-
ing of Rbfox RRM makes the stem-loop structure less reg-
ular by disrupting several base pairs and by opening up an
internal loop (Figure 2C), making the RNA a less ideal sub-
strates for Drosha/DGCR8 (58). The stem-loop structure
of miRNA precursors is important for post-transcriptional
regulation of miRNA processing (11,60–62), especially for
miRNAs that lack positive sequence motifs like UGU and
the mismatched GHG (which is paired and inaccessible in
both pri-miR-20b and pri-miR-107). A less perfect dou-
ble helical region, distorted and opened up by the Rb-
fox RRM, would interact less optimally with the double-
stranded RNA-binding domain of DGCR8 (56,58).

Concerning the cellular consequences of our observa-
tions, we have shown that over-expression of Rbfox2 down-
regulates mature miR-20b and enhances PTEN expression
(Figure 4D), a known tumor suppressor target of miR-20b
that inhibits cell proliferation and migration. We chose to
investigate Rbfox2 in part because it is more widely ex-
pressed than the other family members, and because it is
essential to the survival of embryonic stem cells and for the
progression of several cancers (16). Expression of Rbfox2 is
down-regulated in ovarian cancer and its splicing is altered
in breast cancer samples as well (22). The levels of miR-
20b, a member of the miR-17 family of oncomirs (63,64),
are significantly altered in multiple cancers as well (49–
50,64). Cells are very sensitive to even subtle decreases in
PTEN abundance, highlighting the importance of miRNA-
mediated PTEN regulation in cancer (65) which we here
show is controlled by Rbfox2, upstream of miR-20b. The
role of Rbfox2 on PTEN might be even more pervasive. In
addition to miR-20b, >10 other miRNAs targeting the 3′-
UTR of PTEN have GCAUG or GCACG sequence mo-
tifs within their pre-miRNA hairpins (Supplementary Ta-
ble S4), including some that have been validated to target
PTEN.

Our discovery that Rbfox2 downregulates Dicer protein
expression through miR-107 provides new insight on the
role of this protein family in cancer and other diseases.
MiR-107 belongs to the miR-103/107 family with identi-
cal seed sequences and very high levels of expression in
brain tissue (66). Dysregulation of miR-107 is linked to
cancers, obesity (through lipid metabolism) and neurolog-
ical diseases (52,67–68). The miR-103/107 family attenu-
ates miRNA biosynthesis by downregulating Dicer (53),
thereby influencing cell-cycle progression, senescence, stem
cell maintenance and tumorigenesis (69,70). Despite the
critical function of this enzyme, the mechanisms that reg-
ulate Dicer expression are still poorly understood. Dicer
mRNA transcription is positively regulated by Tap63 in
mice (71), post-transcriptionally suppressed by let-7 and
miR-103/107 (52,72) and by the RNA binding protein
AUF1, highly expressed in several solid tumors (73,74). We
show here that Rbfox2 acts upstream of miR-107 to control
Dicer levels, which would have broad effects on the miRNA
population in response to altered Rbfox2 expression or al-
ternative splicing.

In summary, we report that Rbfox family proteins mod-
ulate the expression of miRNA through a direct sequence-
specific interaction with pri-miRNAs carrying Rbfox bind-

ing sites. In addition, by regulating cellular levels of Dicer
through miR-107, Rbfox2 might have broad influence on
gene expression patterns. These functions are in addition to
the known role in alternative splicing; suggest a more perva-
sive role of Rbfox2-mediated regulation of gene expression
through its effect on miRNAs. Future work will uncover
the full spectrum of regulatory and functional Rbfox2-
mediated miRNA regulation.
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