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Eukaryotic gene expression is tightly regulated post-tran-
scriptionally by RNA-binding proteins (RBPs) and micro-
RNAs. The RBP AU-rich-binding factor 1 (AUF1)
isoform p37 was found to have high affinity for the micro-
RNA let-7b in vitro (K4 = ~6 nM) in cells. Ribonucleopro-
tein immunoprecipitation, in vitro association, and
single-molecule-binding analyses revealed that AUF1 pro-
moted let-7b loading onto Argonaute 2 (AGO2), the cata-
lytic component of the RNA-induced silencing complex
(RISC). In turn, AGO2-let-7 triggered target mRNA de-
cay. Our findings uncover a novel mechanism by which
AUF1 binding and transfer of microRNA let-7 to AGO2 fa-
cilitates let-7-elicited gene silencing.

Supplemental material is available for this article.
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Given that RNA-binding proteins (RBPs) are potent post-
transcriptional regulators of gene expression (Glisovic
et al. 2008), there is great interest in identifying com-
prehensively the functions of RBPs. The RBP AU-binding
factor 1 (AUF1) comprises four isoforms—p37, p40, p42,

[Keywords: Argonaute; RISC; hnRNP D; microRNA; ribonucleoprotein
complex]

"These authors contributed equally to this work.

Corresponding authors: yoonjehyun@gmail.com, shohng@snu.ac.kr
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.263749.
115.

and p45—and has been closely linked to physiological
and pathological processes, including cellular senescence,
myogenesis, inflammation, aging, and cancer (Zucconiand
Wilson 2011; Pont et al. 2012; Panda et al. 2014). Although
all isoforms contain two RNA recognition motifs (RRMs)
followed by a glutamine-rich domain, p37 and p40 lack
exon 7, while p37 and p42 lack exon 2. The four isoforms
can bind to similar RNA sequences but display distinct
subcellular localization profiles, affinities for target
mRNAs, and impacts on the fate of mRNA targets (White
etal. 2013). We recently used the method PAR-CLIP (pho-
toactivatable ribonucleoside-enhanced cross-linking and
immunoprecipitation) (Hafneretal. 2010, 2012) to identify
comprehensively the RNA targets of AUF1 (Yoon et al.
2014). The analysis revealed that AUF1 primarily re-
cognized U/GU-rich sequences in target mRNAs and
long noncoding RNAs (IncRNAs) and was capable of desta-
bilizing some target RNAs, as previously described (Zuc-
coni and Wilson 2011; Pont et al. 2012), but also
stabilized other target transcripts and altered the transla-
tion of a subset of mRNAs (Yoon et al. 2014). By increasing
the expression of several target mRNAs encoding genomic
maintenance proteins, AUF1 was found to help preserve
DNA integrity; this function is in keeping with the ability
of AUF1 to prevent premature cellular senescence and ag-
ing (Pont et al. 2012; White et al. 2013; Yoon et al. 2014).

Earlier evidence indicated a functional connection be-
tween AUFI1 and Argonaute (AGO) proteins, the catalytic
components of the RNA-induced silencing complex
(RISC) (Chang et al. 2010; Wu et al. 2013). The main func-
tion of the argonaute proteins is to bind microRNAs, a
family of short (~22-nucleotide [nt]) noncoding RNAs
that form partial hybrids with target mRNAs, often
through the “seed” region (nucleotides 2-7) of the micro-
RNA (Ambros 2004; Bartel 2004). AGO-microRNA com-
plexes in turn recruit the RISC to an mRNA and silence
the mRNA by reducing its stability and/or translation
(Filipowicz 2005; Joshua-Tor 2006; Chekulaeva and Fili-
powicz 2009). Here, we report that AUF1 p37 displayed
strong affinity for let-7b, enhanced the loading of let-7b
on AGO?2 in vitro, and promoted AGO2-let-7-mediated
mRNA decay. Our findings underscore a new mechanism
by which microRNA transfer from AUF1 p37 to AGO2 fa-
cilitates microRNA-elicited gene silencing.

Results and Discussion

AUF1 binds Ilet-7b with high affinity

During earlier studies to investigate HuR interaction with
microRNAs (Yoon et al. 2013), we observed that AUF1
was also capable of binding microRNAs, although the
AUFI1-microRNA interactions did not meet the stringent
criteria of being PAR-CLIP targets. We used fluorescence
anisotropy-based binding assays to investigate in detail
the binding of purified recombinant, His-tagged AUF1
p37,p40, p42, and p45 (Fig. 1A, right) to study two of these
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Figure 1. AUF1 binds microRNA let-7b. (A)In vitro binding of recombinant AUF1 p37 tofluo-  t3] Fig. S1H).

rescein-tagged let-7b, miR-21, and miR130b was analyzed by fluorescence anisotropy. (Right)
Gel analysis (Coomassie) of the AUF1 isoforms tested. RNP complex affinity of AUF1 p37
was resolved using a single-site-binding model. (B) The table lists the affinities of AUF1 binding

to microRNA substrates; values are the apparent equilibrium dissociation constants (Kg.app) de-
scribing AUF1 dimerbinding to each microRNA target resolvedusing Equation 1 (Supplemental
Material). Binding constants represent the mean = SD of nindependentisotherms. (C) Schemat-
icrepresentation of wild type (AUF1 WT)and a mutant unable tobind RNA (AUF1 C207E). (Left)
RNP complex affinity of AUF1 p37 wild type and C207E resolved using a single-site-binding
model. (Right) RNA EMSA of radiolabeled let-7b with recombinant AUF1 p37 and mutant
C207E. (D) Forty-eight hours after transfecting HeLa cells with control (Ctrl) siRNA or AGO2
siRNA, Western blot analysis was used to assess the steady-state levels of AUF1, AGO2, and
loading control Tubulin (top left) as well as the levels of immunoprecipitated AUF1 (top right).
(IgG H.C.) Immunoglobulin heavy chain. (E) In the transfection groups described in D, AUF1-
let-7b complexes (and negative control AUF1-let-7b* complexes) were analyzed by AUFI ribo-
nucleoprotein immunoprecipitation (RIP) followed by detection of let-7b levels by RT-qPCR
(Ieft) and Northern blot (right) analyses. Datain A, C, and D are representative of three indepen-
dent experiments; data in E are the means + SD of three independent experiments.

microRNAs (let-7b and miR-21) that contained UU- and
UG-rich sequences characteristic of AUF1 targets (Yoon
et al. 2014). A control microRNA that did not bind
AUFI, miR-130b, was also included. Fluorescein-tagged
let-7b formed direct complexes with AUFI1, consistent
with a single-site-binding model (Fig. 1A; Supplemental
Fig. S1A), with particularly low Ky values for p37 (5.9
nM) and p42 (9.7 nM) (Fig. 1B). Notably, AUF1 p37 had sig-
nificantly stronger affinity for let-7b than for a similarly
sized (20-nt) AU-rich element from the TNFa mRNA 3’
untranslated region (UTR), a hallmark substrate for
AUF1 (K4=33 nM) (Supplemental Fig. S1B; Zucconi
et al. 2010). In contrast, the affinities of AUF1 p37 for
miR-21 and miR-130b were weaker (Fig. 1A,B; Supple-
mental Fig. SIA-C), and AUF1 isoforms p45 and p40 dis-
played relatively lower affinity for all three microRNAs
(Fig. 1A,B; Supplemental Fig. S1A). We confirmed the in-
teraction of AUF1 with the main target, let-7b, by using
RNA electrophoretic mobility shift assay (EMSA) (Fig.
1C). As shown, a mutant AUFI unable to bind RNA due
to a C-to-E mutation at position 207 within the second
RRM (RRM2) did not bind let-7b, let-7b*, or the canonical
substrate (Fig. 1C; Supplemental Fig. S1B,D,E).

Next, we tested whether let-7b interacted with endoge-
nous AUF1 in HeLa (human cervical carcinoma) cells by
using ribonucleoprotein immunoprecipitation (RIP) anal-
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AUF]I facilitates let-7b loading onto
AGO2

We then tested the reciprocal possibility
that silencing AUF1 might affect
AGO?2 interaction with let-7b in the
context of the cell. After silencing
AUFI in HelLa cells (Fig. 2A), we mea-
sured let-7b bound to AGO2 by RIP fol-
lowed by RT-qPCR analysis of small
RNAs (Yoon et al. 2012a). Our results
show that AGO2 binding to let-7b was
reduced when AUF1 was silenced (Fig.
2B), supporting the notion that AUFI fa-
cilitated the AGO2-let-7b interaction; importantly, si-
lencing AUF1 did not affect let-7b levels (Fig. 2C).
Mouse embryo fibroblasts (MEFs) with homozygous dele-
tion of the Aufl(Hnrnpd) gene (Pont et al. 2012) also
showed severely reduced interaction of AGO2 with let-
7b and no changes in the levels of let-7b or other micro-
RNAs (Fig. 2D). Despite being weaker targets of AUFI,
binding of miR-21 and miR-130b to AGO2 was also re-
duced when AUF1 was silenced or knocked out, but
AGO2 binding to miR-10 (not a target of AUF1) was unaf-
fected (Supplemental Fig. S2.). In vitro binding assays fur-
ther supported this hypothesis, since the interaction of
AGO?2 (His-AGO2) with let-7b was enhanced in the pres-
ence of recombinant His-tagged AUF1 p37 (His-AUF1)but
not His-tagged AUF1 p37 C207E (Fig. 2E). These findings
indicated that the interaction of AGO2 with let-7b was
impaired when AUFI levels were substantially reduced.
To study more directly the result that AUF1 influenced
AGO2 binding to let-7b, we used a single-molecule-bind-
ing assay (Jo et al. 2015; Salomon et al. 2015). We tested
whether AUF1 might compete with AGO2 for binding
let-7b or instead was capable of transferring let-7b to
AGO2 (Fig. 3A-C; Supplemental Fig. S3). Internally la-
beled (Cy5) let-7b (100 pM] was incorporated onto
AGO2 immobilized to a glass slide dynamically at a rate
of ~190 molecules per second per micromole (Fig. 3D;
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Figure 2. AUF1 promotes AGO2-microRNA interactions. (A) HeLa
cells were transfected with either AUF1-directed siRNA or control
(Ctrl) siRNA and analyzed 48 h later. The steady-state levels of
AUFI1, AGO?2, and housekeeping protein Actin as well as the levels
of AGO2 in the immunoprecipitation (IP) samples were assessed by
Western blot analysis. (B,C) Forty-eight hours after transfecting
HeLa cells with the siRNAs shown in A, let-7b—~AGO2 associations
were assessed by RIP analysis (B), and the total levels of let-7b and oth-
er microRNAs relative to loading control U6 were assessed by North-
ern blot analysis (C). (D) RIP analysis of AGO2 interaction with let-7b
(Ieft) and Northern blot analysis of the steady-state levels of the
microRNAs shown (right) were carried out in wild-type (WT) and
Auf1~/~ MEFs. (E) Binding of let-7b to purified recombinant AGO2.
Following incubation and immunoprecipitation, the abundance of
let-7b was assessed by Northern blot analysis, and the proteins in
the reaction were visualized using Coomassie blue stain (AGO?2,
MBP, AUF1 p37, and AUF1 p37 C207E). Datain A, C, D, and E are rep-
resentative of three independent experiments; data in B and D repre-
sent the means = SD of three independent experiments.

Supplemental Fig. S3A). If AUF1 competed with AGO2
for binding let-7b, Cy5-let-7b prebound to recombinant
AUF1 p37 (at an excess concentration of 100 nM, thus en-
suring that all of let-7b was bound to p37 AUF1) would not
be transferred to AGO2. Instead, AUF1 was found to trans-
fer Cy5-let-7b to AGO2 at a rate of 126 molecules per sec-
ond per micromole (Fig. 3D). This rate of transfer was only
slightly slower when let-7b and AUF1 p37 were added at
the same time without preloading (94 molecules per sec-
ond per micromole) (Fig. 3D), further indicating that
AUF1 and AGO2 did not compete for binding to let-7b
and supporting the enhanced levels of AGO2-let-7b com-
plexes in the presence of AUFI (Fig. 2). As controls, HuR
did not transfer let-7b to AGO2 at all, and AUFI did not
transfer another microRNA (miR-21) to AGO2 (Fig. 3D).
To test the loading efficiencies of let-7b to AGO2, we
compared Cy5-let-7b signals 10 min after injection of
let-7b, reflecting binding events that had occurred be-
tween 0 and 600 sec of exposure to Cy5-let-7b. As shown,
without AGO2 immobilization, virtually no Cy5-let-7b
was bound to the glass slide regardless of the presence of
AUFI1 p37, but, in the presence of immobilized AGO2,
there were numerous Cy5-let-7b spots whether or not
p37 AUF1 was present (Fig. 3E). Other AUFI isoforms

AUF1 transfers let-7b to AGO2

that bound let-7b with lower affinity (p40, p42, and p45)
(Fig. 1; Supplemental Fig. S1A) did not transfer Cy5-let-
7b to AGO2 efficiently (Supplemental Fig. S3B,C). As a
further control, immobilization of human HILI (hHILI), a
member of the AGO/PIWI family that associated with
small RNAs (piwi-RNAs) but not microRNAs, did not
bind Cy5-let-7b alone or when complexed with AUF1
p37 (Supplemental Fig. S3D). Finally, to gain further in-
sight into the AUF1-let-7b complex that yields let-7b to
AGO?2, we treated let-7b alone and AUF1-let-7 complexes
with RNase A before loading them onto AGO2 slides; as
shown in Figure 3E, AUFI effectively protected let-7b
from degradation by RNase A treatment and successfully
yielded (“passed on”) let-7b to AGO2. Together, the sin-
gle-molecule experiments indicate that microRNA let-
7b can be mobilized from AUF1 p37 to AGO2 and suggest
that AUF1 p37 might protect microRNAS in transit to
AGO2. In sum, the results obtained using a variety of
binding experiments—single-molecule experiments, in-
tact cell assays, assays in cell lysates, and in vitro experi-
ments—all support a model in which AUF1 enhances
the formation of AGO2-let-7 complexes.

AUF1-enhanced AGO2-Iet-7b interaction promotes
let-7b-mediated target mRNA repression

To conclude, we investigated whether this AUF1-facili-
tated microRNA transfer paradigm impacts on AGO2-
let-7 activity. To study the influence of AUF1 on let-7 tar-
get mRNA expression, we compared the data sets “total
RNA-seq (RNA sequencing) after AUF1 overexpression”
(which reached twofold to threefold higher levels than en-
dogenous AUF1) (Yoon et al. 2014) and “mRNAs predict-
ed to be let-7 targets.” The abundance of let-7 target
mRNAs decreased when each isoform of AUF1 or all iso-
forms together were overexpressed in HEK293 cells com-
pared with nontarget mRNAs (Supplemental Fig. S4A).
Among the AUFI-regulated mRNAs (Yoon et al. 2014),
we identified two mRNAs bearing let-7b target sites pre-
dicted computationally (TargetScan) and confirmed ex-
perimentally (miRTCat) (Fig. 4A; Kim et al. 2013): PDP2
and POLR2D mRNAs, encoding pyruvate dehydrogenase
phosphatase catalytic subunit 2 and polymerase RNA II
polypeptide D, respectively. RIP experiments could not
be performed for individual AUF1 isoforms because each
isoform lacks a unique epitope, and thus isoform-specific
antibodies are not available.

As shown in Figure 4B, silencing AUF1 (all isoforms, as
silencing individual isoforms is not technically possible
due to the absence of isoform-specific mRNA regions)
(<25% as shown in Fig. 2A) increased the steady-state
abundance of these mRNAs by approximately twofold rel-
ative to control cells (Ctrl siRNA). Treatment with actino-
mycin D to shut off transcription revealed that the half-
lives of PDP2 and POLR2D mRNAs, as quantified by
RT-qPCR analysis (Fig. 4C), increased robustly after si-
lencing AUFI1, while the half-life of GAPDH mRNA (a
stable mRNA encoding a housekeeping protein) was unaf-
fected by AUFI levels, indicating that AUFI selectively
lowered the stabilities of PDP2 and POL2D mRNAs. We
also found that the half-lives of PDP2 and POL2D mRNAs
increased after AGO2 silencing and decreased after let-7b
overexpression and that joint silencing of AGO2 and
AUF]1 further increased the levels of these shared targets
(Supplemental Fig. S4B,C).
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To study this interaction by using a different approach,
HeLa cells were transfected with biotinylated precursor
let-7b (pre-let-7b), and, following lysis, streptavidin beads
that pulled down let-7b were found enriched in PDP2 and
POLR2D mRNAs but not in lysates from cells transfected
with nonbiotinylated control let-7b (Fig. 4D). RIP analysis
showed that silencing AUF1 decreased the abundance of
AGO2-PDP2 mRNA and AGO2-POLR2D mRNA com-
plexes (Fig. 4E), supporting the observation that let-7b
overexpression prevented the rise in PDP2 and POL2RD
mRNAs achieved by silencing AUF1 (Fig. 4B). Additional
reporter analysis using the firefly luciferase coding se-
quence with the POLR2D 3' UTR (inserted into the parent
vector pMirTarget) revealed that AUFI silencing in-
creased the stability of the reporter mRNA, while a mu-
tant reporter without the let-7b seed sequence was
resistant to changes in AUF1 abundance (Fig. 4F). Collec-
tively, these data indicate that AUFI can enhance the
function of let-7b~AGO2 in lowering the stabilities of
PDP2 and POLR2D mRNAs.

Implications of AUF1-facilitated AGO2-Iet-7b
complex formation and function

Numerous AUFI-mRNA interactions have been studied
using a variety of in vitro and in vivo methods (Zucconi

et al. 2010; Yoon et al. 2014). Our findings show that
AUF1 can also bind some microRNAs (Fig. 1); AUF1 p37
in particular showed strikingly high affinity for let-7b. In-
deed, the association of AUFI and let-7b (~5.9 nM) is in
the range of affinity of AGO2 for microRNAs (K4=10-
80 nM) (Tan et al. 2009). Together with the finding that
HuR binds let-7b and let-7i with comparable affinities
(Kg=1.4 and 9.6 nM, respectively) (Yoon et al. 2013), it
is possible that other RBPs are also functionally linked
with AGO2 and perhaps are linked more broadly with oth-
er AGO proteins.

Possible mechanisms by which RBPs influence AGO2
function include transferring of microRNAs from the
RBPs to AGO2, RBPs usurping AGO2 in the RISC, and
RBPs competing with AGO2 for binding to microRNAs
after microRNA maturation by Dicer in nucleus. In this
regard, it is important to mention recent evidence that
only a fraction of mature microRNAs, possibly as little
as 10%, is bound to AGO proteins, while most micro-
RNAs are bound to mRNAs in the absence of AGO pro-
teins (Janas et al. 2012). The model in which AUF1 can
facilitate the transfer of microRNAs to AGO2 is support-
ed by the single-molecule-binding data (Fig. 3; Supple-
mental Fig. S32), which substantiates a role for AUF1 as
an RBP that can “capture” a mature microRNA such as
let-7b (perhaps thanks to its high affinity, 5.9 nM) and

“present” or “transfer” microRNAs to
AGOQO2. According to this mode of ac-
tion, we propose that AUFI facilitates

the formation of AGO2-let-7 complexes
(Fig. 4G) and the subsequent targeting of
: transcripts such as PDP2 and POLR2D
mRNAs, which bear let-7 sites. Estab-
lishing whether this function is also
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Figure 3. AUFI promotes loading of let-7b on AGO2. (A) Schematic of recombinant AGO2
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the loading of Cy5-labeled let-7b RNA, the presence of label on each human AGO2
(hAGO2) molecule was assessed by measuring fluorescence intensity. (C ) Representative trac-
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E are representative of three independent experiments; data in D represent the means + SD of

three independent experiments.
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elicited by other AUF1l-bound micro-
RNAs will require further investigation.
Future studies should also examine

D whether the loading of microRNAs
ey onto AGO2 is facilitated more broadly
let7b ¢ AUFT by other RBPs, a feature that would ex-
TS ¢ U1 pand the ever-increasing functions of ri-
i bonucleoprotein complexes.
miR-21
miR-21 + AUF1 Materials and methods

o 100

200

Loading rate

Cell culture, transfection, sSiRNAs,
(molecules/secpM)

microRNAs, and plasmids

Human HeLa cells and MEFs were cultured in
DMEM (Invitrogen) supplemented with 10% (v/v)
FBS and antibiotics. To measure mRNA stability,
HeLa cells were treated with 2.5 pg/mL actinomy-
cin D for varying time periods, whereupon total
RNA was extracted and measured by RT-qPCR
analysis to determine their half-lives (t1, the
time needed for each transcript to reach 50% of its
original abundance). Cells were transfected (Lipo-
fectamine 2000, Invitrogen) with 20 nM siRNAs
(control [UUCUCCGAACGUGUCACGUATAT]
or directed to AUFI [AAGATCCTATCACAGGG
CGAT]) or 10 nM pre-let-7b (Ambion). AGO2
siRNA was purchased from Santa Cruz Biotechnol-
ogy. Plasmids that expressed Flag-tagged AUF1
were described previously (Sarkar et al. 2003) and
were transfected at 1-2 pg/mL (pcDNA and
pcDNA-AUFI1). Cells were typically analyzed 48 h
after transfection.



Humber of shared AUF1- 251 Cirl siRA
A and let.T targat mRHAS Bai bl ke C 2 p;mmm POLRZD mANA - m;oum:a
AUF1 targets  let.7 targets zZ 100 : i . 3
(T154 mRNAS) (6469 mAthAs) Ex 151 =
10 g
J 1 g
9 os H
e -
Ed < g
== 20 2 1o Cinl siRNA ~5.5 1 C1rl SiRNA ~45h Cirt siRtA 6.0 h
EE . | AUFT SiRNA 36.0 8 AUF1 SiRNA *6.00 AUF1 SRNA *6.00
e : T 1 T T
CCND1 ~ CASPI é 104 Ll I 60 E L] 2 4 [}
IGFIR CPEE2 9 05 4 - Time (h) in actinomycin D
IGF2BP2  PHC3 5
MAPKE FRAS1 5
NAPILT  FDP2 o
PTP4A2  POLR2D E 0igG P R AGOZ IP
uTP1S
D . £
o S - P
g fla — fi
- 4
53 Predet.7h Eﬁ ; E§ 3
& - <
a2 BiotinPrelet7h 2‘: 5 %‘g z
i 5. T
R ; E% ST em aw E% " uF
POPZMANA  POLR2D mRNA! £ AUF1 £ mo AUFT
IGAPDH mANA IGAPDH mithi siRtlA - siRNA siRNA - siRNA
POLRZD WY  DAACC
F [T [ITIATIT M let-Tb
le1-75 UUGGUCUGUUOOATGADGOAGT A -J\F
POLRZD 13 U}ul' ‘ill.rl\l!_ll ::UUUU"S!\IL'NJU"IL" G -A
mut W X GACA 485 2338 A
piTorgecPOLRZOGUTR) [ SN —
*
pMiTorget POLRIOG VTRt —{ TR} —
.JL_J\.
4 oL .
00 oz H""—'—::.
9
E l....0
F-d T
z ® WT control siRthtA
H | WT AUF1 SiRNA
& & Mutant control SiRINA
# Mutand AUF1 siRNA
y ‘ Diffusion AUF1-mediated
04 presentation
(inefficient)
T T T T T T
5 3 {efficient)

L} 90 3
Time (h] in actinomycin D

Figure 4. AUFI cooperates with AGO2-let-7 in the decay of shared target mRNAs. (A) Overlap of
AUF1 and let-7 target transcripts and list of representative 13 shared mRNAs. (B) Forty-eight hours
after silencing AUF1 or overexpressing let-7b, the abundance of PDP2 and POLR2D mRNAs was as-
sessed by RT-qPCR analysis. (C) Forty-eight hours after transfecting HeLa cells with the siRNAs in-
dicated, the half-lives (t,/,) of PDP2 mRNA, POLR2D mRNA, and GAPDH mRNA (a control stable
mRNA encoding a housekeeping protein) were quantified by measuring the time required for reduc-
ing transcript levels to 50% of their original abundance after adding actinomycin D. (D) Forty-eight
hours after transfecting HeLa cells using precursor let-7b (pre-let-7b) with or without a biotin label,
the association of PDP2 and POLR2D mRNAs with let-7b was assessed by analysis of the RNA pre-
sent in the pull-down using streptavidin beads; mRNAs were measured by RT-qPCR analysis. (E) For-
ty-eight hours after transfecting HeLa cells with control (Ctrl) siRNA or AUF1 siRNA, the
association of PDP2 and POLR2D mRNAs with AGO2 was assessed by RIP and RT-qPCR analysis;
enrichments in each immunoprecipitation was normalized to GAPDH mRNA levels. (F) Forty-
eighty hours after transfecting HeLa cells with luciferase reporter constructs (shown at the top)
and the siRNAs indicated, the half-lives of wild-type reporter mRNA [FL-POLR2D(3' UTR)] and
the mutant reporter mRNA [FL-POLR2D(3 UTR)mut] as well as the stable control transcript
GAPDH mRNA were quantified by measuring their abundance as explained in C. (G) Proposed mod-
el of AUF1 function in capturing a mature microRNA (let-7) and transferring it to AGO, facilitating
the formation of AGO2-microRNA complexes. Data in B-F are the means + SD from three indepen-
dent experiments. (*) P < 0.05.

Western and Northern blot analysis

AUF1 transfers let-7b to AGO2

RIP analysis

For immunoprecipitation of endogenous
RNP complexes (RIP analysis) (Keene et al.
2006; Yoon et al. 2012b) from whole-cell ex-
tracts, cells were lysed in 20 mM Tris-HCl
(pH 7.5), 100 mM KCl, 5 mM MgCl,, and
0.5% NP-40 for 10 min on ice and centri-
fuged at 10,000g for 15 min at 4°C. The su-
pernatants were incubated with protein
A-Sepharose beads coated with antibodies
that recognized AGO2 (Abcam) or AUF1
(Millipore) or with control IgG (Santa Cruz
Biotechnology) for 1 h at 4°C. After the
beads were washed with NT2 buffer
(50 mM Tris-HCl at pH 7.5, 150 mM NaCl,
1 mM MgCl,, 0.05% NP-40), the complexes
were incubated with 20 U of RNase-free
DNase I for 15 min at 37°C and further incu-
bated with 0.1% SDS and 0.5 mg/mL Pro-
teinase K for 15 min at 55°C to remove
DNA and proteins, respectively. The RNA
isolated from the immunoprecipitation ma-
terials was further assessed by RT-qPCR
analysis using the primers listed (Supple-
mental Table S1). Normalization of RIP re-
sults was carried out by quantifying in
parallel the relative levels of U6 snRNA
(for RIP analysis of small RNAs) and
GAPDH mRNA (for RIP analysis of longer
RNA) in each immunoprecipitation sample.
These abundant RNAs were nonspecific
contaminants present in the immunoprecip-
itation components (such as the microfuge
tube and beads).

RNA analysis

Trizol (Invitrogen) was used to extract total
RNA, and acidic phenol (Ambion) was
used to extract RNA for RIP analysis (Keene
et al. 2006; Yoon et al. 2012b). Reverse tran-
scription was performed using random hex-
amers, reverse transcriptase (Maxima,
Thermo Scientific), real-time quantitative
qPCR using gene-specific primers (Supple-
mental Table S4), and SYBR Green master
mix (Kapa Biosystems) using an Applied Bio-
systems 7300 instrument. MicroRNA quan-
titation was performed after RNA extraction
from immunoprecipitated samples (with
anti-AGO2 or control IgG), polyadenylation
(System Biosciences QuantiMiR kit), and
hybridization with oligo-dT adaptors. After
reverse transcription, cDNAs were quanti-

tated by qPCR with microRNA-specific primers or with primers to detect

the control transcript U6 along with a universal primer.

Whole-cell lysates prepared in RIPA buffer were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitro-

cellulose membranes (iBlot Stack, Invitrogen). Primary antibodies recog-
nizing Actin, AGO2, and AUF1 were from Santa Cruz Biotechnology,
Abcam, and Millipore, respectively. HRP-conjugated secondary antibodies
were from GE Healthcare. Northern blot analysis was performed as de-
scribed (Supplemental Material; Yoon et al. 2010).

Anisotropy analysis

Recombinant His-tagged AUF1 or mutant AUF1 was generated in Escher-
ichia coli and purified as described previously (Zucconi et al. 2010). AUF1L
binding to 3'-fluorescein-tagged let-7b, miR-21, or miR-130b (Sigma) was
evaluated by changes in the fluorescence anisotropy of the tagged micro-
RNA substrates as a function of protein concentration essentially as de-
scribed (Supplemental Material; Zucconi et al. 2010).

RNA EMSA

Complex formation between AUFI and selected microRNA substrates
was monitored by RNA EMSA essentially as described (Supplemental Ma-
terial; Wilson and Brewer 1999). MicroRNA substrates were radiolabeled
with [y-*?P]JATP by T4 polynucleotide kinase to a specific activity of 3 x
10 to 5 x 10® cpm/fmol and incubated with recombinant purified proteins
at different concentrations (up to 1 uM).

Single-molecule-binding analysis

Quartz slides and cover slips were cleaned using piranha solution (concen-
trated sulfuric acid/hydrogen peroxide [30%; 3:1]) for 20 min and then coat-
ed with a 40:1 mixture of polyethylene glycol (m-PEG succinimidyl
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valerate; MW 5000, Laysan Bio, Inc.) and biotinylated polyethylene glycol
(biotin-PEG-SC; MW 5000, Laysan Bio, Inc.) to minimize nonspecific bind-
ing. The detection chamber consisted of a quartz slide and a coverslip con-
nected to a syringe pump (PHD 2000, Harvard Apparatus) via polyethylene
tubing (PE 50; BD) for buffer exchange during measurement. For surface
immobilization of human AGO2 (hAGO?2), streptavidin, anti-His antibod-
ies (6xHis tag antibody biotin-conjugated) (Rockland Immunochemicals,
Inc.), and hAGO?2 (Sino Biological, Inc.) were successively injected into
the detection chamber. Single-molecule fluorescence images were taken
using an internal reflection fluorescence microscope. Cy5 was excited by
a red laser (Exceisior-635-5¢, Spectra Physics) and imaged on an electron-
multiplying charge-coupled device (IXON DV597ECS-BV, Andor Technol-
ogy). The experiments were performed at 37°C in 20 mM Tris-HCI buffer
(pH 8.0) with 135 mM KCI, 1 mM MgCl,, and an oxygen scavenger system
(1 mM Trolox, 1 mg/mL glucose oxidase, 0.04 mg/mL catalase, 0.4% [w/v|
glucose [all from Sigma-Aldrich]). For the RNase digestion experiment,
Cy5-let-7b RNA was incubated with 1 U of RNase A (Invitrogen) in
20 mM Tris-HCI buffer (pH 7.5) with 135 mM KCl and 1 mM MgCl, for
5 min at 37°C before injection.
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