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ABSTRACT

MicroRNA (miRNA) biogenesis is tightly regulated
by numerous proteins. Among them, Dicer is
required for the processing of the precursor
(pre-)miRNAs into the mature miRNA. Despite its
critical function, the mechanisms that regulate
Dicer expression are not well understood. Here we
report that the RNA-binding protein (RBP) AUF1
(AU-binding factor 1) associates with the endogen-
ous DICER1 mRNA and can interact with several
segments of DICER1T mRNA within the coding
region (CR) and the 3'-untranslated region (UTR).
Through these interactions, AUF1 lowered DICER1
mRNA stability, since silencing AUF1 lengthened
DICER1 mRNA half-life and increased Dicer expres-
sion, while overexpressing AUF1 lowered DICER1
mRNA and Dicer protein levels. Given that Dicer is
necessary for the synthesis of mature miRNAs, the
lowering of Dicer levels by AUF1 diminished the
levels of miRNAs tested, but not the levels of the
corresponding pre-miRNAs. In summary, AUF1
suppresses miRNA production by reducing Dicer
production.

INTRODUCTION

In mammalian cells, post-transcriptional processes are
regulated by two main types of factors, RNA-binding
proteins (RBPs) and non-coding RNAs. RBPs govern
pre-mRNA splicing as well as mRNA processing, trans-
port, storage, stability and translation (1-3). Through
their influence on protein expression patterns, RBPs
regulate cellular processes including differentiation,
survival, senescence, and the responses to stress and

immune signals (4-8). Among the large family of RBPs,
translation and turnover regulatory(TTR)-RBPs (9)
associate primarily with 5 and 3’ untranslated regions
(UTRs) of target mRNAs and modulate their cytoplasmic
fate. TTR-RBPs often interact with AU-rich elements
(AREs), but they may also have affinity for other
sequences [e.g. U-, GU-, C- or G-rich sequences
(10-14)], and they mainly regulate the turnover and the
translation of target mRNAs. For example, Hu/elav
proteins (HuR, HuB, HuC and HuD) and nucleolin
enhance mRNA stability and modulate translation,
whereas T-cell-restricted intracellular antigen-1 (TIA-1)
and TIA-1-related protein TIAR typically suppress trans-
lation but can also promote the stability of a subset of
mRNAs  (10,15-18). In  contrast, the RBPs
KH-homology splicing-regulatory protein (KSRP),
tristetraprolin (TTP), butyrate response factor-1 (BRF1)
and CUG triplet RNA-binding protein 1 (CUG-BP) gen-
erally promote target mRNA decay (14,19-21).

The TTR-RBP AU-binding factor 1 (AUF1), also
known as heterogencous nuclear ribonucleoprotein D
(hnRNPD) promotes the decay of many target mRNAs,
but it was also reported to enhance the stability and trans-
lation of some target transcripts (22-25). Alternative
splicing of the AUFI pre-mRNA gives rise to four
isoforms (p37, p40, p42 and p45); although all of them
contain two RNA-recognition motifs (RRMs), they each
exhibit different affinity for target transcripts and have
distinct influence on their post-transcriptional fate (26).
The promotion of mRNA degradation by AUF1 was
linked to the AUF1-mediated recruitment of mRNAs to
the exosome and the proteasome, multiprotein complexes
specialized in 3'— 5" exoribonuclease activity and proteoly-
sis, respectively (27,28). AUFI1 target mRNAs encode
proteins implicated in processes such as cell-cycle progres-
sion (e.g. cyclin D1, p21, c-Myc), apoptosis (e.g. Bcl-2) and
the stress response (e.g., Gadd45a, ATF3) (25,26,29).
Additionally, overexpression of AUFI1 triggered the
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development of sarcomas (30) and high AUF1 levels were
detected in numerous malignancies, including cancers
of the breast, skin, thyroid and liver (reviewed in (25)).
Mice lacking AUF1 had an exacerbated inflammatory
response, revealing a further role for AUFI in inflamma-
tory diseases (31).

During recent studies to identify AUF1 target mRNAs
en masse (29), we discovered that AUF1 had affinity for
DICERI mRNA, the transcript that encodes the protein
Dicer. A cytoplasmic RNase III-type endoribonuclease,
Dicer binds short precursor (pre)-microRNAs (~70-nt
long) and assists with their processing into mature
microRNAs (miRNAs, ~22-nt in length) (32). MiRNAs
constitute an important class of non-coding (nc)RNAs
that regulate gene expression post-transcriptionally.
They function most commonly by associating with target
mRNAs with partial complementarity, causing reduced
stability and/or translation of the target mRNAs.
Through its influence on miRNA biosynthesis, Dicer in-
fluences cell-cycle progression, senescence, stem cell main-
tenance and tumorigenesis (33,34). Dicer-null mice
showed lethality early in embryonic development due to
the depletion of the stem cell population (35). Despite its
important roles in cellular homeostasis, the mechanisms
that control Dicer expression are virtually unknown. At
the transcriptional level, Dicer expression is positively
regulated by Tap63 in mice (36) and post-transcriptionally
it is negatively regulated by let-7 and miR-103/107
(36-39). Therefore, we investigated the possible effect of
AUFI on Dicer production. After establishing that AUF1
associated with multiple segments of the DICERI mRNA,
including parts of the coding region (CR) and the 3UTR,
we discovered that AUFI lowered DICERI mRNA sta-
bility and confirmed this finding by studying heterologous
reporters. This regulation was further reflected on the
inverse correlation in AUF1 and Dicer levels in cancer
and normal tissues, with cancer tissues showing relatively
higher AUF1 and lower Dicer, whereas in normal tissues
AUF1 levels were lower and Dicer levels higher.
The AUFI1-mediated reduction of Dicer led to the select-
ive decrease in the abundance of numerous miRNAs
without parallel declines in the corresponding pre-
miRNAs. In summary, AUF1 lowers DICERI mRNA
stability, in turn reducing Dicer abundance and the
levels of mature miRNAs.

MATERIALS AND METHODS
Cell culture, transfection, small RNAs and plasmids

HeLa cells were cultured in Dulbecco’s modified essential
medium (DMEM, Invitrogen) supplemented with 10%
fetal bovine serum and antibiotics. HCT116 cells were
cultured in McCoy’s 5A medium (Invitrogen) supple-
mented with 10% fetal bovine serum and antibiotics.
Control small interfering RNA (Ctrl siRNA), AUFI
siRNA and Dicer siRNA directed to DICERI 3UTR
were from Qiagen; Dicer siRNA directed to the Dicer
CR was from Santa Cruz. Plasmid pEGFP expressed
enhanced green fluorescent protein (EGFP); plasmid
pEGFP-DICERI1(3"), the DICERI 3'UTR reporter

construct, was made by inserting cDNA corresponding to
the DICERI 3UTR c¢DNA into pEGFP-C1 (BD
Bioscience); plasmid pcDNA-Dicer (pFRT/TO/FLAG/
HA-DEST DICER), spanning only the DICERI CR but
not the DICERI 3'UTR, was from Addgene. All plasmids
and siRNAs were transfected with Lipofectamine-
RNAIMAX or Lipofectamine-2000 (Invitrogen). When
comparing the expression of EGFP reporter constructs,
EGFP protein signals were quantified in all lanes, and
fold differences in EGFP protein levels in Ctrl siRNA
relative to AUF1 siRNA were calculated for each
plasmid group; fold differences were subsequently
compared between plasmid transfection groups.

Western blot analysis

Whole-cell lysates were prepared using RIPA buffer
[10mM Tris—HCI (pH 7.4), 150mM NaCl, 1% NP-40,
ImM EDTA, 0.1% SDS and ImM dithiothreitol],
separated by electrophoresis in SDS-containing polyacryl-
amide gels, and transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore). Incubations with primary
antibodies to detect Dicer, AUF1, EGFP (Santa Cruz
Biotech) or B-actin (Abcam), were followed by incubations
with the appropriate secondary antibodies conjugated with
horseradish peroxidase (HRP) (GE Healthcare) and by de-
tection using enhanced luminescence (GE Healthcare).

Immunohistochemistry

Immunohistochemistry was performed on tumor and
normal tissue arrays (US Biomax, Inc., Rockville, MD).
The array slides were subjected to heat-induced epitope
retrieval, incubation with primary antibodies [monoclonal
anti-Dicer antibody (Abcam) and polyclonal anti-AUF1
antibody (Millipore)] used at 1:2000 dilution. Signals were
detected using the LSAB+ system (Dako).

RNA analysis

Total RNA was prepared from whole cells using Trizol
(Invitrogen) and from RNP IP samples as explained
below. After reverse transcription (RT) using random
hexamers and SSII reverse transcriptase (Invitrogen) for
mRNA or using QuantiMir RT Kit (System Biosciences)
for precursor and mature miRNA (details below) and U6
snRNA, the abundance of transcripts was assessed by
real-time, quantitative (q)PCR analysis using the SYBR
green PCR master mix (Kapa Biosystems) and gene-
specific primer sets (below). RT-qgPCR analysis was
performed on Applied Biosystems model 7300 and 7900
instruments. To measure the abundance of mature and pre-
cursor miRNAs, the QuantiMir detection kit (System
Biosciences) was used. Briefly, all cellular RNA was
polyadenylated using Poly(A) polymerase at 37°C for 10
min, whereupon the oligo-dT adaptor was added to the
reaction and annealing was allowed to proceed for 5min
at 60°C. After RT, mature miRNAs were detected with
forward primers that hybridized with the miRNAs.
Pre-miRNAs were detected using forward primers that spe-
cifically hybridized with the pre-miRNA (but not the
mature miRNA). In both cases, a reverse universal
primer was used for gPCR amplification.



The forward and reverse primers were TGCACCACCA
ACTGCTTAGC and GGCATGGACTGTGGTCAT
GAG for GAPDH mRNA, and TTCCTCACCAATGG
GTCCTTT and GCTTCAAGCAGTTCAACCTGAT
for DICERI mRNA. Specific forward primers were CTA
TACAATCTACTGTCTTTC for miR-let-7a, CTATACA
ACCTACTGCCTTCCC for miR-let-7b, TAGAGTTAC
ACCCTGGGAGTTA for miR-let-7c, CTATACGACCT
GCTGCCTTTCT for miR-let-7d, CTATACGGCCTCCT
AGCTTTCC for miR-let-7e, CTATACAATCTATTGCC
TTCCC for miR-let-7f, CTGTACAGGCCACTGCCT
TGC for miR-let-7g, TTGCATAGTCACAAAAGT
GATC for miR-153, TAAGGCACGCGGTGAATGCC
for miR-124, TAAAGTGCTGACAGTGCAGAT for
miR-106b, AAAAGTGCTTACAGTGCAGGTAG for
miR-106a, TACAGTACTGTGATAACTGAA for miR-
101, CAAAGTGCTTACAGTGCAGGTAG for
miR-17-5p, TAAAGTGCTTATAGTGCAGGTAG
for miR-20a, TAGCAGCACGTAAATATTGGCG for
miR-16, TACCCTGTAGATCCGAATTTGTG for miR-
10a, AAAGTGCATCCTTTTAGAGTGT for miR-519a,
CAAAAATCTCAATTACTTTTGC for miR-548¢c-3p, G
TCCAGTTTTCCCAGGAATCCCT for miR-145, TGA
AACATACACGGGAAACCTC for miR-494, TTCCCT
TTGTCATCCTATGCCT for miR-203 and CAGTGCA
ATGTTAAAAGGGCAT for miR-130a, CAAAAACCA
CAGTTTCTTTTGC for miR-548d-3p, CATCTTACCG
GACAGTGCTGGA for miR-200a, for AGGCAGTGTA
GTTAGCTGATTGC for miR-34c-5p, TGGCTCAGTTC
AGCAGGAACAG for miR-24 and AAAGTGCTTCCT
TTTAGAGGGT for miR-520c-3p. The precursors of
let-7b, ¢ and e were detected using the following primers,
respectively; CTATACAACCTACTGCCTTCCCTG, CA
ACCTTCTAGCTTTCCTTGGAGC and TACGGCCTC
CTAGCTTTCCCCAGG. Small nuclear RNA U6, pri-
mer sequence CACCACGTTTATACGCCGGTG, was
used for normalization.

For mRNA stability analysis, transfected cells were
treated with 2 pg/ml actinomycin D and the levels of
DICER!I mRNA in each transfection group were
measured by RT-qPCR from total RNA using DICERI-
specific primer pairs (see above). GAPDH mRNA was
measured as a control transcript encoding a housekeeping
protein. The levels of DICERI and GAPDH mRNAs were
normalized to 18S rRINA levels and plotted as the percent-
age of mRNA remaining compared with the levels of the
same mRNA at time zero.

Northern blot analysis

Northern blot analysis was performed as described previ-
ously (40,41). Briefly, total RNA was prepared by using
miRNeasy (Qiagen) and separated using precast TBE-
Urea gel (Invitrogen). After transfer, Nylon membranes
(iBlot, Invitrogen) were UV-crosslinked and hybridized
with DNA oligonucleotides complementary to miRNA or
U6 that had been end-labeled with *P-ATP. Images were
acquired with a Typhoon Scanner (GE Healthcare). The
probes used were AACCACACAACCTACTACCTCA to
detect let-7, CTGTTCCTGCTGAACTGAGCCA to
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detect miR-24 and AAAATATGGAACGCTTCACGA
to detect U6.

Immunoprecipitation of RNP complexes

Endogenous mRNA-protein RNPs (ribonucleoproteins)
were precipitated from HeLa cytoplasmic lysates.
Lysates were prepared in a buffer containing 10 mM
Hepes, 100mM KCI, 5mM MgCl,, 25mM EDTA,
0.5% IGEPAL, 2mM DTT, 50 U/ml RNase out and
protease inhibitors. Lysates were incubated (1h, 4°C)
with a suspension of protein-A Sepharose beads precoated
with anti-AUFlor rabbit IgG. Beads were washed with
NT2 buffer (SO0mM Tris—=HCI pH 7.5, 150mM NaCl,
I mM MgCl,, 0.05% IGEPAL) and then incubated with
NT2 buffer containing RNase-free DNase I (15min,
30°C), washed with NT2 buffer and further incubated in
NT2 buffer containing SDS and Proteinase K to digest
proteins bound to the beads. RNA was extracted using
phenol and chloroform, precipitated in the presence of
glycoblue and used for further analysis.

Biotin pulldown analysis

PCR fragments containing the T7 RNA polymerase
promoter sequence were used as templates for in vitro
transcription as previously described (10). Biotinylated
transcripts were incubated with cytoplasmic lysates
(100 ug lysate, 3pug biotinylated RNA) for 30min at
room temperature, and complexes were isolated with
streptavidin-coated magnetic Dynabeads and analysed
using western blot analysis to detect AUF1.

Primers used to prepare biotinylated DICERI mRNA
transcripts (NM_177438.2) are listed below. After purifi-
cation of the template PCR products, biotinylated tran-
scripts were synthesized using MaxiScript T7 kit (Ambion)
and whole-cell lysates (200 pg per sample) were incubated
with 3 pg of purified biotinylated transcripts for 30 min at
room temperature, whereupon complexes were isolated
with  Streptavidin-coupled Dynabeads (Invitrogen).
AUF]1 present in the pulldown material was assessed by
western blot analysis as described (10). To synthesize
biotinylated transcripts, PCR fragments were prepared
using forward primers that contained the T7 RNA poly-
merase promoter sequence [(T7), CCAAGCTTCTAATA
CGACTCACTATAGGGAGA]. Primers used to prepare
templates were as follows: (T7)CGGAGGCGCGGCGCA
GGCT and TCATCCAGTGTTTCTTTCATTGC for
SUTR, (TT) ATGAAAAGCCCTGCTTTGCA and CCA
CTCAACGCTTTCAAACT for CR-A, (T7) TAAACCA
TATGAGCGACAGC and AAGTTGAGTTCATCAG
GTAAAG for CR-B, (T7) GAATGGTTTTAACTACAC
CTT and CTGTAAGATCTGCTGAAACT for CR-C,
(T7)CCTGGTAAGCTCCACGTT and CGCTATGCTT
TTGTCAGCAAT for CR-D, (T7)CTTGCACACTGAG
CAGTG and TCAGCTATTGGGAACCTGA for CR-E,
(TT) AACCGCTTTTTAAAATTCAAAAC and CTAAG
GGTAAAGGTGCTG for 3UTR-A, (T7)TACTTATTT
AAGAAGCAAAACAC and CAGGAATCAAGAGAA
TCC for 3UTR-B, (T7)CCCAGTGTTACGGGATT
and ATTTTAAAAGACAATTACAGGAG for 3’UTR-
C, (T TCTAACACTCCTGTAATTGTC and GAACA
GACGATAACTTTATTGG for 3’UTR-D.
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RESULTS
AUFT1 interacts with Dicer mRNA

To directly test if AUF1 interacts with DICERI mRNA,
human cervical carcinoma (HeLa) cell lysates were used
in ribonucleoprotein (RNP) immunoprecipitation (RIP)
assays using an anti-AUF1 antibody under conditions
that preserved RNP integrity. As seen in Figure 1A, p40
and p42 are typically the most abundant AUF1 isoforms
and run as a single middle band; long and short exposures
of the AUF1 western blot analysis are shown, in order to
visualize all AUF1 isoforms present in the IP reaction.
The RNA present in the IP was isolated and subjected
to RT and quantitative real-time (q)PCR analysis to
monitor the levels of DICERI mRNA in the AUF1 IP
relative to the control (IgG) IP. As shown in Figure 1A
(graph), DICERI mRNA was enriched more than 5-fold
in AUF1 IP samples compared with IgG IP samples,

A IP IP

Input  AUF1 1gG Input  AUF1 1gG

indicating that DICERI mRNA is a part of AUF1 RNP
complexes.

We also studied if endogenous AUF1 was capable of
binding different recombinant fragments of DICERI
mRNA by using the biotin pulldown assay. Biotinylated
RNAs spanning the DICERI SUTR, CR and 3’UTR were
synthesized (Figure 1B, top) and their interaction with
AUF1 was studied after incubating them with HeLa cyto-
plasmic lysates and using streptavidin-coated beads to
pulldown the resulting RNP complexes. By western blot
analysis to identify AUF1 present in the complex, we did
not detect any association between AUF1 and a negative
control (GAPDH RNA) which does not bind AUFI.
AUF1 showed only modest association with biotinylated
RNAs containing DICERI 5UTR; of the five segments
spanning the DICERI CR, AUF1 showed stronger associ-
ation with fragment C. The full-length 3'UTR of DICERI
mRNA (FL) was divided into four fragments; two of these
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Figure 1. AUFI binds DICERI mRNA. (A) Left, AUF1 was detected by IP followed by western blot analysis. The four AUFI isoforms are
indicated; p40 and p42 generally migrate together. H.C., immunoglobulin heavy chain; L.C., immunoglobulin light chain. Long and short exposures
of the western blot are provided. Right, RNP IP analysis of AUF1 interaction with DICERI mRNA. After IP of HeLa cell lysates, DICERI mRNA
was detected by RT-qPCR analysis and its levels were compared with those present in control IgG IP. The levels of GAPDH mRNA in each IP
group were used to normalize for sample input. Data (means and standard deviation, S.D.) are representative of three independent experiments.
(B) Top, schematic of the DICERI mRNA, including the SUTR, CR and 3'UTR; the biotinylated RNAs synthesized for use in biotin pulldown
analysis are shown as black or gray lines, and the nucleotide positions amplified are indicated. Botrom, biotinylated RNA was incubated with HeLa
cell lysates and the interaction of AUF1 with the biotinylated RNAs (DICERI mRNA segments and housekeeping control GAPDH 3'UTR) was
assessed by western blot analysis. Input, Spg of HeLa whole-cell lysate.



(A and B) showed more interaction with AUF1 than did
fragments C and D (Figure 1B, bottom). Earlier en masse
identification of AUF1 targets (29) predicted the existence
of four putative AUF1 sites in the 3UTR of the DICERI
mRNA [at positions 7272-7318 (within fragment B),
8366-8398, 8563-8595 (both within fragment C), and
9780-9812 (within fragment D) in variant NM_177438].
However, binding instead mapped primarily to fragments
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A and B, and only modest binding to C, but there was no
binding to fragment D.

These findings indicate that AUF1 associates with the
endogenous DICERI mRNA. In addition, as seen for
other TTR-RBPs, which can interact with multiple
segments of a target mRNA, including the CR and
3'UTR (42,43), AUF1 was capable of interacting with dif-
ferent parts of the DICERI mRNA.
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Figure 2. AUFI decreases Dicer expression. (A) Forty-eight hours after transfection with a control plasmid (pcDNA) or with plasmids expressing
each of the four AUF1 isoforms, the levels of AUF1, Dicer and B-actin were assessed by western blot analysis (/eff) and the levels of DICERI
mRNA by RT-qPCR (right). (B) Forty-eight hours after transfecting HeLa cells with either Ctrl siRNA or AUFI-directed siRNA, lysates were
prepared to assess the levels of AUF1, Dicer and loading control B-actin by western blot analysis (/eft) and DICERI mRNA and normalization
transcript GAPDH mRNA by RT-qPCR (right). (C) Western blot analysis of the levels of AUF1, Agol, Ago2 and loading control B-actin in HeLa
cells processed as explained in (B). (D) Forty-eight hours after transfection as described in panel (B), HeLa cells were treated with actinomycin D,
and RNA was collected at the times indicated. RT-qPCR analysis of the levels of DICERI and GAPDH mRNAs, after normalization to 18S rRNA
levels, was used to determine the half-life of each mRNA, defined as the time needed to reach 50% of its original abundance at time 0 h (dashed line).
Data in (A, B and D) are the means (£S.D.) of three independent experiments.



11536 Nucleic Acids Research, 2012, Vol. 40, No. 22

AUF1 regulates Dicer expression by reducing DICER1
mRNA stability

We tested the functional consequences of the association
between AUF1 and DICERI mRNA by modulating
AUF1 abundance in HeLa cells and monitoring its influ-
ence on Dicer expression. Overexpression of all four AUF1
isoforms significantly decreased the levels of endogenous
Dicer protein and DICERI mRNA (Figure 2A).
Conversely, silencing AUF1 by using specific AUFI-
directed small interfering (si)RNA, markedly increased
Dicer protein and DICERI mRNA levels compared with
what was seen in control (Ctrl siRNA) transfected cells
(Figure 2B), although AUF1 silencing did not affect the
levels of two other proteins implicated in miRNA
function, Argonaute (Ago)l or Ago2 (Figure 2C). These
data support the notion that AUFI1 suppresses Dicer
expression by lowering DICERI mRNA levels.

Given that modulating AUF1 changed DICERI
mRNA abundance (Figure 2A and B) and that a

prominent function of AUF1 is to promote target
mRNA decay, we investigated if AUF1 reduced DICERI
mRNA stability. Forty-eight hours after transfection of
HeLa cells with Ctrl or AUFI1-directed siRNAs, the cells
were treated with actinomycin D to block de novo tran-
scription and the half-life of DICERI mRNA was
measured by studying the rate of DICERI mRNA clear-
ance. As shown, DICERI mRNA was markedly more
stable in AUF1-silenced cells, with half-lives increasing
from ~2h to >6h; in contrast, the half-life of the house-
keeping GAPDH mRNA was not influenced by AUFI
silencing (Figure 2D). In sum, AUF1 promotes the deg-
radation of DICERI mRNA.

The AUF1-mediated DICERI mRNA decay elements
reside within both the DICERI CR and 3UTR

To investigate if AUFI1 regulates DICERI mRNA stabil-
ity through the region where it binds more extensively

A o —
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Figure 3. AUF1 regulates Dicer expression through the DICERI 3'UTR. (A) Schematic of the parent reporter plasmid pEGFP and the
pEGFP-DICERI1(3) reporter plasmid bearing the DICERI 3'UTR. (B) HeLa cells were transfected with a reporter construct, together with
either Ctrl siRNA or AUF1 siRNA; 48h after transfection, the levels of EGFP, AUFI and B-actin were assessed by western blot analysis (/eft)
and the levels of EGFP and EGFP-DICER(3') mRNAs (normalized to GAPDH mRNA levels and represented as % of EGFP mRNA levels in Ctrl
siRNA-trasfected cells) were assessed by RT-qPCR analysis (right). (C) Fluorescence microscopy to visualize GFP in cells transfected as in (B). The
data (means and +S.D.) are representative of three independent experiments.



(DICERI 3'UTR), we prepared the heterologous reporter
construct pEGFP-DICER1(3) (Figure 3A). Expression of
the heterologous reporter protein EGFP from EGFP
mRNA (encoded by the CR of the parent control
vector, pEGFP) was compared to EGFP expressed from
CR of the chimeric EGFP-DICERI(3) mRNA. By
western blot analysis, EGFP protein levels expressed
from pEGFP were unaltered by AUFI1 silencing; in
contrast, the levels of EGFP protein expressed from
pEGFP-DICER1(3’) were substantially higher after
silencing AUF1 (Figure 3B left). These changes in
EGFP protein abundance were mirrored by changes in
the expression of encoding transcripts [EGFP and
EGFP-DICER(3') mRNAs, Figure 3B right] as well as
by the green fluorescence of the transfected cultures
(Figure 3C). These findings indicate that there are
negative regulatory elements within the 3'UTR of
DICERI mRNA and that AUF1 elicits at least part of
its repressive actions through this region.

Since AUF1 was also found to interact with the
DICERI CR, we investigated whether AUF1 might elicit
its effects via this region as well. In HeLa cells, expression
of DICERI CR by transfection of an expression vector
lacking DICERI 3'UTR sequences (pcDNA-Dicer,
Materials and Methods) was increased in AUF1-silenced
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cells (Figure 4A, left), while AUF1 overexpression lowered
expression of the ectopic protein (Figure 4A, right). Since
HeLa cells express endogenous Dicer, we confirmed the
effect of AUF1 on DICERI CR by silencing endogenous
Dicer using siRNAs directed to the 3’UTR of the en-
dogenous DICERI mRNA [DICER(3’) siRNA]. Under
these conditions, AUF1 still had a repressive influence
on the expression of the Dicer CR (Figure 4B). That
DICER(3’) siRNA effectively reduced endogenous Dicer
levels was evidenced by the fact that Dicer signals
(endogenous and ectopic) were virtually undetectable
(2% of control cells; lane 4 in Figure 4B). If AUF1 had
reduced Dicer expression only through the DICER
3'UTR, all of the plasmid-expressed Dicer would have
remained detectable in lane 4. These results further sup-
ported the notion that AUF1 was capable of repressing
Dicer production through the DICERI CR. To study
if AUF1 lowered DICERI CR levels, we performed
RT-qPCR analysis of the ectopically expressed transcript.
The protein encoded by pcDNA-Dicer has a hemagglu-
tinin (HA) tag; while we were unable to detect the
HA tag by western blot analysis (not shown), the
HA tag RNA sequence was present in the mRNA
transcribed from the Dicer-expressing plasmid and
was readily detectable by RT-qPCR. As indicated in
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Figure 4. AUFI regulates Dicer expression through the DICERI CR. (A) HeLa cells were transfected with the plasmids and siRNAs shown; 48 h
later, the levels of Dicer, AUF1 and B-Actin were assessed by western blot analysis. Dicer signals were quantified by densitometry and represented as
a percentage of Dicer levels in the control group. (B and C) HeLa cells were transfected with a plasmid that expressed the Dicer CR (pcDNA-Dicer)
and the endogenous Dicer was silenced using a DICERI 3'UTR-directed siRNA. The consequences of AUF1 overexpression on Dicer protein
expression levels were assessed by western blot analysis (B), and the consequences on DICERI mRNA levels were measured by RT-qPCR analysis
(C). Data in panel (C) represent the means (£ SD) of three independent experiments.
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Figure 4C, the levels of the ectopic DICERI mRNA were
lower after AUF1 overexpression, supporting the idea that
the interaction of AUF1 with the DICERI CR also
contributed to the destabilization of the endogenous
DICERI mRNA.
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Inverse patterns of Dicer and AUF1 expression in a
tumor survey

To compare systematically the expression patterns of
AUFI1 and Dicer, we analysed tissue arrays containing
multiple pairs of samples of normal and tumor tissues.

Cancer

Figure 5. AUF1 and Dicer expression in cancer and normal tissues. The expression levels and distribution of AUFI1 and Dicer in tissue arrays
containing pairs of normal and cancer samples was assessed by immunohistochemistry. Representative pairs are indicated.



Immunohistochemical analysis of AUF1 and Dicer ex-
pression revealed a general pattern of Dicer staining that
was high in normal tissues and low in cancer tissues; con-
versely, AUF1 levels were low in normal tissues and high
in cancer tissues (Figure 5). As shown for normal and
cancer tissues from colon, stomach, breast, kidney, liver
and pancreas, Dicer signals were typically cytoplasmic,
while AUF1 signals localized in both the nucleus and
the cytoplasm.

Several lines of evidence (Figures 2 and 4) suggested
that upregulation of AUF1 might be partially responsible
for the correlative decrease in Dicer levels in cancer tissues
(Figure 5). However, the converse regulation was also
possible, namely that Dicer might regulate AUF1 expres-
sion, perhaps via the numerous (>180) miRNAs predicted
to bind the AUF1 3UTR (not shown). However, as
shown in Figure 6A, by 48 h after overexpressing or
silencing Dicer, AUF1 abundance remained essentially
unchanged. Similarly, in colon carcinoma HCTI116 cells
that expressed Dicer (HCT116 WT), AUFI levels were
the same as in Dicer-null HCTI116 cells (HCTI116
DICER-KO; Figure 6B), further supporting the view
that AUF1 expression was not likely under direct
control by Dicer.

Given the finding that tumor tissues expressed high
AUF]1 levels and low Dicer levels, and given the above-
mentioned links of AUF1 and Dicer to tumorigenesis, we
asked whether these proteins might influence cell survival,
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an important trait of cancer cells. Forty-eight hours after
silencing Dicer (Figure 6A) or overexpressing AUF1
(Figure 2A), neither transfection group showed appre-
ciable toxicity, as determined by counting trypan
blue-negative cells (Figure 6C). In contrast, AUFI
overexpression robustly promoted cell proliferation
(Figure 6D), suggesting that AUF1 could favor the
division of cancer cells. The proliferative influence of
AUF1 may contribute to the tumorigenic phenotype,
although future studies are needed to investigate whether
AUFT1 influences other cancer traits, including angiogen-
esis, invasion, metastasis, inhibition of senescence and
evasion of immune recognition.

AUF1 influences miRNA levels

Since Dicer promotes miRNA maturation, we investigated
the influence of AUFI-modulated Dicer on the abundance
of miRNAs. First, under conditions of reduced Dicer
levels achieved by overexpressing AUF1 (Figure 2B)
or by siRNA-mediated silencing of Dicer (Figure 6A),
we monitored the abundance of several miRNAs. In
AUFIl-overexpressing HeLa cells (which expressed lower
Dicer levels) as well as in cells in which Dicer was silenced,
all of the miRNAs tested showed lesser abundance
compared with those measured in the control population
(Figure 7A). In addition, for abundant endogenous
miRNAs (miR-24 and let-7), these differences were
confirmed by northern blot analysis. As shown in

A Ctrl Dicer pcDNA B
SiRNA SiRNA pcDNA Dicer HCJV?S [)}llé:ETl‘QIJ(GO
Dicer - DiCer we—
- —
AUF1 -

B-ACN  com——

C D
200 -
100 T & 150 -
2 751 s
2 =
= £ 100
R 2
Z 254 3 %07
"~ pcDNA pcDNA Ctrl  Dicer T PpcDNA  pcDNA
AUF1 siRNA  siRNA ALIE1

Figure 6. Effect of Dicer on AUF1 expression and cell survival, effect of AUFI on cell survival and proliferation. (A) HeLa cells were transfected
with the siRNAs and plasmids shown; 48 h later, the levels of Dicer, AUF1 and B-actin were studied by western blot analysis. (B) The levels of
AUF]1, Dicer and loading control B-Actin were studied in HCT116 colon cancer cells that were either wild-type (WT) or Dicer-null (DICER-KO).
(C) The number of viable cells (excluding trypan blue) was calculated in cultures that were prepared as explained in panel (A). (D) The proliferation
of HeLa cells was assessed by direct cell counts 48 h after transfecting the plasmids indicated. In (C and D), data represent the means + S.D. from

three independent experiments.
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Figure 7. AUF1 overexpression decreases miRNA levels. (A) Forty-eight hours after transfection with pcDNA, AUFI1 overexpression plasmids
(described in Figure 2A), and Ctrl or Dicer siRNAs (as in Figure 6A), the levels of several miRNAs were measured using RT-qPCR and normalized
to U6. Data in (A) are the means + S.D. from three independent experiments; *P < 0.05; **P <0.01. (B) Forty-eight hours after transfection of the
plasmids and siRNAs shown, the levels of miR-24, let-7 and loading control U6 were assessed by northern blot analysis. Data in (B) are represen-

tative of three independent experiments.

Figure 7B, miRNA levels were higher when AUF1 was
silenced and were lower when AUF1 was overexpressed
and when Dicer was silenced. We attempted to study other
miRNAs, but they were below the detection level of the
assay.

Second, we examined if this reduction reflected an im-
pairment in the processing of pre-miRNA into mature
miRNAs due to lower Dicer levels. To this end, we
measured the levels of pre-miRNA and mature miRNA
for three members of the let-7 family of miRNAs using the
strategy outlined in Figure 8A. Briefly, both miRNAs
and pre-miRNAs were quantified using the QuantiMiR
RT kit (System Biosciences). All cellular RNA was first
polyadenylated and an oligo-dT adaptor was added to the
reaction. After RT, mature miRNAs were detected by
using a forward primer which hybridized with the
miRNAs, while precursor miRNAs (pre-miRNAs) were
detected using forward primers specifically designed to hy-
bridize within the pre-miRNA but not the mature
miRNA. In both cases, a reverse universal primer was
used for qPCR amplification (a more detailed description
of the method is provided in Supplementary Figure S1).
As shown in Figure 8B, the levels of pre-let-7b, pre-let-7c
and pre-let-7e were slightly higher in cells with lower levels
of Dicer. In contrast, in HeLa cells overexpressing AUF1

or expressing low Dicer levels, mature miRNA levels were
less abundant than those measured in the control popula-
tions (Figure 8C). To visualize the influence of Dicer on
miRNA processing, pre-let-7 was transfected into HelLa
cells and the relative levels of pre-let-7/let-7 were studied
by northern blot analysis. As shown in Figure 8D,
overexpression of AUF1 (which lowered Dicer), led to
decreased let-7/pre-let-7 ratios, just as did Dicer silencing.
Collectively, these results indicate that AUF1 associates
with the DICERI mRNA in several regions, including
its 3’UTR and CR, and lowers DICERI mRNA stability,
in turn decreasing Dicer levels and the levels of mature
miRNAs.

DISCUSSION

We have identified the RBP AUF1 as a regulator of Dicer
expression. In line with its role in promoting the degrad-
ation of many mRNAs (25,26), AUF1 associated with the
DICERI mRNA and lowered its half-life. Although the
predicted AUF1 sites on the DICERI 3'UTR were in
segment B (1 site), in segment C (2 sites) and in segment
D (1 site), the segments that showed interaction of AUF1
with biotinylated DICERI 3’UTR transcripts were pri-
marily A and B. This discrepancy likely reflects the fact
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Figure 8. AUFI1 overexpression selectively decreases miRNA processing from pre-miRNA. (A) Schematic representation of the experimental design
to detect pre-miRNA and mature miRNA. (B and C) Forty-eight hours after transfection with pcDNA, AUF1 overexpression plasmids (described in
Figure 2A), and Ctrl or Dicer siRNAs (as in Figure 6A), the levels of several pre-miRNAs (B) and mature miRNAs (C) were measured using
RT-qPCR and normalized to U6. (D) Northern blot analysis of HeLa cells transfected with Pre-let-7b and with the plasmids and siRNAs shown.
Forty-eight hours later, the levels of Pre-let-7b and let-7b were quantified and the extent of let-7 processing was represented as the ratio of let-7 to
Pre-let-7 signals. Data in (B-D) are the means + SD from three independent experiments; *P < 0.05; **P <0.01.

that computational prediction of RBP targets through mRNA in distinct manners (unpublished). The AUFI1-

RIP and microarray analysis (29) does not identify the elicited reduction in Dicer expression in turn resulted in
full complement of sites on interacting mRNAs, while diminished maturation of miRNAs and lower levels of
it can identify sites that are not in vivo target sites. We miRNAs in the cell. Thus, through its impact upon
have undertaken PAR-CLIP analysis of AUF1I RNPs in Dicer expression levels and hence on miRNA abundance,
order to identify comprehensively all sites of AUF1 inter- AUF]1 is capable of influencing gene expression patterns

action with target transcripts, as well as to establish far beyond the interaction of AUFT1 directly with its target
whether the different AUF1 isoforms bind DICERI mRNAs.
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AUF1 was found to be upregulated in numerous
cancers compared with untransformed tissues (25) and
was confirmed to be more highly expressed in the tumor
tissues than the normal tissues studied here (Figure 5).
AUF1 might elicit anti-tumorigenic roles as a destabilizing
agent for the mRNAs encoding the anti-apoptotic protein
Bcl-2 and the proliferative protein cyclin D1 (44,45), and
can also suppress the expression of pro-inflammatory
factors (e.g. IL-6, GM-CSF, iNOS, COX-2) by binding
to the mRNAs that encode them, repressing their produc-
tion, and thereby suppressing a pro-transformation state
(46); reviewed in reference 25). However, most of AUFI
effects on gene expression, including changes in AUFI
abundance, subcellular localization and post-translational
modification, appear to support a pro-tumorigenic
function for AUF1. Genetic overexpression of AUFI
(p37) in mice led to the development of sarcomas in dif-
ferent tissues, linked to overexpression of cyclin D1 (30).
Additionally, AUF1 is overexpressed in the cytoplasm of
some tumors, including human hepatocellular carcinoma,
where it displays elevated levels of methionine
adenosyltransferase 1A (MATI1A) and methionine
adenosyltransferase 2A (47), human thyroid carcinomas,
and mouse lung tumors (48,49). In contrast, AUFI is
mainly localized in the nucleus of melanoma tissues,
where it fails to bind the /L/0 mRNA and thus permits
ILI0 mRNA to be stable; this effect was significant
because accumulation of IL-10 was linked to the evasion
of immune recognition by melanoma cells (50). In breast
carcinoma cells, AUF1 shows increased binding to a
number of mRNAs linked to the transformation of epi-
thelial cells (51) and in anaplastic large cell lymphoma,
hyperphosphorylation of AUF1 was associated to the sta-
bilization of many target mRNAs, particularly several
mRNAs that encode cyclins (52). However, in many of
these examples, the specific influence of AUFI on
cancer-related gene expression patterns was not identified.
Thus, we propose that the lowering of Dicer expression by
AUFI may be a shared feature among tumors.

Although Dicer itself is not a tumor suppressor gene, a
decline in the levels of mature miRNAs is a hallmark of
cancer. Indeed, the heightened levels of oncoproteins, and
proteins involved in angiogenesis, invasion, metastasis and
proliferation have been linked to the reduced levels of
miRNAs. Some studies show higher Dicer expression
levels in ovarian and prostate cancers (53,54); however,
many other reports have documented declines in Dicer
abundance in tumors. In non-small-cell lung carcinoma,
Dicer levels were lower in areas of invasion and advanced
carcinomas, and reduced DICER mRNA abundance was
associated with poor patient survival (55,56). Similarly, in
breast, liver, ovarian and bladder cancers, DICERI
mRNA levels were significantly lower than in non-cancer
tissues (57-60); a further association was noted between
Dicer protein levels and tumor stage, decreased survival,
and poor prognosis (56,61).

The impact of AUF1 on the establishment and/or pro-
gression of cancer traits is poorly understood. The discov-
ery that it represses Dicer expression and thereby
contributes to lowering miRNA levels constitutes one
important dimension of the influence of AUFI1 in

malignancy. Future work is needed to uncover the full
spectrum of AUFI regulation and function in cancer
and how AUF1 modulates cancer-related protein expres-
sion patterns.
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