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ABSTRACT

The RNA-binding protein AUF1 binds AU-rich
elements in 3-untranslated regions to regulate
mRBRNA degradation and/or translation. Many of
these mRNAs are predicted microRNA targets as
well. An emerging theme in post-transcriptional
control of gene expression is that RNA-binding
proteins and microRNAs co-regulate mRNAs.
Recent experiments and bioinformatic analyses
suggest this type of co-regulation may be wide-
spread across the transcriptome. Here, we
identified mRNA targets of AUF1 from a complex
pool of cellular mRNAs and examined a subset of
these mMRNAs to explore the links between RNA
binding and mRNA degradation for both AUF1
and Argonaute 2 (AGO2), which is an essential
effector of microRNA-induced gene silencing.
Depending on the specific mRNA examined,
AUF1 and AGO2 binding is proportional/coopera-
tive, reciprocal/competitive or independent. For
most mRNAs in which AUF1 affects their decay
rates, mRNA degradation requires AGO2. Thus,
AUF1 and AGO2 present mRNA-specific allosteric
binding relationships for co-regulation of mRNA
degradation.

INTRODUCTION

The discovery of microRNAs (miRNAs) has
revolutionized the field of post-transcriptional gene
control, as it has unveiled perhaps thousands of additional
regulatory molecules (1-3). They are 21-23 nt in length and
are encoded within the genome. They act through partially
complementary binding sites within target mRNAs. Early
studies identified them as translational suppressors, but
later work showed they can promote degradation of
many mRNAs as well (4). miRNAs assemble with a
number of proteins, including the Argonaute proteins
(AGO1-4) and glycine—tryptophan repeat protein 182
(GW182), to form the miRNA-induced silencing complex
(miRISC) (5-8). miRISC controls translation via the
ability of GW182 to recruit the carbon catabolite repressor
4-negative-on-transcription (CCR4-NOT) deadenylase
complex to remove the poly(A) tail (9-11). Recent
evidence also indicates that a complex of PUF (Pumilio/
FBF) RNA-binding proteins, AGO proteins and transla-
tion elongation factor eEF1A can suppress translation by
attenuating elongation steps (12). miRISC controls mRNA
degradation via endonucleolytic cleavage of its mRNA
targets (6-8,13) or by triggering deadenylation and
decapping (8-11,14,15). The latter mechanism involves
initial poly(A) tail trimming by the poly(A) binding
protein-dependent,  poly(A)-specific  ribonuclease 2
(PAN2)-PAN3  ribonucleases, followed by full
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deadenylation catalysed by the CCR4-NOT deadenylase
complex; decapping protein 1 (DCP1)-DCP2—dependent
decapping and degradation of the mRNA body ensue.
The GW182 subunit of miRISC coordinates these actions
in three ways (9-11): (i) the N-terminal region of GW182
has an AGO-interacting domain; (ii) the C-terminal region
of GW182, known as the silencing domain, contains motifs
required for binding the cellular negative-on-transcription
1 (CNOTI) subunit of the CCR4-NOT deadenylase; and
(iii) the silencing domain also binds the PAN3 subunit of
the PAN2-PAN3 ribonuclease complex.

As predicted by Tenenbaum and colleagues several years
ago (16), there are a growing number of examples of
mRNA co-regulation by RNA-binding proteins and
miRNAs (17). Indeed, a recent study coupling experiments
and bioinformatic analyses revealed that mRNA sequences
that contact RNA-binding proteins often couple to
miRNA-binding sites (18). This is particularly true for
AU-rich elements (AREs) and U-rich elements. AREs rep-
resent one of the best characterized families of elements
that control mRNA stability and translation (17,19-21).
They are located within the 3’-untranslated regions
(UTRs) of many labile mRNAs encoding oncoproteins,
cell cycle regulators, signalling proteins and regulators of
immune responses. There are ~20 ARE-binding proteins
(AUBPs), although not all bind to all ARE-mRNAs.
Nonetheless, the constellation of AUBPs bound to a par-
ticular ARE-mRNA somehow integrates their inputs to
dictate an mRNA half-life or translation rate characteristic
for that mRNA. As well, signalling events can alter the
decoration patterns of AUBPs bound to the ARE-mRNP
with concomitant effects on mRNA degradation and/or
translation rates.

AU-rich element binding factor 1 (AUF1), also known
as heterogeneous nuclear ribonucleoprotein D (hnRNP
D), is a well characterized family of AUBPs (22). It
consists of four isoforms of 37, 40, 42 and 45kDa
generated by alternative pre-mRNA  splicing. The
isoforms are differentially phosphorylated and shuttle
between the nucleus and cytoplasm. The isoforms each
present a range of ARE-binding affinities, RNA-induced
protein oligomerization and effects on local RNA struc-
ture (23). Studies using aufl~'~ mice or gene knockdowns
in cell culture indicate that it controls ARE-mRNA deg-
radation and/or translation depending on the particular
ARE-mRNA examined (17,22,24).

In the work presented here, we used recombinant AUF1
protein to affinity purify and identify its mRNA targets
from a complex pool of cellular mRNAs. Given the
growing awareness of relationships between RNA-
binding proteins and miRNAs for co-regulation of
mRNAs, we examined binding of AUF1 and the RISC
subunit AGO2 to a chosen subset of AUFI1 target
mRNAs by mRNP-immunoprecipitation and quantitative
reverse transcriptase—polymerase chain reaction (RT-
PCR). We examined the effects of AUF1 and/or AGO2
knockdown on decay kinetics of these mRNAs as well.
The results indicate that depending on the mRNA
examined, binding of AUFI and AGO2 to mRNAs can
be either reciprocal/competitive, proportional/cooperative
or independent. For cases in which AUF1 affects mRNA
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decay, degradation requires AGO2. Thus, AUF1 and
AGO?2 can functionally couple by distinct mechanisms,
perhaps programmed by the mRNA targets themselves,
to control mRNA degradation.

MATERIALS AND METHODS
Preparation of RNA for affinity purification

Plasmid DNA was purified from a cDNA expression
library prepared from adult human heart mRNA
(Invitrogen). The vector backbone is pcDNA3, which
permits in vitro synthesis of RNA from linearized library
DNA. Twenty micrograms of library DNA was linearized
in separate reactions with either Notl or Xbal and then
purified with the High Pure PCR Product Purification
Kit (Roche) per the manufacturer’s instructions. In initial
experiments, 0.5ug of Notl- and Xbal-digested DNAs
were used as templates in separate in vitro transcription
reactions with the RiboMAX kit (Promega). Reactions
were supplemented with [0-**P] UTP (500 Ci/mmol) to
permit trace labelling of RNA for quantification and esti-
mations of recoveries during affinity chromatography.
RNAs were labelled to ~300 c.p.m./ng. After in vitro tran-
scriptions, template DNAs were degraded with RQI-
DNase (Promega). RNAs were cleaned and purified with
RNeasy columns (Qiagen), and RNA was quantified by
liquid scintillation counting. Unlabelled RNA was
generated exactly as previously described, except 2.5 pug of
linearized DNA was used per reaction to maximize RNA
production, and radiolabel was omitted. Unlabelled RNAs
were quantified spectrophotometrically by A,e.

Expression and purification of recombinant Hiss.p37*"F!

Recombinant protein was purified as previously described
by Wilson et al. (25). Briefly, Escherichia coli TOP10 cells
were transformed with plasmid pBAD/HisB-p37°4VF!.
Bacterial cells were pelleted and lysed by sonication, and
recombinant protein was purified by Ni** affinity chroma-
tography with a HiTrap Chelating affinity column (GE
Healthcare). To determine protein concentration, sodium
dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) was performed with purified recombinant
Hise-p37°YF! and titrations of bovine serum albumin
(BSA). Gels were stained with Coomassie Blue, and
band intensities were quantified with the Kodak EDAS
120 imaging system. BSA band intensities were used to
create a standard curve for determinations of Hise-
p372YF! protein concentration. Protein activity was con-
firmed by electrophoretic mobility shift assays.

Affinity purification of AUF1 target mRNAs

RNAs directly binding p37*YF! were purified by the
affinity selection approach of Bhattacharya er al. (26)
with some modifications. Two hundred micrograms of
library-derived mRNA was mixed with 18 pg of either
Hise-p37°UF! protein or BSA (as a negative control) in
a 400-pl reaction volume. As the cDNA inserts from the
cardiac library range from ~400-4000nt, this yields a
median size of 1800nt. Using 1800nt as the length of
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transcripts, the approximate molarity of mRNA in the
reaction is 0.8 uM. p37°YF! is ~36kDa and binds as a
dimer, yielding a dimer concentration of 0.25uM. Thus,
binding reactions contained a molar excess of mRNA
to limit p37*Y"! binding to the highest affinity mRNA
targets. Protein—-mRNA binding reactions were performed
in 100mM potassium acetate (KOAc), SOmM Tris—HCI
(pH 7.5), 10mM dithiothreitol (DTT) and 1 pg/ul of
heparin on ice for 30min and were then transferred to
room temperature for 3 min. A methylcellulose disc
(Millipore, HAWP 0047) was soaked in binding buffer 1
[BB1: 100mM KOAc, 50mM Tris-HCI (pH 7.5) and
10mM DTT]. After initial wetting of the disc, it was
never allowed to dry during the experimental procedure.
To isolate mRNA—protein complexes, the disc was filtered
with the mRNA-AUF1 (or mRNA-BSA) mix. RNA not
bound to protein was removed by washes with cold BBI.
Protein bound RNA was ecluted with 2ml of binding
buffer 2 [BB2: 200mM KOAc, 5S0mM Tris—HCI (pH
7.5), 500mM NaCl and 10mM DTT]. RNA was
desalted and purified with the RNeasy kit (Qiagen) ac-
cording to the manufacturer’s protocol. Affinity chroma-
tography with Hiss-p37*YF! protein and BSA was then
repeated with mRNA recovered from the first round of
affinity purification. Desalted and cleaned mRNA was
then used for subsequent microarray analyses.

Similar to Bhattacharya et al. (26), pilot purification
experiments were performed to assess the capacity of
p37°YF! to selectively isolate an ARE-RNA from a
complex pool of RNAs. Cellular poly(A") RNA was sup-
plemented with **P-labelled RNA containing or lacking a
high affinity AUF1-binding site [a coding-region fragment
of rabbit B-globin mRNA (RfB) or Rp linked to the FBJ
murine osteocarcoma viral oncogene homolog (FOS)
ARE, respectively]. Each mixture was fractionated by
AUF1-affinity selection. After each round of selection,
recovered *?P-labelled RNAs were quantified by scintilla-
tion counting.

Microarray analyses of affinity-purified RNA

The Human 1A(V2) Oligo Microarray chip (Agilent),
which contains probes for >18000 known human genes,
was used to identify affinity-purified mRNAs. Two pools
of RNA were labelled: one was the experimental RNA
(AUFI1- or BSA-selected RNA); the other was total
RNA from in vitro transcription reactions. One micro-
gram of affinity-purified RNA and 1pg of total RNA
were reverse transcribed using random hexamers in the
presence of Cy5-dUTP and Cy3-dUTP (Perkin-Elmer),
respectively. Labelled cDNAs were mixed, fragmented,
dried and resuspended in hybridization buffer. The
mixture was incubated with microarray chips for 17h at
60°C. To prevent data misinterpretation from dye bias,
reciprocal labelling reactions and hybridizations were per-
formed with a second chip. Arrays were visualized with a
Perkin Elmer ScanArray microarray scanner, and raw
data were analysed and normalized using ScanArray
software (Perkin Elmer). For a given spot, the difference
between the average log fluorescence intensities of the
experimental and control pool yields M = log,(Cy3)

—logy(Cy?5) = logy(Cy3/Cy5). The t-statistic, ¢, corrects
for poor spots in an array that can give rise to high
M values by incorporating the standard deviation
between replicates. Thus 7 = M/(s/n'?), where s is the
standard deviation and n is the number of replicates.
However, the t-statistic can result in false—positives
arising from spots with erroneously small standard devi-
ations. To correct for these biases, B-statistics were
determined. The B-statistic, B, corrects the t-statistic by
applying a penalty to the standard deviation of every gene.
The penalty is estimated using both the mean and
standard deviation and yields a more accurate representa-
tion of selection (27). B = M/[(a+ s*)/n)]"?, where M is
the difference between average log, intensities (defined
earlier in the text), s is the standard deviation, n is the
number of replicates and « is the penalty. Genes with
B>0 have a >50-50 probability of being selected.
Microarray data were analysed with the R-statistical
program, version 1.8.1, to assign B-values to AUF1- and
BSA-selected RNAs. To functionally classify proteins
encoded by AUFl-associated RNAs, a computer
program was designed (R. Muldowny and P. Kahn,
Douglas College, Rutgers University) to import gene
ontology data from the National Center for
Biotechnology Information (NCBI) Entrez Gene
database www.ncbi.nih.gov/entrez into a Microsoft excel
file. Data were subsequently analysed with a local server.

Construction of reporter gene plasmids

Primers were designed to amplify the 3'-UTRs of selected
AUF]1 target genes for insertion into the 3'-UTR of the RS
gene. The forward and reverse primers all contained a 5'-
Bglll site to allow insertion of PCR products into the
unique BgllIl site just 3’ of the stop codon in the Rf
gene. The sequences of primer pairs (forward and
reverse, respectively) used are:

IF116: 5'-GCAGTCTAGATCTAGAAATCTGGATGTCAT
TGACGATAA-3 and 5-GCAGAATCTAGATCT
TCACAAAAAAGATAATGTTTATTTAT-3;

5-GCAGAGATCTAGATCTTACTGCCCAGGCCT
GCCT-3 and 5-GCAGAAGCTTAGATCTAGAA
GGCATTTTCAAGATTTTATTGTA-3;

5-GCACAGATCTAGATGCAGAGGGCTGAAGG
AGGC-3" and 5-GCACAGATCTAGACTCGCTG
CAGCCTTTTATTCTATC-3;
5-GCACAGATCTAGAGGCCCCACCCTCACCC-3
and 5-GCACAGATCTAGACCTTGGCAAAAAT
AATTTAATATTCC-3;
5-GCACAGATCTAGAGCCCTCTCACCTTGTCCT
GTG-3' and 5-GCACAGATCTAGATCTTGCTT
GACACTTTATTCTCGTG-3;
5-GCACAGATCTAGACGGCCGGGGGTCCA
GGCG-3 and 5-GCACAGATCTAGACTGGGCG
CAGAGGGCGTTTATTGGA-3'.

IL1RN:

FBX024:

DOHH:

GNLY:

THRAPS:

DNAs were amplified from the cDNA expression
library described earlier in the text. PCR products were
fractionated in a 1% agarose gel to confirm size and then
gel purified with the QIAquick Gel Extraction kit (Qiagen)
according to the manufacturer’s instructions. PCR
products were digested with Bglll and ligated with
plasmid pTRE/RB-wt digested with Bglll. pTRE/RB-wt
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contains the RS gene linked to the tetracycline-responsive
promoter of plasmid pTRE (28). pTRE/RB-3-UTR
plasmids were used for transfection-based mRNA decay
and mRNP-immunoprecipitation assays.

Cell culture and transfections of plasmids expressing
shRNAs

HeLa/Tet-Off cells (human cervical carcinoma; BD
Biosciences) (29), which express the tetracycline-responsive
transcriptional activator tTA, were cultured at 37°Cin 5%
CO, with Dulbecco’s Modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS; Hyclone), 1%
L-glutamine and 100pg/ml of geneticin (GIBCO).
Plasmids expressing shRNA directed against all four
isoforms of AUF1 or a random sequence not found in
the human genome (28) were linearized with Xmnl and
transfected into HeLa/Tet-Off cells with Effectene
(Qiagen, Hilden, Germany). Stably transfected cells were
selected with 250 U/ml of Hygromycin B (Calbiochem). To
assess knockdown, cells were harvested, lysed in SDS gel
loading buffer, fractionated by SDS-PAGE and analysed
by western blotting with antibodies to AUF1 and a-tubulin
(as an internal control; 1:8000 dilution; Sigma), exactly as
described by Sinsimer et al. (28).

K562 cells (human chronic myeloid leukaemia; ATCC)
(30) were cultured at 37°C in 5% (v/v) CO, with
RPMI-1640 medium supplemented with 10% (v/v) FBS
(GIBCO) and 2mM glutamine (Invitrogen). For
RNAi-mediated gene knockdowns, 2x 107 cells were
transfected with 40 pg shRNA plasmid by electroporation
with a Gene Pulser (Bio-Rad). Electroporation parameters
were 360V, 500 uF. Transfected cells were maintained in
culture medium without antibiotics for 48h to permit
knockdown before assays. Medium was replaced with
fresh culture medium lacking antibiotics 24h post-
transfection. The following plasmids were used: plasmids
expressing shRNA directed against all four isoforms of
AUF1 or a random sequence not found in the human
genome; shAGO2-1-8 and shAGO2-2-6 against AGO2
(provided by Dr Shobha Vasudevan) (31). Knockdown
efficiency was assessed by western blot analysis for
AUF]I, a-tubulin and AGO2 (1:1000 dilution, Millipore).

mRNP-immunoprecipitation

Immunoprecipitations of endogenous protein-mRNA
complexes were used to assess association of AUF1 and/
or AGO2 with endogenous target mRNAs. To pre-clear
lysates in preparation for immunoprecipitation with
AUF]1 antibody, lysates of 2 x 10’ K562 cells or HeLa/
Tet-Off cells were incubated with rabbit non-immune
serum (Sigma) for 45min at 4°C, then magnetic
Dynabeads coupled to protein A (Invitrogen) were
added for 30min at 4°C; beads were removed with a
magnet. For immunoprecipitations, fresh beads were
coated with anti-AUF1 or rabbit non-immune serum in
NT-2 buffer [SOmM Tris—HCI (pH 7.4), 1mM MgCl,,
150mM NaCl and 0.05% Nonidet P-40] and washed.
Pre-cleared cell lysates (1 mg protein) were incubated
with 50 pl of coated beads in 200 pul of NT-2 buffer sup-
plemented with 2.5 ul of RNase Out (Invitrogen) and 2 ul
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of 100mM DTT for 3.5h at 4°C with constant rocking.
Beads were washed eight times with ice-cold NT-2 buffer
and two times with NT-2 buffer supplemented with 0.5M
urea. Proteins were digested with proteinase K (Promega),
and mRNAs were purified by phenol-chloroform extrac-
tion and ethanol precipitation. Immunoprecipitations
were also performed to assess association of endogenous
AGO2 in K562 cells with predicted target mRNAs using a
similar protocol. Fresh beads were coated with anti-
AGO2 IgG (Abcam) or control IgG (Cell Signaling).
For AGO2 immunoprecipitations, pre-clearing of cell
lysates was not necessary, and incubated beads were
washed with NT-2 buffer (not supplemented with urea)
eight times. For quantitations of mRNAs in precipitates,
purified RNAs were reverse transcribed into cDNAs with
the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems), followed by SYBR green quantita-
tive PCRs. The forward and reverse primer sequences,
respectively, are as follows:

MYC: 5-CCCTCAACGTTAGCTTCACC-3" and
5'-GTAGTGGTGGTGCGAGATTC-3;

IF116: 5-ACAAACCCGAGAAACAATGACC-3" and
5'-GCATCTGAGGAGTCCGAAGA-3;
ILIRN: 5-CATTGAGCCTCATGCTCTGTT-3" and
5'-CGCTGTCTGAGCGGATGAA-3;
FBX024: 5-GGACCCTTCAAGCCTTTGACC-3' and
5'-GCTGCCCGTATCTGTTATTTCC-3;
DOHH: 5-CCCTGCTCAAGCACGAGCTGG-3" and
5'-GCCTCCCCTGCCTCATGGC-3;
GNLY: 5-CCTGTCTGACGATAGTCCAAAAA-3 and
5'-GACCTCCCCGTCCTACACA-3;
THRAPS: 5-TGCTGGACATGAACACACTG-3' and
5'-AGGGAACCCTGGTTGGGTA-3';
NDORI: 5-GACTCCTACCCGGTGGTGAAT-3" and
5'-TTGGCCTGTAGTTGCACAAAC-3';
HOXBS: 5-GTCCCTGCGCCCCAATTATTA-3" and
5'-GCCCGTGGTAGAACTCCTG-3';
GAPDH: S-TTTAACTCTGGTAAAGTGGATATTGTTG-3

and S-ATTTCCATTGATGACAA GCTTCC-3'.

Immunoprecipitations were also performed to assess
association of endogenous AUFI1 specifically with
3-UTRs of selected target mRNAs by transfecting
HeLa/Tet-Off cells (1 x 10” cells) with 1.2 pug of reporter
plasmid containing the rabbit B-globin (RB) gene linked to
target 3’-UTRs (see reporter plasmid constructions earlier
in the text). For quantitations of RS transgene-encoded
mRNAs and glyceraldehyde-3-phosphte dehydrogenase
(GAPDH) (GAPDH; as a control), purified RNAs were
reverse transcribed into cDNAs with the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems),
followed by Tagman-based qPCR. The forward and
reverse primer pairs, respectively, and probe sequences
used are as follows:

Rp: 5'-GTGAACTGCACTGTGACAAGC-3" and 5-ATGAT
GAGACAGCACAATAACCAG-3 and probe
5'-FAM-CGTTGCCCAGGAGCCTGAAGTTCTCA-
BHQ_1-3;

5-TTTAACTCTGGTAAAGTGGATATTGTTG-3" and
S-ATTTCCATTGA TGACAAGCTTCC-3" and probe
5'-Cy3-CCATGGCACCGTCAAGGCTG-BHQ_2-3'.

GAPDH:
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Determinations of mRNA decay kinetics

Half-lives of endogenous mRNAs in K562 cells were
determined by culturing cells with actinomycin D (5pug/
ml) to inhibit transcription. Cells were harvested at times
indicated in the figure panels. Time courses were limited to
3 h to avoid actinomycin D-induced apoptosis (32), which
would complicate mRNA decay analyses. Total RNA was
isolated with the RNeasy kit (Qiagen) following the manu-
facturer’s instructions. Purified RNAs were reverse
transcribed into cDNAs with the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems) and
analysed with SYBR green quantitative PCR. The
forward and reverse primer pairs were described earlier
in the text. Levels of each mRNA were normalized to
GAPDH mRNA at each time point. Percent mRNA re-
maining was plotted versus time post-actinomycin D
addition, and the first-order decay constant, k, was
determined by non-linear regression analyses with Prism
5.0 software (GraphPad, San Diego, CA, USA).
Messenger RNA half-life was calculated as #,,, = In2/k.

Assays of Rp reporter mRNA half-lives were
determined as described previously (28,33). Briefly,
1 x 10° HeLa/Tet-Off cells expressing shRNAs were trans-
fected with Superfect (Qiagen) containing 50 ng of pTRE/
RP or pTRE/RB-3'-UTR plasmids together with 200 ng of
plasmid pEGFP-C2 (encoding internal control mRNA)
per well of a six-well plate. After 48h, doxycycline
(Sigma) was added to 2-pg/ml final concentration to
block transcription of the reporter gene. Cells were har-
vested at each time point, lysed with Qiagen QIAshredder
cartridges and RNA was purified with the Qiagen RNeasy
kit. Multiplex qRT-PCR reactions were assembled with
the SuperScriptlll Platinum One-Step qRT-PCR kit
(Invitrogen, Carisbad, CA, USA) together with each
primer and probe specific for RS and EGFP as described
earlier in the text. First-order decay constants and
half-lives were determined as described earlier in the text
for endogenous mRNAs.

Statistical analyses

Comparisons between data sets were performed with the
unpaired two-tailed Student’s #-test (GraphPad, San
Diego, CA, USA). P-values of <0.05 were considered
significant.

RESULTS

Selection and identification of mRNA-binding targets of
AUF1

To identify the repertoire of mRNAs that interact with
AUF1 via direct protein—RNA association, we used the
previously described affinity chromatography approach
of Bhattacharya er al. (26) with purified recombinant
p372YF! and introduced three modifications. First, a sub-
strate pool transcribed in vitro rather than tissue-derived
mRNA was used for selection. This modification permits
affinity purification with an unlimited amount of starting
mRNA material. This is critical when using tissues that
are difficult to obtain. Secondly, in vitro transcribed RNA

permits affinity purification under conditions of molar
excess of mRNAs to protein. This modification increases
stringency of the affinity selection process, as there is com-
petition for protein binding among the different mRNA
species present. Finally, microarray-based identification of
purified mRNAs eliminates cloning bias towards
abundant mRNAs rather than those transcripts that are
enriched in the AUF1-selected pool. Based on the results
of two replicate arrays, p37°UF! selected 499 transcripts
(Supplementary Table S1).

Proteins encoded by these 499 target mRNAs were clas-
sified into functional groups using the Database for
Annotation, Visualization and Integrated Discovery
(DAVID; Figure 1) (34,35). Almost 24% of the genes par-
ticipate in cellular metabolic processes. Genes involved in
gene expression (e.g. DNA-binding, RNA-binding, tran-
scription and translation) collectively account for 21%
of the targets. Cytokines and immunity/defence genes col-
lectively represent 11% of genes, consistent with the im-
portance of AUFI in the immune system (24,28,36—40).
Structural proteins account for 10% of expressed genes in
human heart tissue (41) and for ~50% of highly expressed
genes (42). However, genes encoding structural proteins
accounted for <10% of the AUFI-selected targets.
Although ribosomal protein genes comprise 2.5% of
the transcriptome in heart tissue (42), they accounted for
only 0.6% of AUF1-selected transcripts. Thus, many of
the p372UF! targets encode proteins involved in metabol-
ism, transcription, RNA processing and immune
responses. Some of these mRNAs had no apparent
AREs in their 3-UTR (data not shown); thus, AUF1
may have broader sequence recognition than previously
thought. Detailed analyses of AUF1-binding motifs will
be presented in forthcoming work (manuscript in
preparation).

Binding of AUF1 to its target mRNAs in cells

Six transcripts were randomly chosen for validation of
AUFI binding: interferon y-inducible protein 16 (/F116;
NM_001206567.1), interleukin-1 receptor antagonist
(ILIRN; NM_173842.2), thyroid hormone receptor-
associated protein (THRAP5/MEDI16; NM_005481.2),
F-Box only protein 24 (FBX024; NM_033506.2),
granulysin (GNLY; NM_012483.2) and deoxyhypusine
hydroxylase/monooxygenase ~ (DOHH; NM_001145
165.1). The association of these target mRNAs with
AUFI1 was tested by immunoprecipitation of cytoplasmic
mRNP complexes from K562 cells, a human chronic
myelogenous leukaemia cell line (30) and HeLa cells, a
human cervical carcinoma cell line (29). Transcripts were
quantified by real-time RT-PCR. Tumour necrosis factor-
o (TNFo) and myelocytomatosis viral oncogene homolog
(MYC) mRNAs served as positive controls for HeLLa and
K562 cells, respectively, as AUF1 binds the AREs within
these mRNAs (28,43). Western blot analyses of aliquots of
immunoprecipitates with anti-AUF1 antibody verified
specific precipitation of AUF1 isoforms (Figure 2A and
B, upper panels). All of the predicted target transcripts,
as well as the positive control TNFua (for HeLa cells) and
MYC (for K562 cells), were significantly enriched in
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Figure 1. Gene ontogeny of p37*YF! targets. The 499 identified target

transcripts were analysed with DAVID. The percentage of genes in
each category is shown along with P-values. The top percentages of
targets regulate metabolic processes, transcription, protein modification
and immunity/organism defence.

AUF1-mRNP immunoprecipitations from extracts of both
HeLa (Figure 2A) and K562 cells (Figure 2B) relative to
GAPDH mRNA (P <0.01 for all). These results indicate
that AUF1 forms mRNP complexes with the transcripts in
cells, consistent with the affinity purification results.

AUF1 binding to and degradation of 3'-UTR reporter
mRNAs

The next experiments determined whether AUF1 can
associate with the mRNAs via their 3-UTRs. mRNP-
immunoprecipitation assays were performed for B-globin
(RB) reporter transcripts engineered with full-length 3'-
UTRs from the same mRNASs chosen earlier in the text;
wild-type R mRNA (i.e. lacking any inserted sequences)
served as a negative control. Transgenes were transcribed
from the minimal cytomegalovirus promoter linked to the
tetracycline operator, and thus require the tetracycline-
repressor—VP16 fusion protein, tTA (44). HeLa/Tet-Off
cells, which express tTA, were transfected with reporter
plasmids. Reporter transcripts containing the 3’-UTRs
of IFIl6, ILIRN, FBX024, DOHH, GNLY, THRAPS
and the TNFa ARE were significantly enriched by
antibody against AUFI relative to the negative control
RB mRNA (P <0.01 for all; Figure 3A); again, GAPDH
mRNA did not detectably immunoprecipitate. We note
that the percentage of input reporter mRNAs immunopre-
cipitated was typically 1% of those for endogenous
mRNAs (compare with Figure 2A). This is most likely
because of the 50- to 100-fold higher cellular levels of
reporter mRNAs compared with endogenous mRNAs
(our observations). Nonetheless, the data in Figure 3A
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Figure 2. Association of AUF1 with mRNA targets in cells. Lysates of
HeLa/Tet-Off (A) and K562 cells (B) were prepared and fractionated
by ribonucleoprotein immunoprecipitation (IP) with non-immune
serum or AUFI anti-serum. (A and B) Upper panels: aliquots of
immunoprecipitated materials were analysed by western blot (WB) to
verify anti-AUF1-dependent recovery of AUF1. The AUF1 isoforms
are noted to the right of the panel. The p40/42 isoforms do not readily
resolve by SDS-PAGE with mini-gels. The p37 isoform is the least
abundant and is typically <10% of total AUF1 (our observations); it
is not detected in the exposures shown. (A and B) Lower panels: both
input and immunoprecipitated materials were analysed by qRT-PCR
for each indicated endogenous mRNA and plotted as a percent of the
input mRNA level. The means + standard deviation (SD) from three
independent experiments are shown. **P<0.01 versus GAPDH
mRNA.

suggest that AUF1 can form mRNPs via the 3'-UTRs of
the chosen transcripts. However, this does not exclude
the possibility that AUF1 may bind other regions of the
endogenous mRNAs as well.

The effects of AUF1 knockdown on 3’-UTR-mediated
mRNA degradation were investigated next. Given the
structure of mRNAs encoding each AUF1 isoform
(45,46), it has not been possible to selectively reduce
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Figure 3. Analyses of AUF1 binding to and degradation of 3'-UTR
reporter transcripts in HeLa/Tet-Off cells. (A) Association of AUFI1
with 3’-UTR reporter transcripts in cells. A rabbit B-globin (Rp)
reporter plasmid containing the 3’-UTR from each indicated gene
was transfected into HeLa/Tet-Off cells. After 2 days, cell lysates
were immunoprecipitated with pre-immune serum or AUF1 anti-serum.
Abundance of each indicated reporter mRNA in precipitates was
determined by qRT-PCR and plotted as a percent of the input

abundance of a single isoform by RNA interference. Thus,
a plasmid expressing a ShRNA that efficiently reduces all
four AUF1 isoforms was used. This shRNA has been used
extensively to examine the effects of AUF1 on mRNA
degradation and translation (28,36,43,47-49). Two
HeLa/Tet-Off cell lines were prepared: one stably
expresses a plasmid encoding control shRNA, and the
other stably expresses the shRNA against AUFI.
Western blotting confirmed >95% knockdown of AUF1
with this shRNA, as expected (Figure 3B, top panel). Cells
were transfected with the tetracycline-regulated reporter
plasmids described earlier in the text. After 48h, cells
were cultured with doxycycline to block reporter gene
transcription. RNA was harvested at various time points
for analyses with qRT-PCR. First-order decay constants,
k, were calculated from non-linear regression analyses of
percent mRNA remaining as a function of time. Half-lives
were calculated from k values and compared between cells
expressing control versus AUF1 shRNA. AUFI
knockdown extended the half-lives of IFI16, ILIRN,
FBX024 and DOHH reporter mRNAs by 2- to 3-fold
(Figure 3B and Table 1). Additionally, AUF1 knockdown
stabilized RS mRNA linked to the TNFo ARE (Figure 3B
and Table I; 1.0 versus 2.0h, P <0.01). This result is con-
sistent with its stabilization on AUF1 knockdown in
THP-1 cells, a human monocyte cell line; likewise,
AUFI1 knockdown stabilizes endogenous TNFoe mRNA
in THP-1 cells (28,50). As expected, AUF1 knockdown
had no effect on stability of wild-type RSB mRNA
(Figure 3B and Table 1). Lowering AUF1 abundance
did not affect GNLY and THRAPS reporter mRNAs, as
they remained relatively stable with half-lives >10h
(Table 1). This suggests AUFI might affect translation,
rather than decay, of GNLY and THRAP5 mRNAs, just
as it does for M YC mRNA (43) (see ‘Discussion’ section).
Collectively, these findings indicate that a subset of 3'-
UTRs from the chosen target transcripts can confer
mRNA degradation to a reporter mRNA in an
AUF1-dependent fashion.

Figure 3. Continued

mRNA level. The means = SD from three independent experiments are
shown. **P < 0.01 versus R mRNA (lacking any heterologous 3’-UTR
insert). (B) Effects of AUF1 knockdown on degradation of RB-3-UTR
reporter mRNAs. HeLa/Tet-Off cells stably expressing control or
AUF1-directed shRNA were prepared by transfection of plasmids
and drug selection. Upper panel: western blot analysis of AUF1
knockdown. A 2-fold dilution series of lysate from cells expressing
control shRNA was used to permit estimations of AUFI knockdown
efficiency. Tubulin served as a loading control. Lower panel: the Rf-
3’-UTR reporter genes were co-transfected with plasmid pEGFP-C2
into HeLa/Tet-Off cells expressing control (solid circles, solid lines) or
AUF1 shRNAs (open circles, dashed lines). After 48 h, doxycycline was
added to inhibit transcription of reporter genes. Levels of reporter
mRNAs were normalized to that of EGFP mRNA and plotted as the
percent reporter mRNA remaining as a function of time following
doxycycline treatment. Each time point represents mean + SD from
n>3 independent experiments. Non-linear regression analyses yielded
first-order decay constants (k) and associated mRNA half-lives.
Representative graphs are shown, and all data are tabulated in
Table 1. Dox, doxycycline.
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Table 1. Decay kinetics of B-globin reporter mRNAs in control versus AUF1-depleted HeLa/Tet-Off cells

Reporter mRNA Control shRNA AUFI1 shRNA

k (b= 112 (h) n k (h™'y 112 (h) n
RB 0.05 £ 0.01 >10 3 0.05 £ 0.01 >10 3
TNFo-ARE 0.72 £ 0.16 1.0 5 0.34 + 0.06%* 2.0 4
IFI16 0.11 £ 0.01 6.3 3 0.05 £0.01* >10 3
ILIRN 0.18 = 0.01 3.8 3 0.10 £ 0.01* 6.9 3
FBX024 0.20 + 0.03 35 3 0.03 £ 0.01%* >10 3
DOHH 0.21 £ 0.01 33 3 0.08 £ 0.01* 9 3
GNLY 0.04 + 0.01 >10 3 0.06 + 0.01 >10 3
THRAPS 0.03 £ 0.01 >10 3 0.03 £ 0.01 >10 3

“First-order decay constants derived from plots of percent mRNA remaining versus time following Dox treatment.
Values represent the means = SD for n independent experiments.

bAverage mRNA half-lives were calculated as ;> = In2/k.

*P <0.05; **P <0.01 versus control shRNA.

Degradation of endogenous mRNAs targeted by AUF1 in
K562 cells

Figure 2B showed that AUF1 forms mRNP complexes in
K562 cells with the six randomly chosen mRNAs—IFI16,
ILIRN, THRAPS5, FBX024, GNLY, DOHH—and the
positive control MYC. Two additional mRNAs were
examined in extracts of K562 cells: homeobox BS
(HOXBS; NM_024016.3) and nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent diflavin
oxidoreductase 1 (NDORI; NM _001144026.1). These
were chosen for two reasons: (i) AUF1 mRNP immunopre-
cipitation of K562 lysates and microarray analysis
indicated AUF1 bound to both mRNAs (B. Liao,
G. Brewer, unpublished observations) and (ii) analyses of
the abundance of HOXBS and NDORI mRNAs on AUF1
knockdown suggested that it might promote degradation of
HOXBS, which is also a validated miRNA target (13), but
promote stabilization of NDORI (B. Liao and G. Brewer,
unpublished observations). Cytoplasmic mRNP complexes
were immunoprecipitated with antibody against AUFI.
Both HOXBS and NDORI mRNAs were significantly
enriched in AUFI-mRNP immunoprecipitations relative
to GAPDH mRNA (P < 0.01 for all; Figure 2B), confirming
that AUF1 formed mRNP complexes with these transcripts
in K562 cells.

Knockdown of AUF1 was next used to examine the
effects on decay kinetics of the endogenous mRNAs.
Cells were transiently transfected with the plasmids ex-
pressing control shRNA or the shRNA against the four
AUFI1 isoforms, both described earlier in the text.
Western blots confirmed >80% knockdown (Figure 4A).
Cells were then cultured with actinomycin D (5 pg/ml), and
RNA was harvested at various time points for determin-
ations of mRNA half-lives as described earlier in the text.
AUF1 knockdown in K562 cells extended the half-lives of
IFI16, ILIRN, FBX024 and DOHH mRNAs by 2- to
4-fold (Figure 4B and Table 2), consistent with the results
of reporter mRNA analyses with HeLa/Tet-Off cells
(Figure 3B and Table 1). Compared with control
shRNA-transfected cells, AUF1 knockdown also
extended the half-life of HOXBS mRNA by 70%
(Table 2; 3.5 wversus 5.8h, respectively; P <0.05).
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Figure 4. Effects of AUF1 knockdown on degradation of mRNAs in
K562 cells. Cells were transiently transfected with plasmids expressing
control or AUF1-directed shRNA. (A) Western blot analysis of AUF1
knockdown. A 2-fold dilution series of lysate from cells expressing control
shRINA was used to estimate AUF1 knockdown efficiency. Tubulin
served as a loading control. (B) Analyses of mRNA decay kinetics. Two
days after transfection of shRNA-expressing plasmids, actinomycin D
was added to inhibit transcription. For each indicated gene, levels of
the endogenous mRNA were normalized to those of GAPDH mRNA
and plotted as the percent mRNA remaining as a function of time follow-
ing actinomycin D addition. Each time point represents mean + SD from
n> 3 independent experiments for cells expressing control shRNA (solid
circles, solid lines) or AUFI shRNA (open circles, dotted lines).
Non-linear regression analyses yielded first-order decay constants (k)
and associated mRNA half-lives. Representative graphs are shown, and
all data are tabulated in Table 2. AcD, actinomycin D.
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Table 2. Effects of AUF1 and/or AGO2 knockdown on endogenous mRNA decay kinetics in K562 cells

mRNA Control shRNA AUFI1 shRNA AGO2 shRNA AUF1+AGO2 shRNA
k(h™'y 12 ()° k (b~ 12 ()° k (b~ 11> (h)° k(b t12 (h)°
MYC 1.46 + 0.04 0.48 1.33 £ 0.04 0.52 0.90 + 0.07** 0.77 1.30 £ 0.03 0.53
IFI16 0.23 +0.01 3.0 0.09 + 0.01* 8 0.05 + 0.01** >10 0.08 £ 0.01* 8.7
ILIRN 0.26 = 0.01 2.7 0.05 &£ 0.01%** >10 0.34 = 0.03 2.0 0.07 £ 0.01* 10
FBX024 0.16 = 0.01 4.3 0.04 & 0.01** >10 0.03 & 0.01** >10 0.06 = 0.01* >10
HOXBS 0.20 + 0.01 3.5 0.12 £ 0.01* 5.8 0.03 + 0.01* >10 0.05 £ 0.01* >10
THRAPS 0.09 = 0.01 8 0.09 + 0.01 8 0.12 £ 0.01 5.8 0.06 = 0.01 >10
NDORI 0.07 =+ 0.01 10 0.16 = 0.01* 4.3 0.06 = 0.01 >10 0.07 = 0.01 10
GNLY 0.09 = 0.01 8 0.07 £ 0.01 10 0.09 £ 0.01 8 0.08 =+ 0.01 9
DOHH 0.51 £0.02 1.4 0.12 £ 0.01* 5.8 0.20 £ 0.01* 3.5 0.14 £ 0.01* 5.0

“First-order decay constants derived from plots of percent mRNA remaining versus time following actinomycin D treatment, as described in
‘Materials and Methods’ section. Values represent the means £ SD for n >3 independent experiments.

bAverage mRNA half-lives were calculated as 7;, = In2/k.
*P <0.05; **P <0.01 versus control shRNA.

However, AUF1 knockdown had no effect on the half-life
of MYC mRNA, as expected, nor did AUF1 knockdown
affect the half-lives of GNLY and THRAP5 mRNAs
(Table 2), again consistent with results from 3-UTR
reporter mRNA analyses with HeLa/Tet-Off cells
(Table 1). Thus, AUFI might control translation of
GNLY and THRAP5S mRNAs, as it does MYC mRNA
(43). Together, these results indicated that AUF1 can
promote degradation of subsets of its target mRNAs in
K562 cells. NDORI mRNA was relatively stable with a
half-life of 10h in control shRNA-transfected cells, but
as suspected, AUFI1 knockdown reduced mRNA half-life
>2-fold, to 4.3 h (Table 2; P <0.05). Thus, AUF1 may act
to promote stability of NDORI mRNA (see ‘Discussion’
section).

A subset of AUF1 target mRNAs binds AGO?2 for their
degradation

An emerging theme is that RNA-binding proteins and
miRNAs can co-regulate mRNAs (18). Indeed, miRNA
prediction algorithms suggest that, with the exception of
THRAPS mRNA, [FI16, ILIRN, FBX024, NDORI and
GNLY are miRNA targets. MYC, HOXBS and DOHH
are experimentally validated miRNA targets (13,51-54).
For example, let-7, miR-34c and miR-185-3p control
MYC; miR-196a controls HOXBS; and miR-331-3p and
miR-642-5p control DOHH.

Interaction of AGO?2, an integral subunit of RISC, with
AUF1 mRNA targets was examined by performing AGO?2
mRNP-immunoprecipitations with cytoplasmic lysates of
K562 cells. Precipitates were examined for endogenous
mRNA candidates with qRT-PCR. An AGO2 western
blot of a sample immunoprecipitated with anti-AGO2 or
control IgG showed specificity of the immunoprecipitation
(Figure 5A, top panel). As expected, M YC, HOXBS and
DOHH mRNAs were immunoprecipitated. Except for
ILIRN and GNLY, [FIl6, FBX024, THRAP5 and
NDORI mRNAs also immunoprecipitated with AGO2
antibody, as compared with control IgG and the negative
control GAPDH mRNA (Figure S5A, bottom panel,
P <0.01 for all). This result suggested that AGO2
associated with a subset of the AUF1 target mRNAs.

To examine whether AGO2 affects mRINA degradation,
K562 cells were transiently co-transfected with two
plasmids expressing distinct shRNAs against AGO2
(31). Western blot analysis indicated ~75% knockdown
of AGO2 (Figure 5B, top panel). Decay kinetics of en-
dogenous mRNAs were then evaluated and compared
with mRNA decay kinetics from cells transfected with
control shRNA plasmid. AGO2 knockdown extended
the half-lives of IFII6, FBX024, HOXBS and DOHH
mRNAs by 2- to 3-fold (Figure 5B and Table 2), and it
extended the half-life of M YC mRNA by 60% (Table 2;
0.48 versus 0.77h; P<0.01). AGO2 knockdown did not
affect the half-lives of ILIRN, THRAP5, NDORI or
GNLY mRNAs (Figure 3B and Table 2). This was not
unexpected, as AGO2 did not associate with IL/RN or
GNLY mRNAs (Figure 5A), and THRAPS5, NDORI
and GNLY mRNAs were stable, even when AGO2 was
present (Table 2). However, the mRNA decay assays col-
lectively indicated that rapid turnover of IFI16, FBX024,
HOXBS and DOHH mRNAs required both AUF1 and
AGO?2. Thus, each is necessary but not sufficient for decay
of these mRNAs.

If both AUF1 and AGO2 are required for degradation
of at least some AUFI target mRNAs, they may act as
cofactors. The next experiments examined the effects of
joint knockdown of AUF1 and AGO2 on mRNA decay.
K562 cells were co-transfected with plasmids encoding
shRNAs against AUF1 and AGO2. Western blot con-
firmed reductions in protein levels, although AGO2 reduc-
tion was less effective in cells co-transfected with
shAUF1+shAGO2 plasmids (Figure 6A); this type of
effect has been observed before and may reflect competi-
tion of multiple shRNAs for processing and/or loading of
the processed siRNA into RISC (55). Decay kinetics of
endogenous mRNAs were then evaluated and compared
with mRNA decay kinetics from cells transfected with
control shRNA plasmid. Representative decay graphs
are shown in Figure 6B. All data are tabulated in
Table 2 to allow comparisons with single knockdown of
AUF1 or AGO2. The conclusion from these experiments
is that, for the majority of mRNAs subject to control of
mRNA decay, joint knockdown of AUF1 and AGO2 had
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Figure 5. Analyses of AGO?2 binding to and degradation of mRNAs in
K562 cells. (A) Association of AGO2 with AUFI-target mRNAs in
cells. Lysates of K562 cells were prepared and fractionated by
ribonucleoprotein immunoprecipitation (IP) with IgG against AGO2
or control IgG. Upper panel: immunoprecipitated materials were
analysed by western blot (WB) to verify anti-AGO2-dependent
recovery of AGO2. Bottom panel: both input and immunoprecipitated
materials were analysed by qRT-PCR, and abundances of the indicated
mRNAs were plotted as a percent of the input mRNA level. The
means = SD  from three independent experiments are shown.
**P <0.01 versus GAPDH mRNA. (B) Effects of AGO2 knockdown
on mRNA decay kinetics. K562 cells were transiently transfected with
two plasmids expressing distinct AGO2-directed shRNAs. Upper panel:
western blot analysis of AGO2 knockdown. A 2-fold dilution series of
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Figure 6. Effects of joint knockdown of AUF1 and AGO2 on degrad-
ation of mRNAs in K562 cells. Plasmids encoding shRNAs against
AUF1 and/or AGO2 were transiently co-transfected. (A) Western
blots of AUF1 and AGO2 protein levels in serially diluted lysates of
cells expressing control shRNA were used to estimate knockdown
efficiencies in cells expressing shRNA against AUF1 and/or AGO?2,
as indicated for each lane. Tubulin served as a loading control. (B)
Two days after transfection of shRNA-expressing plasmids,
actinomycin D was added to inhibit transcription. Levels of mRNAs
were normalized to those of GAPDH mRNA and plotted as the percent
mRNA remaining as a function of time following actinomycin D
addition. Each time point represents mean + SD from »> 3 independ-
ent experiments for cells expressing control shRNA (solid circles, solid
lines) or AUFI+AGO2 shRNAs (open circles, dotted lines).
Non-linear regression analyses yielded first-order decay constants (k)
and associated mRNA half-lives. Representative graphs are shown,
and all data are tabulated in Table 2.

Figure 5. Continued

lysate from cells expressing control shRNA was used to estimate AGO2
knockdown efficiency. Tubulin served as a loading control. Lower
panel: 2 days after transfection of shRNA-expressing plasmids, actino-
mycin D was added to inhibit transcription. For each gene, levels of the
endogenous mRNA were normalized to those of GAPDH mRNA and
plotted as the percent mRNA remaining as a function of time following
actinomycin D addition. Each time point represents mean + SD from
n>3 independent experiments for cells expressing control shRNA
(solid circles, solid lines) or AGO2 shRNA (open circles, dotted
lines). Non-linear regression analyses yielded first-order decay constants
(k) and associated mRNA half-lives. Representative graphs are shown,
and all data are tabulated in Table 2.
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the same mRNA stabilizing effect as knockdown of either
one singly, i.e. joint knockdown stabilized IFI16, ILIRN,
FBX024, HOXBS and DOHH mRNAs 2- to 3-fold.
There were two exceptions. One was M YC mRNA. As
shown earlier, although knockdown of AUF1 had no
effect on mRNA decay, knockdown of AGO2 increased
mRNA half-life to 0.77h from 0.48h in control
shRNA-transfected cells (Table 2; P <0.01). However,
knockdown of both AUFI1 and AGO2 reduced mRNA
half-life to a value statistically indistinguishable from
that in cells transfected with control shRNA (Table 2;
0.53 versus 0.48h, respectively; P >0.05), i.e. joint
knockdown restored rapid mRNA decay (see
‘Discussion’ section). The other exception was NDORI
mRNA. Compared with decay of NDORI mRNA
induced by knockdown of AUFI1 alone, knockdown of
both AUF1 and AGO?2 stabilized the mRNA >2-fold
(Table 2; 4.3 versus 10h, respectively, P <0.05). Thus,
AUF1 may normally promote stabilization of NDORI
mRNA by somehow inhibiting the ability of AGO2 to
promote decay of the mRINA (see ‘Discussion’ section).

Effects of AUF1 and AGO2 abundance on their relative
interactions with mRNAs

The results, so far, indicated the following: (i) AUF1 and
AGO?2 both bound a subset of the AUF1 target mRNAs
examined; (ii)) for some of these AUFI1 targets,
knockdown of either AUF1 or AGO?2 stabilized the
mRNA, suggesting they may act as cofactors; and (iii)
AUF1 binding stabilized NDORI mRNA. These results
suggest pleiotropic effects of AUF1 and AGO2 on decay
of their target mRNAs, and perhaps, complex functional
interactions between these two proteins. A precedent for
this is the observation that AUF1 and the ARE-binding
protein HuR act as cofactors to recruit AGO2-RISC to
p16"™**“ mRNA for its degradation (49). As such, the next
series of experiments assessed the effect of suppressing
AUF1 or AGO2 expression on mRNA target binding by
the remaining factor.

K562 cells were transiently transfected with control
shRNA or shRNA against either AUF1 or AGO2, and
mRNP-immunoprecipitations were performed for the
other protein. qRT-PCR was used to detect the nine
AUF1 target mRNAs. MYC again served as a positive
control, as it binds both AUF1 and AGO2 (43,51).
AUFI1 knockdown increased AGO2 association with
MYC mRNA >2-fold compared with cells expressing
control shRNA (Figure 7A, P <0.05). Functionally, this
is consistent with the observation that knockdown of
AUF1 reduces translation of MYC mRNA (43). By
contrast, AUF1 knockdown decreased AGO?2 association
with HOXBS mRNA by 2-fold (Figure 7A, P <0.05). This
is consistent with the increase in half-life of HOXBS
mRNA on AUFI knockdown (Table 2). Finally,
knockdown of AUFI had no effect on AGO?2 association
with [FIl6, FBX0O24, THRAP5, NDORI or DOHH
mRNAs, suggesting that AGO2 binding to these
mRNAs can occur independently of AUF1 (Figure 7A).

In the converse experiment, AGO2 knockdown
increased AUF1 association with MYC mRNA ~3-fold
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Figure 7. Effects of AUFI and AGO2 abundance on mRNA binding.
K562 cells were transiently transfected with plasmids encoding control
shRNA or shRNA against either AUF1 or AGO2. Two days after
transfection of shRNA-expressing plasmids, lysates were prepared
and fractionated by mRNP-immunoprecipitation with control
antibodies or anti-AUF1 antibody (for AGO2-knockdown cells) or
anti-AGO2 antibody (for AUFI1-knockdown cells). Both input and
immunoprecipitated materials were analysed by qRT-PCR, and abun-
dances of the indicated mRNAs were plotted as a percent of the input
mRNA level. The means £+ SD from three independent experiments are
shown. **P <0.01 versus control shRNA. (A) Knockdown of AUF]
followed by AGO2 mRNP-immunoprecipitation. (B) Knockdown of
AGO?2 followed by AUF1 mRNP-immunoprecipitation.

(Figure 7B, P <0.05). Thus, AUF1 and AGO?2 binding to
MYC mRNA was inversely proportional, i.e. reciprocal.
This again is consistent with a role for AUF1 in MYC
translation, as earlier work showed that AUFI1
knockdown reduced MYC translation (43) and raises a
potential role for AGO2 in this event. By contrast,
AGO2 knockdown reduced AUFI association with
IFI16 mRNA (Figure 7B, P <0.05). However, AUF1



knockdown did not affect AGO2 association with IFI16
mRNA (Figure 7A). Thus, AGO2 may facilitate AUF1
association with [FI/6 mRNA, but not vice versa.
Likewise, AGO2 knockdown reduced AUF1 association
with HOXB8 mRNA (Figure 7B, P <0.05). AGO2 and
AUPF1 association with HOXBS8 mRNA thus seems pro-
portional, and perhaps binding of one protein facilitates
mRNA association by the other. This is again consistent
with the increase in half-life of HOXBS mRNA on
knockdown of either AUF1 or AGO2 (Table 2). Finally,
knockdown of AGO2 had no effect on AUF1 binding to
FBX024, THRAP5, NDORI or DOHH mRNAs
(Figure 7B). Thus, binding of AUF1 and AGO2 to these
four mRNAs seemed independent. Taken together, the
results of Figure 7 indicated that depending on the
mRNA, AUF1 and AGO2 binding can be reciprocal
with each other, proportional to each other or independ-
ent of each other.

DISCUSSION

Table 3 summarizes the relationships between mRNA
binding by AUF1 and AGO2 and their roles in mRNA
degradation. Binding of AUF1 and AGO2 to MYC
mRNA is reciprocal (Figure 7). Earlier work showed
that AUF1 promotes M YC translation, as its knockdown
reduced MYC translation (43). This effect is in part
because of enhanced mRNA binding by translation sup-
pressor protein T cell intracellular antigen-1-related
protein (TTAR) on AUF1 knockdown. However, the
earlier work also showed that joint knockdown of
AUFI and TIAR did not restore translation, suggesting
a second suppressor (43). Indeed, subsequent work
showed that the AUBP HuR recruits AGO2 to MYC
mRNA, which suppresses MYC translation (51).
Perhaps AUF1 and HuR also present competitive
binding effects on MYC mRNA as a mechanism to
control AGO2 occupancy on the mRNA. Nonetheless,
AGO2 also exerts modest effects on MYC mRNA
decay, as its knockdown increased mRNA half-life by
60% (Table 2). By contrast, AUF1 knockdown in cells
did not affect M YC mRNA decay (Table 2). This latter
result is consistent with the observation that AUF1
knockdown leaves AGO2 bound to MYC mRNA
(Figure 7), where it remains poised to promote decay
(and translational suppression) of the mRNA. However,
joint knockdown of AUF1 and AGO2 decreased mRNA
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half-life compared with knockdown of AGO2 alone
(Table 2). The simplest interpretation is that knockdown
of both AUF1 and AGO2 allows compensating AUBPs to
bind MYC mRNA and thereby recruit decay enzymes
other than AGO?2. Clearly, downstream biochemical char-
acterization experiments will be required to assess what
combinations of bound AUBPs are possible and the allo-
steric relationships between them.

AUF1 and AGO2 binding is proportional/cooperative
for HOXBS and IFI16 mRNAs (Figure 7). miR-196a
degrades HOXBS mRNA via endoribonucleolytic
cleavage, as the miRNA fully base pairs with the
mRNA (although there is one G:U base pair) (13).
Nonetheless, AUF1 knockdown reduced AGO2 binding
(Figure 7) and increased half-life of the mRNA (Table 2).
Two possible explanations are that direct AUF1-AGO2
protein—protein associations facilitate their co-binding to
the mRNA, or that AUF1 binding to HOXBS8 mRNA
may expose the miR-196a binding site, much like
RNA-binding protein Pumilio exposes miR-221/222 sites
in p2757" mRNA by altering local RNA structure (56).
Consistent with the latter idea, AUF1 possesses an RNA
chaperone-like activity that can remodel local RNA struc-
ture (23,57). In the case of IFI16 mRNA, however, AGO2
knockdown reduced AUF1 association with the mRNA,
but in the converse experiment, knockdown of AUFI did
not affect AGO-mRNA association (Figure 7). Thus,
AGO2-IFI16 mRNA association does not require
AUFI1. Nonetheless, AGO2 does require AUF1 as a
cofactor to effect mRNA degradation, as knockdown of
either protein increased mRNA half-life (Table 2).
Perhaps AGO2 requires AUF1 to assist its recruitment
of the CCR4-NOT deadenylase complex to the IFI16
mRNP (8-11).

AUFI1 and AGO?2 binding is independent for FBX024,
THRAPS5, NDORI and DOHH mRNAs (Figure 7).
THRAP5S mRNA is stable, and knockdown of AUFI
and/or AGO2 had no effect on mRNA half-life
(Table 2). We speculate these proteins control translation
of the mRNA, as they do for M YC mRNA (43,51). Both
FBX024 and DOHH mRNAs were unstable, and
knockdown of either AUF1 or AGO2 stabilized these
mRNAs (Table 2). Thus, AUF1 and AGO2 may be co-
factors for promoting degradation of some mRNAs.
Consistent with this idea, a recent report (54) showed
that miR-331-3p and miR-642-5p control abundance of
DOHH mRNA and protein in prostate cancer cells. This

Table 3. Effects of AUF1 and AGO2 on post-transcriptional control of mRNAs

mRNA AUFI1 and AGO2 association Function

MYC Reciprocal Translation (AUF1)
Decay/translation (AGO2)

IFI16 AGO?2 facilitates AUF1 binding Decay requires AUF1 and AGO2

HOXBS AGO?2 facilitates AUF1 binding and vice versa Decay requires AUF1 and AGO2

FBX024 Independent Decay requires AUF1 and AGO2

DOHH Independent Decay requires AUF1 and AGO2

NDORI Independent Stability requires AUF1

THRAPS Independent Stable mRNA

ILIRN AUFI binding only Decay requires AUF1

GNLY AUF]1 binding only Stable mRNA
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observation is in line with our results showing that AGO?2
knockdown increased mRINA half-life >2-fold (Table 2).
NDORI mRNA presented a special case: it is normally a
stable mRNA, but AUF1 knockdown reduced its half-life
>2-fold (Table 2); in the absence of AUF1, mRNA deg-
radation required AGO2, as joint knockdown of AUFI
and AGO?2 stabilized the mRNA (Table 2). This raises the
intriguing question as to how AUF1 could block mRNA
degradation activity programmed by AGO2 bound to
NDORI mRNA.

Finally, AUF1 binds ILIRN and GNLY mRNA:s,
whereas AGO?2 does not (Figures 2, 5, and 7). AUFI is
essential for /L/RN mRNA decay, as its knockdown
increased mRNA half-life >4-fold; by contrast, GNLY
mRNA is relatively stable, and AUF1 knockdown had
no effect on mRNA half-life (Table 2). Thus, how does
AUF1 promote decay of some mRNAs and not others?
This will require analyses of the network of proteins
bound to each mRNA, dictated, in part perhaps, by the
first protein with the highest affinity for (or access to)
mRNA sequence(s) that trigger hierarchical binding of
additional proteins that together allow mRNA decay, sta-
bility and/or translation.

Given the apparent complex relationships demonstrated
here between AUF1 and AGO2 association with mRNAs,
and their effect on mRINA decay, future work will address
four areas: (i) to determine where on the mRNAs
both AUF1 and AGO2 bind using techniques, such as
photoactivatable ribonucleoside-enhanced—cross-linking
and immunoprecipitation (PAR-CLIP) and related
methods (58-61), and whether AUF1-AGO2 physically
associate; (i1) to 1identify additional RNA-binding
proteins associated with AUF1 target mRNAs and
where they bind (as noted earlier in the text); (iil) to de-
termine whether binding of one (or more) proteins alters
RNA presentation to allow binding by others, including
AGO2 and perhaps miRISC; and (iv) to consider whether
there are ‘mRNA codes’ that programme the variety of
effects observed here. In addition to its well characterized
binding to AREs (17,22), AUF1 might bind a variety
of sequences as well (manuscript in preparation). It is
unlikely that one or another mRNA-binding mechanism
(reciprocal/competitive, proportional/cooperative or inde-
pendent) will be restricted to any one type of sequence
element. Thus, it is likely that putative codes might
reside in RNA secondary/tertiary structures or within
mRNP structures that await identification.
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