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The antiapoptotic Bcl-2 protein is overexpressed in a variety
of cancers, particularly leukemias. In some cell types this is the
result of enhanced stability of bcl-2 mRNA, which is controlled
by elements in its 3'-untranslated region. Nucleolin is one of the
proteins that binds to bcl-2 mRNA, thereby increasing its half-
life. Here, we examined the site on the bcl-2 3'-untranslated
region that is bound by nucleolin as well as the protein binding
domains important for bcl-2 mRNA recognition. RNase foot-
printing and RNA fragment binding assays demonstrated that
nucleolin binds to a 40-nucleotide region at the 5’ end of the
136-nucleotide bcl-2 AU-rich element (ARE?“?), The first two
RNA binding domains of nucleolin were sufficient for high
affinity binding to ARE*’, In RNA decay assays, ARE**? tran-
scripts were protected from exosomal decay by the addition of
nucleolin. AUF1 has been shown to recruit the exosome to
mRNAs. When MV-4-11 cell extracts were immunodepleted of
AUF]1, the rate of decay of ARE?<-2 transcripts was reduced,
indicating that nucleolin and AUF1 have opposing roles in bcl-2
mRNA turnover. When the function of nucleolin in MV-4-11
cells was impaired by treatment with the nucleolin-targeting
aptamer AS1411, association of AUF1 with bcl-2 mRNA was
increased. This suggests that the degradation of bcl-2 mRNA
induced by AS1411 results from both interference with nucleo-
lin protection of bcl-2 mRNA and recruitment of the exosome by
AUF1. Based on our findings, we propose a model that illus-
trates the opposing roles of nucleolin and AUF1 in regulating
bcl-2 mRNA stability.

Bcl-2, the prototype for its family, is an antiapoptotic protein. Its
overexpression has been implicated in multiple cancers and asso-
ciated with resistance to chemotherapy, making it an important
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prognostic factor, particularly in hematological malignancies. The
Bcl-2 protein is often highly expressed in chronic lymphocytic leu-
kemia (CLL),” even though there is no evidence of gene rearrange-
ments that are known to up-regulate bcl-2 transcription. Recently,
Otake et al. (1) reported that Bcl-2 overexpression in CLLis related
to bel-2 mRNA stabilization.

It is becoming increasingly clear that mRNA stability is an
important control point in the regulation of gene expression. In
mammalian cells, regulation of mRNA turnover can dramati-
cally alter the abundance of a particular mRNA without
changes in transcription. One of the best characterized regula-
tory elements present in the 3’'-untranslated region (3'-UTR) of
mRNAs is the AU-rich element (ARE) (for a review, see Ref. 2).
These elements are usually composed of AUUUA sequences
embedded in a U-rich stretch, and they act as potent
mRNA-destabilizing sequences, targeting mRNAs for rapid
decay. The bcl-2 mRNA contains an ARE in the 3'-UTR that
plays a role in regulating its stability (3, 4). The ARE?*Z is a
sequence of 136 nucleotides (nucleotides 921-1057) just down-
stream from the stop codon, containing two AUUUA pentam-
ers and a UUAUUUAUU nonamer, which has also been shown
to destabilize some mRNAs (4).

Several RNA-binding proteins have been shown to bind to
AREs and regulate the fate of the target mRNA. Some of them
have multiple functions, but for the most part HuR (5) has been
described as an mRNA stabilizer; AUF1 (6), tristetraprolin (7)
and K homology splicing regulatory protein (8) as mRNA desta-
bilizers; and TIA-1 (9) and TIAR (10) as translational repres-
sors. Previously, we identified nucleolin as a stabilizer of bcl-2
mRNA in HL60 leukemia cells (11). Nucleolin binds specifically
to the 3'-UTR, and it protects ARE”*? transcripts from decay
in cell-free extracts (11). Otake et al. (1) subsequently found
that stabilization of bcl-2 mRNA is, in part, the result of over-
expression of nucleolin in the cytoplasm of CLL cells compared
with normal CD19™ B cells. Also, Soundararajan et al. (12) have
found that nucleolin and Bcl-2 proteins are highly expressed in
the cytoplasm of MCEF?7 breast cancer cells but are not in non-
malignant MCF10A cells.

Nucleolin, also known as C23, is highly conserved among
eukaryotes and is ubiquitously expressed. Despite being the

> The abbreviations used are: CLL, chronic lymphocytic leukemia; ARE, AU-
rich element; ECM, evolutionarily conserved motif; MBP, maltose-binding
protein; NRE, nucleolin recognition element; Nuc-His, nucleolin with the
N-terminal deletion; pre-rRNA, preribosomal RNA; RBD, RNA binding
domain; R.E., range of extremes.
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most abundant protein in the nucleolus, it shuttles to the cyto-
plasm, where it participates in mRNA regulation, and it is also
found in the plasma membrane (13, 14). As a result, our current
view of nucleolin is of a multifunctional protein involved in
numerous cellular processes, such as proliferation and growth,
transcription, cytokinesis, nucleogenesis, signal transduction,
mRNA regulation, apoptosis, induction of chromatin conden-
sation, and replication, to name a few (for a review, see Ref. 15).

The unusual diversity in the biological functions of nucleolin
can be understood, at least partially, from its complex protein
structure. Nucleolin contains three structural domains: the
N-terminal which contains highly acidic residues and a nuclear
localization signal; the central domain which contains four
ribonucleoprotein-type RNA binding domains (RBDs) that
are determinants of RNA-binding specificity; and the C-ter-
minal domain which contains arginine-glycine-glycine repeats
(RG@Gs), participates in interactions with ribosomal proteins
(16), exhibits helicase activity (17), and contributes to nonspe-
cific RNA binding (17).

The presence of four RBDs in nucleolin may account for the
diversity of target RN As that are bound by this protein. Nucleo-
lin binds to two different RNA motifs in preribosomal RNA
(pre-rRNA), the nucleolin recognition element (NRE) (18, 19)
and the evolutionary conserved motif (ECM) (20). None of the
four RBDs of nucleolin binds individually to fragments of pre-
rRNA; however, a polypeptide containing the first two RBDs
binds specifically to a short RNA containing the 18-nucleotide
NRE (21). In contrast, binding to RNA containing the 11-nu-
cleotide ECM requires all four RBDs (22). Thus, different com-
binations of RBDs are used in binding to NRE and ECM RNAs.

In addition to its interactions with pre-rRNA, cytoplasmic
nucleolin has been demonstrated to increase (11, 23-28) or
decrease (29) the stability of several mRNAs. It also has been
shown to stimulate the translation of an mRNA (30). Although
the contributions of the RBDs to binding to NRE and ECM
RNAs is known, the contributions of the RBDs to binding of
specific mRNAs are not known. In addition, the binding site of
nucleolin on bc/-2 mRNA has not been mapped. To address
these questions, the role of the four RBDs in binding of nucleo-
lin to bcl-2 mRNA was assessed, and the binding site of nucleo-
lin on the ARE”~* was mapped.

In mammalian cells, ARE-mediated mRNA decay starts with
deadenylation of the 3’ poly(A) tail, followed by 3'-5" exonu-
cleolytic degradation by a complex of enzymes termed the exo-
some (for review, see Ref. 31). Mechanistically, ARE motifs are
thought to be bound by specific ARE-binding proteins that
physically interact with and recruit the RNA decay machinery
to the mRNA (8, 31, 32). Studies by Lapucci et al. (33) have
suggested that AUF1 plays a role in the turnover of bcl-2
mRNA. In this report we examined the ability of nucleolin to
protect bcl-2 mRNA from exosome degradation and tested the
hypothesis that nucleolin may compete with AUF1 for binding
to bcl-2 mRNA. Based on our findings, we propose a model for
how bcl-2 mRNA levels are regulated in normal cells and how,
in some cancer cells, aberrant stabilization by nucleolin leads to
up-regulation of the antiapoptotic Bcl-2 protein.
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EXPERIMENTAL PROCEDURES

Cell Culture—MV-4-11 leukemia cells were grown in RPMI
1640 medium (Cellgro), supplemented with 10% (v/v) heat-in-
activated fetal bovine serum (Atlanta Biolabs), 100 units/ml
penicillin, and 100 pug/ml streptomycin (Invitrogen) at 37 °C in
5% CO,. AS1411 (34) was obtained from Antisoma Research,
Ltd. Cells were grown in the presence of additional media or 10
um AS1411 for 72 h.

Expression and Purification of Recombinant Nucleolin—Re-
combinant pET21la plasmid carrying a truncated nucleolin
gene encoding residues 284 —710 and six histidines was a gift
from Dr. France Carrier (University of Maryland) (35). Recom-
binant nucleolin with the N-terminal deletion (referred to as
Nuc-His) was expressed in Escherichia coli BL21 (DE3). Purifi-
cation of Nuc-His was performed according to Sengupta et al.
(11). Protein purity was assessed by SDS-PAGE, and protein
concentration was measured by Bradford assays. GST-nucleo-
lin (containing residues 284 —710) was kindly provided by Dr.
France Carrier.

Plasmids for expression of fusion proteins containing the
maltose-binding protein (MBP) and nucleolin RNA binding
domains were a gift from Dr. Nancy Maizels (University of
Washington, Seattle, WA) (36). Plasmids pMal-Nucl,2-RGG
and pMal-Nuc3,4-RGG were transformed into E. coli BL21
(DE3) cells, and expression of proteins was induced by isopro-
pyl 1-thio-B-p-galactopyranoside. MBP-Nuc fusion proteins
were purified as described by Hanakahi et al. (36).

RNase Footprinting—RNA transcripts were prepared by in
vitro transcription from plasmid pCR4-ARE using T7 RNA
polymerase, as described previously (4). Transcripts were 5’
end-labeled using polynucleotide kinase and [y->?P]ATP.
200,000 cpm of **P-ARE RNA were incubated with 0, 50 or 100
nM recombinant Nuc-His in RNA-binding buffer (4) in a final
volume of 10 ul for 10 min on ice. Following incubation, reac-
tion mixtures were treated with RNase T1 (final concentration
1 unit/ml) for 10 min at room temperature. After RNase diges-
tion, the reaction was stopped by addition of an equal volume of
formaldehyde gel loading buffer. Samples were heated at 95 °C
for 5 min and electrophoresed on a 6% polyacrylamide TBE-7 m
urea gel. Following electrophoresis, gels were fixed in a 10%
acetic acid solution. Gels were dried and analyzed by phos-
phorimaging. Decade markers (Ambion Inc.) were radiolabeled
according to he manufacturer’s instructions and used for
molecular mass markers.

Preparation of RNA Transcripts—ARE"~ and B-globin
RNA transcripts were synthesized using T7 RNA polymerase
from Spel-linearized plasmids pCR4-ARE-1A and pCR4-globin,
respectively (4). Mutants of ARE?? were generated by site-di-
rected mutagenesis. All-transcripts were synthesized and labeled
with [**P]JUTP following the manufacturer’s protocol of each of
the following kits: for noncapped transcripts, MAXIscript T7 kit
(Ambion); for capped transcripts, mMessage mMachine T7 kit
(Ambion). The purity of RNA transcripts was monitored by anal-
ysis on 6% polyacrylamide-8 m urea gel.

Preparation of HeLa Cell S10 and S100 Extracts—Prepara-
tion of S100 cytoplasmic extracts was performed following the
protocol from Sokoloski et al. (37) with some modifications.
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Briefly, HeLa cells were centrifuged at 100 X g for 5 min, and
cell pellets were washed twice with cold phosphate-buffered
saline (PBS). Pellets were suspended in buffer A (10 mm HEPES
(pH 8.0), 1.5 mm MgCl,, 10 mm KCI, 0.5 mm PMSF, 0.1% pro-
tease inhibitor mixture (Sigma-Aldrich), and 1 mm DTT). After
incubation on ice for 10 min, the suspension was centrifuged.
The swollen cell pellet was resuspended in buffer A, lysed with
a homogenizer, and centrifuged. The supernatant was col-
lected, supplemented with buffer B (]300 mm HEPES (pH 8.0),
30 mm MgCl,, 1.4 M KCl), and centrifuged at 100,000 X gfor 1 h
at 4 °C. The supernatant was collected and stored immediately
at —80 °C. Protein concentration was established by Bradford
assay. Independent extracts were standardized by assessment
of poly(A) ribonuclease levels as described by Sokoloski et al.
(37).

For S10 cytoplasmic extracts, HeLa cells were washed twice
in ice-cold PBS. The cell pellet was resuspended in hypotonic
buffer (20 mm HEPES (pH 8.0), 10 mm KCL, 0.5 mm DTT, 0.1%
Nonidet P-40, 5% glycerol, 0.5 mm PMSF, 0.1% protease inhib-
itor mixture, 10 mm benzamide, 20 mm sodium fluoride and 20
mM B-glycerophosphate) and incubated at 4 °C for 15 min. Sus-
pensions were centrifuged at 10,000 X gat 4 °C for 10 min. The
supernatants were collected, and protein concentrations in the
extracts were determined by Bradford assays.

RNA Gel Mobility Shift Assays and Determination of Binding
Affinities—Gel shift assays were performed as described previ-
ously (4, 38). Briefly, [**P]ARE***? transcripts were incubated
with recombinant proteins on ice for 10 min and then subjected
to electrophoresis on a 1% agarose-TAE gel. Gels were dried on
nitrocellulose paper and analyzed by phosphorimaging.

Phosphorimages of gel shift assays were analyzed using
ImageQuant software. Curve fitting (nonlinear regression) was
performed with Prism 4 software (GraphPad) using the follow-
ing equation:

Y = B XKy + X (Eq. 1)
where B, .. is the maximum binding and K, is the concentra-
tion of ligand required to reach half-maximum binding. Values
reported are the mean * the range of the extremes (R.E.) or
standard error (S.E.).

RNA Immunoprecipitation—Immunoprecipitation of pro-
tein'RNA complexes was performed as described by Tenen-
baum et al. (39) with some modifications. Briefly, S10 extracts
were prepared from MV-4-11 cells as described above for HeLa
cells. An aliquot of cell lysate (1 mg of total protein) was pre-
cleared with protein A/G-agarose beads (Santa Cruz Biotech-
nology). Equal aliquots of the precleared supernatant were
incubated with protein A/G-agarose beads that had been pre-
incubated with IgG, polyclonal anti-nucleolin (Santa Cruz Bio-
technology), monoclonal anti-HuR (Santa Cruz Biotechnol-
ogy), or polyclonal anti-AUF1 (Upstate). The agarose beads
were washed six times with NT2 buffer (50 mm Tris-HCI (pH
8.0), 150 mm NaCl, 1 mm MgCl,, and 0.05% Nonidet P-40) and
then recovered by centrifugation. RNA was extracted with TRI
Reagent (Sigma-Aldrich) and treated with RNase-free DNase
(Ambion). The purified RNA was used as a template to
synthesize cDNA using random hexamer primers and M-MLV
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reverse transcriptase (Fisher) according to the manufacturer’s
protocol. Quantitative real-time PCR was performed with
SYBR Green mix (Quanta Biosciences) using primers specific
for bcl-2 mRNA: forward 5'-CTGGTGGGAGCTTGCAT-
CAC-3' and reverse 5'-ACAGCCTGCAGCTTTGTTTC-3';
and for GAPDH: forward-5'-TGCACCACCAACTGCTT-
AGC-3' and reverse-5'-GGCATGGACTGTGGTCATGAG-3".

In Vitro mRNA Decay Assays—To assay for exosome-medi-
ated decay 5'-capped, **P-labeled transcripts were prepared as
described above. RNA transcripts were extracted with TRI Re-
agent (Sigma-Aldrich) and analyzed for purity on denaturing
gels before use. Decay assays were performed following the
protocol described previously (40, 41). Briefly, **P-labeled tran-
scripts (2 pmol) were incubated with purified recombinant
Nuc-GST protein (100 nm) or with GST (100 nm), followed by
addition of 50— 60 ug of S100 extracts. Reactions (final volume
of 70 ul) were incubated at 30 °C. Aliquots were removed at 0,
30, 60, and 90 min, added to stop buffer, and immediately
extracted with TRI Reagent. Recovered RNA was analyzed on
8% polyacrylamide gels containing 8 M urea. After electro-
phoresis, gels were dried and analyzed by phosphorimaging.

For assays with AUF1-depleted S100 extracts, S100 extracts
were incubated with polyclonal anti-AUF1 (Upstate) and pro-
tein A/G-agarose beads for 16 h at 4 °C. Suspensions were cen-
trifuged, and the supernatant was subjected to Western blot
analysis with monoclonal anti-GAPDH (Chemicon) and poly-
clonal anti-AUF1 antibodies.

To derive mRNA half-lives, densitometry of phosphorim-
ages was performed using ImageQuant. Prism 4 software
(GraphPad) was used to generate nonlinear regression curve
fitting with the following equation:

Y = Span-e”* + Plateau (Eq.2)
where Y = % RNA remaining; X = time. Y starts at Span+
Plateau and decays to Plateau with a rate constant K. The half-
life is 0.69/K. Values reported are the means = S.E.

UV-cross-linking Assays—>*P-Labeled ARE*? transcripts
were incubated with S10 cytoplasmic extracts of MV-4-11 cells.
Complexes were UV-cross-linked (Spectroline) for 20 min at
254 nm. Following UV-cross-linking, samples were digested
with RNase A and RNase T1 at 37 °C for 2 h. Extracts were
incubated with IgG, anti-nucleolin, or anti-AUF1 antibodies,
followed by protein A/G-agarose beads. Beads were washed
with cold PBS, and proteins were analyzed on a 10% polyacryl-
amide-SDS gel. Protein bands containing cross-linked RNA
were identified by phosphorimaging of the dried gels.

RESULTS

Identification of the Nucleolin Binding Site on ARE"*™? RNA—
To determine the nucleolin binding site on ARE”, an RNase
footprinting assay was performed. 5'->’P-Labeled ARE”*2
transcripts were synthesized in vitro and subjected to partial
digestion with RNase T1, which cleaves after guanine nucleo-
tides. Digestions were performed in the presence or absence of
recombinant Nuc-His, which contains amino acid residues
284.-710 (35). The resulting RNA fragments were separated by
electrophoresis on denaturing polyacrylamide gels and ana-
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or a region spanning the center of
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FIGURE 1. RNase footprint assay of nucleolin binding site on bc/-2 ARE RNA. A, 5'-[*?P]ARE transcripts
subjected to partial digestion with RNase T1 in the absence or presence of Nuc-His, as indicated. +, 50 nm
nucleolin; ++, 100 nm nucleolin. Fragments were separated on a denaturing polyacrylamide gel and detected
by phosphorimaging. Arrows on the left indicate cleavage sites protected by nucleolin; arrows on the right
indicate cleavage sites that remained unchanged in the presence of nucleolin. B, potential secondary structure
of the ARE®“"? predicted by M-Fold (56). Arrows indicate the location of the protected cleavage sites at the 5’
and 3’ ends of the protected region. Regions corresponding to Pentamer 1 (P7), Pentamer 2 (P2), Nonamer (N)
as well as the vector sequences are defined. C, sequence of nucleotides 36-77 of ARE®?"2, Residues that were

protected by nucleolin from cleavage are indicated by the arrows.

lyzed by phosphorimaging. As shown in Fig. 14, addition of
nucleolin to the 203-nucleotide ARE?**? transcript (containing
the 136-nucleotide ARE and 67 nucleotides of flanking vector
sequence) resulted in decreased cleavage of nucleotides G36,
G43/44, G51, G54, G60, G70, G76, G77, and G114. Cleavages at
nucleotides 107 and 157 appear to be enhanced in the presence
of nucleolin (lanes 3 and 4). However, normalization of the
bands in each lane on the gel indicated that the increased inten-
sities are due to differences in the amount of loaded material in
these lanes.

Fig. 1B shows the predicted minimum free energy secondary
structure of the ARE?? transcript, where the arrows indicate
the cleavage sites at the 5’ and 3’ ends of the region that was
protected from RNase T1 digestion by nucleolin binding
(excluding G114; see “Discussion”). This analysis suggests that
the primary nucleolin binding site in ARE?**? (Fig. 1C) spans a
region from one short stem-loop (nucleotides 36 —45) to a sec-
ond stem and loop (nucleotides 58 —70) on the left side of the
predicted folded structure.

To examine the site of nucleolin binding on ARE”** RNA
further, transcripts containing the 5" or 3’ half of the ARE”

pCEEVON
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1y .. 1 i 11
5 - GUCUUCAGGCAAAACGUCGAAUCAGCUAUUUACUGCCAAAGG - 3’

affinities of nucleolin for the Short
fragment (K, = 77 £ 16 nm (R.E.))
and the Pentamer fragment (K,
129 * 26 nm (R.E.)) were similar to
that for the full-length ARE.

The sequence common to the
Short and Pentamer fragments con-
tains nucleotides 50-100. This
region overlaps much of the se-
quence that was protected by
nucleolin in the RNase footprint
assay (Fig. 1) but lacks nucleotides
36 —49 of the RNase-protected sequence. Nucleotides 50 -100
contain the two AUUUA pentamers (P! and P2) that are asso-
ciated with ARE instability elements in mRNAs. To determine
whether either of these sequences is important for nucleolin
recognition of ARE?*2, mutations converting the AUUUA
pentamer to AGGAA were introduced into each of the pentam-
ers within the full-length ARE transcript. In addition, a mutant
transcript was constructed in which both pentamers were
mutated to AGGAA. Binding affinities of GST-nucleolin for the
mutant transcripts were measured by gel shift assays (Fig. 3).
Mutation of Pentamer 1 increased the K, of GST-Nuc for the
ARE”“? transcript by a factor of 2.4 (i.e. from 162 * 46 nm to
396 = 127 nM (S.E.)). Mutation of Pentamer 2 had a similar
effect, increasing the K, by a factor of 2 (to 317 £ 93 nm (S.E.)).
Interestingly, the mutation of both pentamers did not have an
increased effect but rather had a result similar to the individual
mutations, changing the K, by a factor of 2.2 (to 367 * 142 nm
(S.E)).

Taken together, these data suggest that the primary binding
site(s) for nucleolin is between nucleotides 36 and 77 of the
ARE. It seems unlikely that nucleolin binding involves recogni-

77
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tion of any one specific AUUUA sequence (e.g. Pentamer 1)
because mutation of either one of the two pentamers had a
modest effect, and mutation of both pentamers did not enhance
this effect.

ARE**"? Binding Domains of Nucleolin—As noted above,
binding of nucleolin to the NRE of pre-rRNA requires only

A) 34 54 104 171 203
5 3
1

Pentamers (70 nts) Nonamer (66 nts)

I

%

Nuc - Nuc - Nuc ! Nuc !

P1 P2
Short (76 nts)

B)

"
T

Pentamers

Full-length Short

FIGURE 2. Binding of nucleolin to fragments of ARE®?2 RNA. A, schematic
representation of the transcripts utilized in binding assays. Transcripts con-
tained the full-length (136 nucleotides) ARE*“"2 or portions containing the
two pentamers (P71 and P2) (70 nucleotides), one nonamer (N) (66 nucleo-
tides), or both the pentamers and the nonamer (76 nucleotides = short). Thin
line indicates vector sequences present in all transcripts; thick line or boxes
indicate bcl-2 mRNA sequences. B, 32P-ARE transcripts (25 nm) incubated in
buffer alone or with purified recombinant Nuc-His (50, 100, 200, or 400 nm
indicated by triangle above gel). The transcript used in each assay is indicated
below the gel. Samples were separated on a 1.5% agarose gel, which was
dried and analyzed by phosphorimaging.

Nonamer
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RBDs 1 and 2, whereas binding to ECM RNA requires all four
RBDs. Structural studies of the complex of RBD 1,2 and NRE
RNA showed that RBDs 1 and 2 bind on opposite sides of the
stem and loop structure of NRE RNA (42). Residues in the
linker connecting RBDs 1 and 2 contribute to RNA affinity
through interactions with the loop and by tethering the two
RBDs to RNA. Thus, RBDs 1 and 2 work as a specific pair in
binding NRE RNA. In the case of ECM, binding may require
two pairs of RBDs (22). To determine whether nucleolin bind-
ing to bcl-2 mRNA is similar to binding to NRE or ECM RNA,
truncated forms of nucleolin fused with MBP were purified.
Polypeptides containing MBP-and nucleolin RBDs 1 and 2 and
the RGG domain (Nucl,2-RGG) or RBD 3 and 4 and the RGG
(Nuc3,4-RGG) domain (shown schematically in Fig. 44) (36)
were expressed in E. coli and purified. The RNA binding activ-
ities of the polypeptides were compared with the activity of Nuc-
His (nucleolin containing RBDs 1,2,3,4-RGG) using gel mobility
shift assays (note: MBP-Nuc RBD1,2,3,4-RGG was not soluble and
could not be used for these assays). These assays demonstrated
that the affinity of MBP-Nuc1,2-RGG for ARE**? (K, = 63 + 10
nM (R.E.)) is similar to that of Nuc-His (K, = 88 nm) (Fig. 4, B and
C). Thus, deletion of RBDs 3 and 4 did not detectably diminish the
affinity of nucleolin for ARE”*%, Nuc3,4-RGG also retained the
ability to bind to ARE?*? (Fig. 4D). However, the affinity of
Nuc3,4-RGG for ARE**? (K, = 194 + 34 nm (R.E.)) was 3-fold
weaker than that of Nuc1,2-RGG. Previous studies by Serin et
al. (21) have demonstrated that deletion of the RGG peptide
does not significantly affect the affinity of nucleolin for specific
RNA but does reduce the affinity for nonspecific RNA. The
finding that deletion of RBDs 3 and 4 from Nuc 1,2,3,4-RGG
does not diminish the affinity of nucleolin for ARE”*? suggests
that much of the free energy of bc/-2 RNA binding comes from
contributions of RBDs 1 and 2.

Nucleolin Inhibits Exosome Degradation in Vitro—Previous
results from our laboratory showed that nucleolin protects
5'-capped, polyadenylated ARE”? transcripts from degrada-
tion in cell-free RNA decay assays
(11). However, the mechanism of
this protection was not examined.
AREs stimulate exosomal degrada-
tion of mRNAs, but not deadenyla-
tion (41, 43). This suggests that
nucleolin binding to the ARE region

Nuc-GST may inhibit exosome-mediated deg-

radation of the mRNA. To test this,

UL LL
- -
12 3 4 5 6 7 12 3 4 56 7 12 3 4 56 7
WT 1st pentamer mutant 2nd pentamer mutant

FIGURE 3. Binding of nucleolin to bcl-2-ARE mutant RNAs. A, Schematic representation of the ARE®<-2
mutant transcripts utilized in this experiment. Transcripts contained mutations in the first, second, or in both
ARE pentamers present in the ARE®"2, B, wild-type or mutant [*2P]ARE transcripts (25 nm) incubated in buffer
alone (lane 1) or with purified recombinant Nuc-GST (50, 100, 200, 400 or 800 nwm; lanes 2-6). Lane 7 corresponds
to transcripts incubated with 800 nm GST. The transcript used in each assay is indicated below the gel. Samples
were separated on a 1.5% agarose gel, which was dried and analyzed by phosphorimaging.
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the effect of recombinant nucleolin
on the decay of 5'-capped ARE?*2
transcripts lacking a poly(A) tail was
examined. First, *?P-labeled tran-
scripts with or without an ARE were
incubated with S100 HeLa extracts
for up to 1 h, with aliquots being col-
lected every 20 min. Recovered
RNA was analyzed on a denaturing
gel. As seen in Fig. 5A, capped
ARE”2 RNA underwent faster
degradation (half-life of 67 = 7 min
(S.E.)) than capped, non-ARE con-

1 2 3
double mutant

4 5 6 7
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FIGURE 4. Determination of the RNA binding domains required for bind-
ing of nucleolin to ARE*?2 RNA. A, schematic diagram of nucleolin polypep-
tides used in this study (see “Experimental Procedures”). B-D, gel shift assays
of nucleolin polypeptides binding to full-length ARE®?"? RNA. [>2P]RNA was
incubated with various protein concentrations, and free and bound RNAs
were separated on a native agarose gel. B, ARE®?"2 RNA was incubated with 0,
50, 100, 150, 300, 500, or 750 nm Nuc 1,2,3,4-RGG-His. C, ARE>?2 RNA incu-
bated with 0, 25, 50, 75, and 100 nm MBP-Nuc 1,2-RGG. Lane 1 is a noncontig-
uous lane from the same gel. D, binding of MBP-Nuc 3,4-RGG to ARE*“"2 RNA.
Lane 1,RNA plus buffer, lanes 2-7, RNA plus 100, 150, 200, 250, 300, and 350 nm
MBP-Nuc 3,4-RGG, respectively; lane 8, RNA plus 150 nm MBP. Lanes 1 and 8
are noncontiguous lanes from the same gel.
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taining B-globin transcripts (half-life of 177 * 22 min (S.E.)),
which is in accordance with the ARE being bound by RNA-
binding proteins that recruit the exosome (43). Next, reactions
were performed in which capped ARE??? transcripts were
incubated in HeLa extracts alone or in extracts supplemented
with recombinant GST-nucleolin or GST polypeptide. In
extracts supplemented with recombinant nucleolin the decay
of ARE” transcripts was prolonged (Fig. 5B; half-life of 99 +
12 min (S.E.)), indicating that nucleolin protects ARE”*> RNA
against exosome-mediated degradation. Addition of GST
polypeptide to cell extracts had no significant effect on the
decay of the transcript (Fig. 5B8; half-life of 65 = 4 min (S.E.)).

Previous studies have suggested that AUF1 plays a role in
regulating the stability of bcl-2 mRNA, particularly in response
to UVC irradiation (33). AUF1 has been found to interact with
the exosome (43) and is thought to destabilize ARE mRNAs by
recruiting the exosome to the mRNA. To test the participation
of AUF1 in bcl-2 mRNA decay, HeLa cell S100 cytoplasmic
extracts were depleted of AUF1 by incubation with anti-AUF1
antibody followed by precipitation with protein A/G-agarose
beads. This resulted in =50% reduction in the level of AUF1 in
S100 extracts of HeLa cells (supplemental Fig. 1). The rate of
decay of capped ARE?“/? transcripts in the depleted extract was
then compared with the decay in untreated extracts. Even though
there was only partial depletion of AUF1 in the S100 extracts,
there was a notable decrease in the
rate of decay of ARE?** transcripts
(half-life = 118 = 13 min (S.E.))
compared with untreated extracts
(half-life = 67 min) (Figs. and 4D
and 5C).

Inhibition of Nucleolin Increases
the Interaction of AUFI with bcl-2
mRNA in Vivo—The above exo-
some decay assays demonstrated
opposing activities of nucleolin and
AUF1 with regard to bcl-2 RNA
decay. This suggests that nucleolin
may stabilize bc/-2 mRNA in vivo by
preventing binding of AUF1 to the
ARE®2, which presumably would

100 G

10 T T "
30 60 90

Time (min)

S100 -AUF1

reduce access of the exosome to the

0> 30’ 60° 90’ 0° 30’ 60’90’

mRNA. However, the slower decay
observed with AUFIl-immunode-
pleted extracts could be due to
immunodepletion of exosomal pro-
teins because AUF1 has been shown
to co-immunoprecipitate with the
exosome (43). To confirm that
AUF1 binds to bcl-2 mRNA and to

FIGURE 5. Effects of nucleolin and AUF1 on the exosomal degradation of ARE®“"? transcripts in HeLa
extracts. A, 5'-capped [P2P]JARE®“"2 (filled squares) and B-globin (filled triangles) transcripts were incubated in
S100 Hela cell extracts, and aliquots were removed at the times indicated. Recovery of RNA was assessed by
electrophoresis on denaturing polyacrylamide gels and analyzed by phosphorimaging. Data are represented
as a semilog plot of fraction of RNA remaining versus time of incubation in cell extracts. B, recombinant GST-
nucleolin was incubated with ARE??? prior to exposure to S100 extracts (gray circles). Filled squares correspond
to decay in unsupplemented S100 extracts, and open circles to S100 supplemented with GST. Error bars for open
circles are smaller than the symbol. C, ARE?"? transcripts were incubated in untreated S100 Hel a extracts (filled
squares) or in S100 extracts pretreated with anti-AUF1 antibody (open squares). D, representative gel is shown
in which ARE®“"? transcripts were incubated in untreated S100 Hela extracts orin AUF1-depleted extracts. Error
bars for A-C indicate average of two to four experiments.
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examine whether nucleolin stabi-
lizes the bcl-2 mRNA by preventing
AUF1 binding, we treated MV-4-11
cells with the G-rich DNA aptamer
AS1411 (34, 44), which has been
shown to bind to nucleolin in the
plasma membrane (13) and cyto-
plasm (34). Because AS1411 binds
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FIGURE 6. Effect of AS1411 on bcl-2 mRNA-AREBP complexes. Cytoplasmic
extracts of control or AS1411-treated MV-4-11 cells were incubated with IgG,
anti-nucleolin, anti-HuR, or anti-AUF1 antibodies. RNA-protein-antibody
complexes were recovered by incubation with protein A/G-agarose beads,
and the presence of bcl-2 mRNA in immunoprecipitated complexes was
detected by quantitative reverse transcription-PCR. Values are the fold
increase of bcl-2 mRNA recovered by the indicated antibody over that recov-
ered with IgG antibody. Black bars are bcl-2 mRNA values from untreated
MV-4-11 cells; white bars are AS1411-treated cells. Dark gray bars are GAPDH
mRNA values from untreated MV-4,, cells; light gray bars are AS1411-treated
cells. Column heights represent the mean, and error bars show the range of
values from two independent experiments.

nucleolin with high affinity (45), it is thought to act as a molec-
ular decoy that competes with bcl-2 mRNA for binding to
nucleolin. This is supported by the finding that treatment of
MV-4-11 cells with AS1411 leads to decreased bc/-2 mRNA
stability (12). Accordingly, cells were grown in the presence of
AS1411 for 72 h to functionally inhibit nucleolin (12) and then
assayed for changes in AUF1, nucleolin, and HuR bound to
bcl-2 mRNA. Fig. 6 shows the amount of bcl-2 mRNA immu-
noprecipitated with anti-AUF1, anti-nucleolin, and anti-HuR
antibodies in cytoplasmic extracts of control as well as of cells
treated with AS1411. In untreated cells, a 7.6-fold increase of
bcl-2 mRNA was recovered with anti-nucleolin antibody com-
pared with IgG antibody, whereas lower amounts bc/-2 mRNA
were recovered with anti-HuR (1.7-fold increase) and anti-
AUF1 antibodies (1.2-fold increase). Importantly, in AS1411-
treated cells a considerable reduction of nucleolin protein
bound to bcl-2 mRNA was observed (down to 1.4-fold
increase), which occurred in parallel with an enhanced binding
of AUF1 (up to 3.8-fold increase). HuR levels bound to bcl-2
mRNA did not change significantly in this time frame. GAPDH
mRNA was utilized to monitor for equal sample input. These
results indicate that in the absence of active cytoplasmic
nucleolin, bcl-2 mRNA is destabilized (12), and increased levels
of AUF1 are bound to the mRNA.

Fragments of Nucleolin and a Specific Isoform of AUFI1 Bind
the bcl-2 mRNA—In the cell, nucleolin can be found as a full-
length protein and/or as several fragments that result from
autoproteolysis (46). It is generally considered that in nondivid-
ing cells nucleolin is highly phosphorylated and undergoes
autoproteolysis, whereas in proliferating cells, full-length, non-
phosphorylated nucleolin is favored. However, both full-length
nucleolin as well as fragments have been shown to bind RNAs
efficiently (11, 23, 29, 35). Additionally, the AUF1 family con-
sists of four isoforms (37, 40, 42, and 45 kDa) generated by
alternative pre-mRNA splicing. All of them have been shown to
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FIGURE 7. Detection of nucleolin and AUF1 in MV-4-11 extracts and in
UV-cross-linked immunoprecipitants. A, left panel, cytoplasmic extracts
were separated by SDS-PAGE followed by Western blotting. Proteins were
detected with anti-nucleolin antibody. A, right panel, cytoplasmic extracts
were incubated with [32PJARE®“2 transcripts, exposed to UV light, and then
digested with RNase. Immunoprecipitation was performed with anti-nucleo-
lin antibody. Proteins were separated by SDS-PAGE, and the gel was dried and
analyzed by phosphorimaging. B, left panel, same as described for A, except
that proteins were detected with anti-AUF1 antibody. B, right panel, Same as
described for A, except that immunoprecipitation was performed with anti-
AUF1 antibody.

bind RNA, but with different affinities (47). This raises the
question of which fragments and isoforms of the two proteins
may be involved in binding and regulating bcl-2 mRNA. To
address this question, UV-cross-linking assays were performed
to investigate which nucleolin fragments and AUF1 isoforms
bind bcl-2 mRNA in MV-4-11 cells (Fig. 7). MV-4-11 cytoplas-
mic extracts were incubated with *P-labeled ARE”“*? tran-
scripts and then UV-cross-linked. After RNase treatment,
proteins were immunoprecipitated with anti-nucleolin, anti-
AUF]J, or IgG antibodies. Recovered proteins were separated by
SDS-PAGE and visualized by phosphorimaging. In parallel,
untreated cytoplasmic extracts were separated by SDS-PAGE,
and proteins were detected by Western blotting. Fig. 7A shows
that nucleolin is present as five fragments in MV-4-11 cells (left
panel). Interestingly, only two fragments (~50 and 65 kDa) are
observed to bind to ARE”"? (right panel), but not the full-
length protein. Likewise, even though all four isoforms of AUF1
were found in MV-4-11 cytoplasmic extracts (Fig. 7B, left
panel), only the 42 kDa is detected after UV-cross-linking to
ARE®“"2 (Fig. 7B, right panel).

DISCUSSION

The RNase footprinting and gel shift RNA binding assays
demonstrated that nucleolin binds to an ~40-nucleotide
binding site spanning nucleotides 36 —77 at the 5’ end of the
ARE®”?2, Gel shift binding assays (Fig. 2) showed that at
increasing nucleolin protein concentrations, more than one
nucleolin can bind to the ARE”**?. Thus, the protected
region of ~40 nucleotides may result from binding of two or
more nucleolin molecules. RNase protection of G114, which
is outside of the primary binding site, may arise from G114
being spatially close to the 40-nucleotide sequence in the
three-dimensional folded structure of the RNA. Alterna-
tively, nucleolin binding could be inducing a conformational
change in the transcript that results in G114 becoming sus-
ceptible to T1 cleavage and thus, G114 may not be in the
nucleolin binding site.
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FIGURE 8. Model of the regulation of decay of bc/-2 mRNA. Briefly, on the left side is shown a model for bcl-2
mRNA regulation in normal cells. AUF1 binds to the ARE region and recruits the exosome. Following deadeny-
lation, the mRNA is rapidly degraded by the exosome. On the right side is shown the mechanism of bc/-2 mRNA
regulation in cancer cells, such as CLL cells. Nucleolin is overexpressed in the cytoplasm of CLL cells. Binding of
nucleolin to the ARE leads to decreased binding of AUF1 and reduced recruitment of the exosome. This leads

to increased bcl-2 mRNA stability and Bcl-2 protein expression.

Mutation analysis further showed that the AUUUA pentam-
ers and the nonamer (UUAUUUAUU) sequence likely do not
contribute significantly to the nucleolin binding energy. Thus,
nucleolin does not appear to recognize typical ARE motifs in
bcl-2 mRNA. Comparison of the sequence of the defined bcl-2
binding region with the NRE (18, 19) and ECM (20) binding
sites shows little similarity. Nucleolin binding sites on amyloid
precursor protein (29), interleukin-2 (26), and CD154 (23)
mRNAs have been mapped, and although these mRNAs do not
contain ARE motifs, there is a CU-rich sequence (CUCUCU-
UUC/AC) that is common to the three mRNAs. This sequence
is not present in the bcl-2 ARE. Thus, it appears that nucleolin
recognizes a different sequence within bc/-2 mRNA from other
mRNAs. Also, it is likely that secondary and tertiary structures
are important for nucleolin recognition because the binding
site is a relatively large region containing potential stem and
loop secondary structures. The finding that nucleolin binding
to the ARE likely involves RBDs 1 and 2 suggests that the mode
of binding may be similar to the interaction of nucleolin with
the NRE, in which nucleolin binds to a stem and loop structure
(48).

The nucleolin binding site defined here is upstream from the
site on the ARE”*? that is bound by HuR which overlaps the
nonamer sequence (Fig. 2) (49). This finding is consistent with
the results reported by Ishimaru et al. (2009) which showed that
the two proteins can bind concurrently to ARE?**? RNA in
vitro. This supports the idea that nucleolin and HuR are present
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in common bcl-2 messenger ribo-
nucleoprotein complexes involved
in regulating the stability and trans-
lation of bcl-2 mRNA (49). ARE
motifs facilitate rapid turnover of
mRNAs and normally help to block
inappropriate accumulation of the
proteins they encode (50). Selective
control of ARE mRNAs comes from
the fact that ARE sequences are
unique and are bound by specific
ARE-binding factors, including sta-
bilizing as well as destabilizing fac-
tors. Thus, the stability of an mRNA
depends on the repertoire of RNA-
binding proteins present in a partic-
ular cell under specific conditions.
A number of studies have shown
that abnormal control of mRNA
stability can contribute to the de-
velopment and/or maintenance of
malignancies (for review, see Ref.
51).

The short half-life of ARE-con-
taining mRNAs has been related
to recruitment of the exosome
by ARE-binding proteins, such as
AUF1 (6, 43). Lapucci et al. (33)
demonstrated that AUF1 is involved
in bcl-2 mRNA decay during apo-
ptosis, specifically in response of
Jurkat cells to UVC irradiation. Interestingly, when AUF1 was
depleted from MV-4-11 S100 extracts, the rate of decay of bcl-2
mRNA was reduced (Fig. 5). Moreover, when nucleolin func-
tion was impaired by treatment of MV-4-11 cells with the
aptamer AS1411, increased binding of AUF1 to bcl-2 mRNA
was observed (Fig. 6) in the same time frame when lower bcl-2
mRNA levels have been detected (12), suggesting that nucleolin
and AUF1 have opposing roles in the regulation of the bcl-2
mRNA stability. Even though our results suggest that AUF1 has
a prominent role in stimulating bc/-2 mRNA degradation when
nucleolin levels are low (Fig. 6), at this time one cannot rule out
the possibility that both proteins could be present on the same
bcl-2 mRNA molecule simultaneously, as has been shown with
HuR and p37/AUF1 (52). Also, it is likely that other proteins, in
addition to AUF], play a role in the turnover of bcl-2 mRNA in
some cells. For example, it was recently reported that Bcl-2
protein itself plays a role in regulating the decay of its cognate
mRNA (53). Other RNA cis-elements can also contribute to
bcl-2 mRNA regulation. Specifically, Lee et al. (54) demon-
strated that CA repeats upstream of the ARE confer bcl-2
mRNA instability in the absence of an apoptotic stimulus in
COS7 cells.

The AUF1 family consists of four splicing isoforms: the 45
kDa, which contains all exons; 42 kDa, which lacks exon 2; 40
kDa, which lacks exon 7; and 37 kDa, with both exons 2 and 7
deleted. The four isoforms have been described to differ in their
ARE-binding affinities in vitro, with p37 having the highest

inhibition of
deadenylation
inhibition of
exosome-mediated
degradation

f R &
& &

Bcl-2 protein
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affinity, followed by p42, p45, and finally by p40 (47). The effects
of each isoform individually or in combination on mRNA sta-
bility vary for different mRNAs and are cell type-dependent
(50). Interestingly, Lapucci et al. (33) observed that UVC-in-
duced apoptosis was associated with elevation of the levels of
the p45 isoform of AUF1 and an increase in p45-bc/-2 ARE
complex formation in Jurkat cells. Here, we have observed that
only the 42-kDa isoform is UV-cross-linked to radio-labeled
ARE?*" transcripts, even though all four isoforms are present
in cytoplasmic extracts of MV-4-11 leukemia cells. Thus, bcl-2
regulation may involve an AUF1 isoform-specific mechanism
in a cell type fashion.

Based on our findings, we propose a model (Fig. 8) of how
bcl-2 mRNA decay may occur in normal cells as opposed to
some cancer cells where nucleolin is overexpressed in the cyto-
plasm. According to the model, in normal cells bc/-2 mRNA is
rendered intrinsically unstable through the action of AUF1 and
possibly other factors, which bind to the ARE and recruit the
exosome to the mRNA. Once the mRNA is deadenylated, it is
rapidly degraded by the exosome (41, 43) or is decapped and
degraded by 5'-3" exonucleolytic degradation (55). This pre-
vents aberrant overexpression of bcl-2 mRNA and allows cells
to enter apoptosis in response to certain stresses such as UV
irradiation (33). The bcl-2 mRNA decay pathway described
here is likely a protective mechanism used by normal cells to
avoid malignant transformation. A different scenario can be
envisioned in cancer cells such as CLL cells. The presence of
abnormal high levels of nucleolin in the cytoplasm may cause a
shift in the balance of mRNA regulation toward stabilization
rather than degradation of certain messages, such as bcl-2
mRNA.

In summary, our findings provide new insights into the
mechanism of nucleolin-mediated overexpression of Bcl-2 in
cancer cells, more specifically on the stabilization of bcl-2
mRNA. This information should aid efforts to exploit nucleolin
as a target for developing new therapies active in a variety of
cancers including acute myeloid leukemia and CLL.
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