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DNA methylation is a major determinant of epigenetic inheritance. DNA methyltransferase 1 (DNMT1) is
the enzyme responsible for the maintenance of DNA methylation patterns during cell division, and deregulated
expression of DNMT1 leads to cellular transformation. We show herein that AU-rich element/poly(U)-binding/
degradation factor 1 (AUF1)/heterogenous nuclear ribonucleoprotein D interacts with an AU-rich conserved
element in the 3� untranslated region of the DNMT1 mRNA and targets it for destabilization by the exosome.
AUF1 protein levels are regulated by the cell cycle by the proteasome, resulting in cell cycle-specific destabi-
lization of DNMT1 mRNA. AUF1 knock down leads to increased DNMT1 expression and modifications of cell
cycle kinetics, increased DNA methyltransferase activity, and genome hypermethylation. Concurrent AUF1 and
DNMT1 knock down abolishes this effect, suggesting that the effects of AUF1 knock down on the cell cycle are
mediated at least in part by DNMT1. In this study, we demonstrate a link between AUF1, the RNA degradation
machinery, and maintenance of the epigenetic integrity of the cell.

DNA methylation patterns are a critical component of the
epigenome, controlling gene expression in vertebrates (37, 38).
The enzyme DNA methyltransferase 1 (DNMT1) is responsi-
ble for maintenance and propagation of DNA methylation
patterns. These patterns are altered in tumorigenesis (2, 14).
The overexpression of DNMT1 in NIH 3T3 mouse fibroblasts
causes cell transformation (55), while DNMT1 overexpression
in human fibroblasts results in aberrant methylation of endog-
enous CpG islands (51). In parallel, the down regulation of
DNMT1 inhibits cancer growth in animal models (20, 28, 35).
On the basis of these reports, DNMT1 was therefore proposed
as a target for anticancer therapy (46, 47).

As was expected from its critical role in maintaining epi-
genomic integrity, DNMT1 expression was shown to be con-
trolled by cell growth (39, 48, 49). Multiple mechanisms, such
as transcriptional (3, 17, 27, 29, 40), posttranscriptional (11),
and posttranslational (1, 12) mechanisms, ensure a tight regu-
lation of its expression during the cell cycle. It was suggested
that deregulated expression of DNMT1 during the cell cycle
might be critical for cell growth control (39, 50) and DNA
replication (18, 31). Deregulated cell cycle control of DNMT1
was observed in breast cancer and colorectal cancers (10, 33).

Our previous study showed that DNMT1 3� untranslated
region (3�-UTR) contains a highly conserved noncanonical
AU-rich region, which is responsible for regulating its expres-
sion level during the cell cycle (11). Deletion of this conserved
region resulted in cellular transformation. We also observed
binding of a protein with an apparent size of �40 kDa on this
region, which triggered the destabilization of DNMT1 tran-
script in G0/G1 phase.

Using affinity capture with the 3�UTR of DNMT1 mRNA
and matrix-assisted laser desorption ionization–time of flight
tandem mass spectrometry (MALDI-TOF-MS-MS) analysis,
we identified AU-rich element (ARE)/poly(U)-binding/degra-
dation factor (AUF1), which is also called heterogenous nu-
clear ribonucleoprotein D (hnRNP D) (5, 57) and determined
its role in posttranscriptional regulation of DNMT1 mRNA
through the exosome. AUF1 is expressed as four isoforms
(p37, p40, p42, and p45) arising through alternative splicing of
a common pre-mRNA (52, 54). While differences in the activ-
ities of the various AUF1 isoforms have been documented, all
isoforms enhance target mRNA decay (22, 26). AUF1 was
previously shown to influence the stability of many transcripts
encoding proteins involved in mitogenic stimulation, immune
response, such as interleukin 10 (6), stress response, and cell
cycle, such as p16 (53) and p21 (21). In particular, cyclin D1 is
present at low abundance in quiescent cells but rapidly accu-
mulates after stimulation with serum or mitogens. It is sug-
gested that its rapid cell cycle regulation requires AUF1 bind-
ing to the 3�-UTR of this mRNA (21, 25). We describe here a
cell cycle-dependent regulation of AUF1 by the proteasome.
We further show that cell cycle regulation of AUF1 can post-
transcriptionally control DNMT1 mRNA and is critical for
maintaining the integrity of genomic methylation levels.

MATERIALS AND METHODS

Materials and antibodies. Serum-starved HeLa cell pellets were purchased
from Cilbiotech. Recombinant AUF1 protein was obtained from Upstate Bio-
technology. The following antibodies were used: anti-AUF1 (Upstate Biotech-
nology), anti-�-actin (Sigma), and anti-DNMT1 (New England Biolabs) antibod-
ies. hRrp40p, hRrp41p, and hRrp46p, were a generous gift from G. Schilders and
G. J. Pruijn; hRrp4 was provided by D. Tollervey, and PM-Scl 75 was provided
by W. J. van Venrooij. Cycloheximide was purchased from Sigma, and MG-132
and streptavidin agarose suspension were purchased from Calbiochem.

Cell culture and transfections. HEK-293, BALB/c, and HeLa cells were main-
tained in Dulbecco modified Eagle medium containing 10% fetal calf serum
(FCS) and antibiotics (Life Technologies). MCF7 and T24 cells were maintained
in minimal essential medium and McCoy medium, respectively. GM01887 hu-
man fibroblasts, provided by the Coriell Cell Repositories (Camden, NJ), were
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grown in minimal essential medium containing 10% FCS. HEK-293 cells were
transfected using calcium phosphate, while Lipofectamine 2000 (Invitrogen) was
used for transfection of HeLa cells and Lipofectin (Invitrogen) was used for
transfection of MCF7 cells, GM01887 human fibroblasts, and T24 cells. For
serum starvation studies, cells were grown for 2 to 14 days in their medium plus
0.5% FCS and then released from cell cycle arrest by the addition of serum
(10%) for 6 to 48 h.

Plasmids and small interfering RNA (siRNA) oligonucleotides. Construction
of pBluescript SK 3�-UTR DNMT1-poly(A) vector: the pSK �5�259 vector,
containing the human DNMT1 (hDNMT1) 3�-UTR conserved region from po-
sitions 5349 to 5405 (GenBank accession number NM001379.1) (11) was an-
nealed with a poly(A) primer. PCR was performed using a 3� poly(T) primer and
5� primer containing an hDNMT1 3�-UTR complementary region flanked by a
T3 promoter sequence. The PCR product was cloned into pcDNA3.1 V5-HIS-
TOPO/A (Invitrogen). The pSP64 poly(A) vector was purchased from Promega.

pFLAG-CMV2-AUF1 isoform vectors were kindly provided by R. Schneider
(43), and pSilencer 2.0-U6 and pSilencer AUF15 were kindly provided by M.
Gorospe (53). pSuper AUF1 and pSuper CT were generated by inserting the
following sequence into HindIII/BglII pSR-Neo sites (Oligoengine), respective-
ly: 5�-AGCTTTTCCAAAAAGATCCTATCACAGGGCGATTCTCTTGAAA
TCGCCCTGTATAGGATC-3� and 5�-GATCCCCGACGACGACGACGACG
ATGTTTTCAAGAGAAACATCGTCGTCGTCGTCGTCTTTTTGGAAA-3�.
3�-UTR DNMT1 deletion constructs were generated by PCR and inserted in
frame into pcDNA3.1 His B (Invitrogen). Oligonucleotide antisense for DNMT1
was previously described (18). Control (CT) siRNA, 5�-UGGAGAGCACCGU
UCUCC-3�, hRrp40 P4, PM-Scl 75 siRNA (45), and AUF1 exon 3 siRNA (34)
were purchased from Dharmacon.

3�-UTR DNMT1-poly(A) vector contained the hDNMT1 3�-UTR conserved
region from positions 5349 to 5405 (GenBank accession number NM001379.1)
(11). pcDNA3-hRrp4-TAP vector was provided by C. Y. Chen and used as
described previously (8). pFLAG-CMV2-AUF1 isoforms vectors were kindly
provided by R. Schneider (43), and pSilencer 2.0-U6 and pSilencer AUF15 were
kindly provided by M. Gorospe (53). pSuper AUF1 and pSuper CT was gener-
ated by inserting the following sequence into HindIII/BglII pSR-Neo sites (Oligo-
engine), respectively: 5�-AGCTTTTCCAAAAAGATCCTATCACAGGGCGA
TTCTCTTGAAATCGCCCTGTATAGGATC-3� and 5�-GATCCCCGACGAC
GACGACGACGATGTTTTCAAGAGAAACATCGTCGTCGTCGTCGTCT
TTTTGGAAA-3�. 3�-UTR DNMT1 deletion constructs were generated by PCR
and inserted in frame into pcDNA3.1 His B (Invitrogen). Oligonucleotide anti-
sense for DNMT1 was previously described (18). CT siRNA, 5�-UGGAGAGC
ACCGUUCUCC-3�, hRrp40 P4, PM-Scl 75 siRNA (45), AUF1 exon 3 siRNA
(34) and p21 siRNA were purchased from Dharmacon.

In vitro RNA transcription. pSP64 poly(A) and pBluescript SK 3�-UTR
DNMT1-polyA vectors were in vitro transcribed with either T3 or SP6 polymer-
ase using the in vitro transcription kit (Ambion). For affinity chromatography,
larger quantities of RNA were synthesized using the MEGAscript kit (Ambion).

RNA affinity chromatography. Five hundred micrograms of in vitro-tran-
scribed RNA (DNMT1 3�-UTR or control) were hybridized in incubation buffer
(10 mM HEPES [pH 8.0], 3 mM MgCl2, 40 mM KCl, 20% glycerol, 1 mM
dithiothreitol, complete protease inhibitors [Roche Diagnostics]) with 500 mg of
oligo(dT)-cellulose beads (Sigma). Whole-cell protein extracts (1 mg) from se-
rum-starved HeLa cells were incubated with RNA probe or oligo(dT) beads in
incubation buffer supplemented with tRNA. Proteins or RNA-bead complexes
were pelleted, and unbound proteins were eliminated by two 50-ml washes in the
incubation buffer and five washes with 50 ml washing buffer (10 mM HEPES [pH
8.0], 3 mM MgCl2, 40 mM KCl, 20% glycerol, 1 mM dithiothreitol, 500 mM
NaCl, protease inhibitors). Bound proteins were eluted by a step-wise gradient
(0.8 M to 4.3 M NaCl). The fractions from each NaCl concentration were
desalted and concentrated using Amicon Ultra-4 centrifugal filters (Millipore).
Five microliters of the concentrated fraction was loaded onto a 15% acrylamide
gel and silver stained using the Bio-Rad silver staining kit (Bio-Rad). For mass
spectrometry analysis, samples were stained by mass spectrometry-compatible
Coomassie blue.

Mass spectrometry (MALDI-TOF-MS-MS). DNMT1 3�-UTR-specific binding
proteins were identified by comparing the DNMT1 3�-UTR and the control lanes.
Gel slices were excised and digested with porcine trypsin on a MassPrep robotic
workstation (Micromass). Tryptic peptides were analyzed on a QTrap 4000 ion
trap mass spectrometer (Applied Biosystems). The tryptic peptides were applied
Pico Frit column containing BioBasic C18 packing. Eluted peptides were elec-
trosprayed as they exited the column, and doubly, triply, or quadruply charged
ions were selected for passage into a collision cell. MS-MS data were analyzed by
BioAnalyst 1.4 software (Applied Biosystems) and submitted to Mascot (Matrix
Science) for identification by analysis against the NCBI nonredundant database.

MS-MS analyses were performed by the Genome Quebec Proteomic Facility
(Montreal, Quebec, Canada).

RNA-protein UV cross-linking. Twenty micrograms of cell extract or 1 to 2 �g
of purified AUF1 protein was subjected to RNA UV cross-linking using the
indicated RNA probes as previously described (11).

Protein and RNA immunoprecipitation. HEK-293 cells were transfected with
Flag-tagged AUF1 or hRrp4p-TAP vectors. T24 cells or transfected HEK-293
cells were lysed, and protein precipitation of the cytoplasmic fraction was per-
formed with hRrp4p, M2 anti-Flag antibody (Sigma), or pull down using TAP
purification system. hRrp4p was immunoprecipitated from T24 cells. For AUF1
immunoprecipitation, antibodies were cross-linked to protein G agarose beads
(Roche Diagnostics) using dimethyl pimelimidate. RNA was prepared from the
supernatants and pellets following immunoprecipitation and subjected to reverse
transcription-PCR (RT-PCR) as described below.

RT-PCR and quantitative real-time PCR (q-RT-PCR). Total RNA was ex-
tracted using RNeasy kit (QIAGEN). cDNA was synthesized, and PCR were
performed as previously described (11), using the following primers: DNMT1 and
�-actin (11); DNMT3A forward (5�-ACCCTCCAAAGGTTTACCCACCTG-3�),
DNMT3A reverse (5�-CATACCGGGAAGGTTACCCCAGAA-3�), DNMT3B
forward (5�-GACTGGACCGTGCGCCTGCAGGCC-3�), DNMT3B reverse
(5�-GAAGCGACGTACTTTCCTACCTTT-3�), p16 (19), AUF1 (56), and p21
(30) The numbers of cycles were selected so that the PCR amplification re-
mained in the linear range after a series of amplification at different numbers of
cycles. Each PCR was performed in triplicate; the intensity of signal obtained for
each messenger was determined by densitometry (NIH Image and normalized to
the intensity of the signal obtained for �-actin. For some PCR mixtures, nucleic
acids were transferred by Southern blotting to a nylon membrane. An oligonu-
cleotide specific for the DNMT1 mRNA sequence (5�-CCTCGAGGCCTAGA
AACAAA GGGAAGGGCAAG-3�) was synthesized, radiolabeled, and then
hybridized to the membranes, which were exposed to PhosphorImager screens.
The screens were scanned by a PhosphorImager (Molecular Dynamics). Relative
optical density readings were determined using a computer-assisted densitometry
program (Molecular Dynamics). Real-time PCR analysis was performed using
the Roche light cycler. PCR was performed in 25-�l reaction mixtures with
SYBR green (SuperArray). All the primer sets used produced no signal in
control reaction mixtures lacking template. Dissociation curve analysis showed
that single products with the expected melting temperature values were gener-
ated by each primer set. Standard curves were determined for each primer set by
dilution of the input DNA. The amount of each cDNA was calculated from the
cycle threshold for each primer set using the standard curves. The relative units
recovered for each primer set were determined by dividing the calculated
amount of cDNA by the amount of �-actin cDNA. The following primer se-
quences were used: DNMT1 forward (5�-TTTGTATGTTGGCCAAAGCCCGA
G-3�), DNMT1 reverse (5�-TTCATGTCAGCCA AGGCCACAAAC-3�),
DNMT3A forward (5�-GACTCCATCACGGTGGGCATGG-3�), DNMT3A re-
verse (5�-TGTCCCTCTTGTCAC TAACGCC-3�), DNMT3B forward (5�-GAG
TCCATTGCTGTTGGAACCG-3�), DNMT3B reverse (5�-ATGTCCCTCTTGT
CGCCAACCT-3�) (16), �-actin forward (5�-AGATGTGGATCAGCAAGCAG
GAGT-3�), and �-actin reverse (5�-GCAATCAAAGTCC TCGGCC ACATT-3�).

In vitro RNA degradation assay. RNA decay rates were assessed as previously
described (7). Following autoradiography, the relative signal strength of the
32P-labeled RNA was quantified by two-dimensional densitometric scanning with
NIH imaging system. Quantitative decay of the RNA was calculated as the
percentage of signal remaining compared to signal at time zero.

Adenoviral infection. Adenoviral vectors encoding hDNMT1 and hDNMT1
lacking its 3�-UTR as well as the adenoviral particle production and infection
were previously described (11).

Northern blot analysis and DNMT1 mRNA half-life measurement. DNMT1,
GFP, and neomycin mRNA levels were analyzed by Northern blot analysis (11).
After transfection with a combination of pSilencer AUF15 and pSuperAUF1 or
the corresponding CT siRNA vector, HEK-293 cells were treated with actino-
mycin D (5 �g/ml) for the indicated time. DNMT1 and neomycin mRNA
levels were estimated by Northern blotting. Quantitative decay of the RNA
was calculated as the percentage of signal remaining compared to signal at
time zero. The following probes were used: hDNMT1 (11), green fluorescent
protein (GFP) (pEGFP C2 [Clontech]), X-press (pcDNA3.1 His B [Invitro-
gen]), and neomycin (pcDNA3.1 His B). In T24 cells, detection of DNMT1
mRNA after actinomycin treatment was performed by RT-PCR, followed by
oligonucleotide hybridization as described previously (11), and DNMT1
mRNA was quantified by q-RT-PCR.

Flow cytometry analysis. Cells were stained with propidium iodide, and the
DNA content was measured by flow cytometry. Data were analyzed using Win-
MDI v2.8 software.
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CAT reporter activity assays. T24 cells were transfected with the previously
described pMet-P1�HX-CAT plasmid (3). As a control, a plasmid with the same
fragment in the opposite orientation was used. Chloramphenicol acetyltrans-
ferase (CAT) assays were performed as described previously (41).

[3H]thymidine incorporation DNA synthesis assay. Cells were incubated for
4 h with 1 �Ci/ml of [3H]thymidine (Perkin Elmer). Cells were fixed in 10%
trichloroacetic acid and then lysed with 1 N NaOH-1% sodium dodecyl sulfate

(SDS). Lysates were collected and applied onto a liquid scintillation cocktail.
[3H]thymidine incorporation was measured using a liquid scintillation counter
(1211Rackbeta-LKB Wallac).

Assay of DNA methyltransferase activity. DNA methyltransferase activity in
nuclear extracts from human fibroblasts was assayed as described previously (48).

5-Methylcytosine quantification by nearest-neighbor analysis. 5-Methylcy-
tosine level was quantified by nearest-neighbor analysis as described previously

FIG. 1. Identification of AUF1/hnRNPD as a 3�-UTR DNMT1 mRNA-binding protein. (A) In vitro-transcribed RNA sequences encoding the
AU-rich conserved element of DNMT1 3�-UTR (81 nt) and a control sequence (77 nt) extended by a 24-nucleotide poly(A) tail. Adenine and uracil
nucleotides are shown in boldface type. (B) Cytoplasmic extracts of serum-starved HeLa cells were incubated and UV cross-linked with a
32P-labeled DNMT1 UTR (3�-UTR) or control RNA probe (CT). The position of an RNA-protein complex with an apparent size of �40 kDa is
indicated by the arrow. (C) MS-MS spectrum of an identified peptide corresponding to the AUF1/hnRNPD sequence. (D) Peptide sequences of
hnRNP D/AUF1 isoforms. Peptides sequence identified by MALDI-TOF-MS-MS are shown in boldface italic type. The positions of exons 2 and
7 are indicated above the peptide sequences. (E) Western blot analysis performed on the 3.2 M eluted fractions.

TABLE 1. Peptides sequenced by MS-MS from the excised gel (see Fig. S2 in the supplemental material)

Peptide m/z
submitted

MH�
matched �ppm Start

position
End

position Peptide sequence

1 913.44 913.51 �0.006 118 125 GFGFVLFK
2 1,014.44 1,014.50 �0.006 91 98 DLKDYFSK
3 1,156.57 1,156.64 �0.007 116 125 SRGFGFVLFK
4 1,166.49 1,166.56 �0.007 99 108 FGEVVDCTLK
5 1,393.56 1,393.64 �0.008 126 137 ESESVDKVMDQK
6 1,354.59 1,354.66 �0.007 79 89 MFIGGLSWDTTK
7 1,482.67 1,482.75 �0.009 78 90 MFIGGLSWDTTKK
8 1,487.62 1,487.75 �0.015 163 176 IFVGGLSPDTPEEK
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FIG. 2. AUF1 binding to DNMT1 3�-UTR leads to a decrease in DNMT1 levels. (A) UV cross-linking assay. One microgram (lanes 2 and 6)
or 2 �g (lanes 3 to 5 and 7) of purified AUF1 was incubated with a 32P-labeled 3�-UTR DNMT1 (3�-UTR) (lanes 2 to 5) or control RNA (CT)
probe (lanes 6 and 7) and UV cross-linked. The DNMT1 3�UTR probe alone was used as a control (lane 1). RNA-protein complexes were
separated on a 7.5% SDS-polyacrylamide gel and visualized by autoradiography (top gel). Purified AUF1 was incubated with the 32P-labeled
3�-UTR DNMT1 probe in the presence of 10-fold molar excess of the unlabeled control (lane 4) or 3�-UTR DNMT1 RNA probe (lane 5). The
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(15, 36). The intensities of 5-methylcytosine and cytosine mononucleotide spots
were measured using a phosphorimager screen and ImageQuant quantification.

Statistical analysis. Experiments were performed in triplicate. Averages
and standard deviations were calculated. A Student’s t test was performed,
and critical values for statistical significance (P 	 0.05 and P 	 0.01) are
indicated.

RESULTS

Isolation and identification of AUF1/hnRNP D as a 3�-UTR
DNMT1 mRNA-binding protein. Our previous studies sug-
gested that the depletion of DNMT1 mRNA during the G0/G1

phase of the cell cycle was mediated by a �40-kDa protein
binding to a conserved DNMT1 3�-UTR (11). As expected, a
binding protein at �40 kDa, which interacts specifically with
the DNMT1 3�-UTR (Fig. 1A) was detected by UV cross-
linking (Fig. 1B) in cytoplasmic extracts from serum-starved
HeLa cells. Cell cycle regulation of DNMT1 was verified in this
cell line (see Fig. S1 in the supplemental material). Using RNA
affinity chromatography with either the 3�UTR sequence or the
control RNA sequence as bait (Fig. 1A), we partially purified
this protein from the extracts (see Fig. S2 in the supplemental
material). In the 3.2 M NaCl fraction, a �40-kDa protein was
found to interact specifically with the 3�-UTR DNMT1 RNA.
This fraction was analyzed by UV cross-linking to confirm the
presence of a �40-kDa DNMT1 3�-UTR specific-binding pro-
tein (see Fig. S3 in the supplemental material). Two bands
from the 3.2 M fractions were excised together and analyzed by
MALDI-TOF-MS-MS (Fig. 1C). Eight sequenced peptides
corresponding to the AUF1/hnRNP D protein which were
common to all of the four known AUF1 isoforms were iden-
tified (Fig. 1D and Table 1). The presence of AUF1 protein in
the fractions eluted from DNMT1 3�-UTR-RNA matrix was
confirmed by Western blot analysis (Fig. 1E).

Binding of AUF1 to DNMT1 3�-UTR results in a decrease of
DNMT1 expression levels by destabilizing its mRNA. We con-
firmed that AUF1 binds to DNMT1 3�-UTR RNA by UV
cross-linking purified AUF1 with a labeled DNMT1 3�-UTR
RNA (Fig. 2A). Whereas no signal was observed with the
probe alone (Fig. 2A, lane 1), AUF1 exhibited an enhanced
interaction with the DNMT1 3�-UTR probe (3�-UTR) com-
pared to the nonspecific probe (CT) (Fig. 2A, lanes 2 and 3 and

lanes 6 and 7). In addition, the binding of AUF1 to the
DNMT1 3�-UTR probe was weakly competed out by excess
unlabeled control probe (Fig. 2A, lane 4), whereas the binding
was much more effectively competed out by excess unlabeled
DNMT1 3�-UTR probe (Fig. 2A, lane 5).

To determine whether the different AUF1 isoforms could
interact with DNMT1 mRNA in living cells, we resorted to
transient transfection in human embryonic kidney HEK-293
cells which can be transfected by exogenous expression vectors
at high efficiency. A UV cross-linking assay revealed that all
four AUF1 isoforms bind the DNMT1 3�-UTR probe in HEK-
293 cells (Fig. 2B). RNA immunoprecipitation followed by
RT-PCR using AUF1 antibody revealed that AUF1 is endog-
enously associated with DNMT1 mRNA (Fig. 2C) as well as
p21 mRNA, which is a known AUF1 target, but not with
�-actin, which is not known to interact with AUF1. The same
nonquantitative approach using anti-Flag antibody confirmed
that endogenous DNMT1 mRNA can physically associate with
all known AUF1 isoforms in living cells. Indeed, while both
DNMT1 and �-actin mRNAs were detected in all the super-
natant fractions (Fig. 2D, top panel), only DNMT1 mRNA was
present in all tagged AUF1 immunoprecipitates (Fig. 2D, bot-
tom panel). We further observed that AUF1 overexpression
led to a reduction in the DNMT1 mRNA level (Fig. 2D, top
panel).

We examined whether AUF1 altered the stability of DNMT1
mRNA. Using in vitro RNA degradation assays, we showed
that extracts derived from HEK-293 cells ectopically express-
ing the AUF1 isoforms (p37, p40, p42, and p45) degraded
DNMT1 3�-UTR RNA at an accelerated rate (half-life [t1/2]:
10.5, 8.9, 12.0, and 9.0 min, respectively) relative to control
vector-transfected cell extracts that contained markedly lower
levels of endogenous AUF1 (t1/2: 27.3 min) (Fig. 2E). More-
over, Western blot analysis revealed that the overexpression of
AUF1 isoforms in HEK-293 cells led to a reduction of DNMT1
protein levels (Fig. 2F), which are in agreement with the
mRNA levels (Fig. 2D, top panel).

Interestingly, overexpression of AUF1 isoforms, which de-
creased DNMT1 levels, also led to a decrease in the number of
HEK-293 cells (Fig. 2G). This is consistent with previous data

amounts of purified AUF1 per lane were controlled by Western blot analysis (bottom gel). (B) Cytoplasmic extracts of HEK-293 cells transfected
with cDNAs of the different AUF1 isoforms or an empty vector (CT) were incubated in the presence of a 32P-labeled 3�-UTR DNMT1 (3�-UTR)
and UV cross-linked. RNA-protein complexes were resolved by SDS-polyacrylamide gel electrophoresis and visualized by autoradiography (top
gel). Overexpression of the AUF1 isoforms was verified by Western blotting (bottom gel). (C) RNA immunoprecipitation assay. AUF1 protein was
immunoprecipitated from HEK-293 extracts using anti-AUF1 antibody. Immunoprecipitation (IP) using rabbit immunoglobulin G (IgG) was
performed as a negative control. Immunoprecipitated RNAs were extracted and subjected to RT-PCR as well as RNA present in an aliquot of the
initial extracts (Input). Detection of DNMT1 and p21 mRNA was performed by RT-PCR. �-Actin amplification was used as a negative control.
(D) RNA immunoprecipitation (IP) assay. HEK-293 cells were transfected with cDNAs of the four different AUF1 isoforms or an empty vector
(CT). Flag antibody-precipitated RNAs were extracted from the supernatants (SPNT) (top panel) and pellets (bottom panel). DNMT1 mRNAs
were visualized by RT-PCR and quantified in SPNT samples by q-RT-PCR. �-Actin amplification was used as control. The graph represents the
average percentage of DNMT1 mRNA expression in the SPNT samples relative to the control level. (E) In vitro degradation assay. Cytoplasmic
extracts from transfected HEK-293 cells (CT or AUF1 cDNAs) were incubated with radiolabeled DNMT1 3�-UTR RNA transcript or control RNA
probe for various lengths of time and electrophoresed. The signals were detected by autoradiography and quantified by densitometry. The half-lives
were obtained by determining the time point at which 50% of the RNA had been degraded. The graph shows the half-lives of DNMT1 3�-UTR
RNA probe in the presence of HEK-293 cell extracts. (F) HEK 293 cells were transfected with either the four different AUF1 isoforms or an empty
vector (CT). DNMT1 (top gel) and AUF1 (middle gel) protein levels were estimated by Western blot analysis. �-Actin antibody was used as a
loading control. The numbers below the DNMT1 gel indicate the percentages of DNMT1 protein expression relative to that of the control level
(G) Transfected HEK-293 cells (CT or AUF1 cDNAs) were counted in the presence of trypan blue. The values presented are the averages plus
standard deviations (error bars) of three measurements from three different plates.
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which showed that DNMT1 was part of the DNA replication
complex (42) and that inhibition of DNMT1 inhibited DNA
replication and cell growth (18).

Down regulation of AUF1 induces DNMT1 expression by
stabilizing its mRNA. To ascertain the cellular role of the
3�-UTR in mediating destabilization of DNMT1 mRNA by
AUF1, different X-press-tagged DNMT1 3�-UTR deletion con-

structs were transiently transfected into HEK-293 cells (Fig.
3A). Northern blot analysis revealed that the deletion of the
54-nucleotide (nt) AUF1 binding sequence flanked by an ad-
ditional sequence 64 nt upstream (construct DNMT1-�5285)
increased the steady-state mRNA levels (Fig. 3B). The strict
deletion of the AUF1 binding site (construct DNMT1-�5347)
also resulted in a similar increase, which strongly suggests that

FIG. 3. AUF1 depletion stabilizes DNMT1 mRNA. (A) Schematic representations of DNMT1 3�-UTR deletion constructs and DNMT1 3�-UTR
sequence (GenBank accession number NM001379.1). The AU-rich highly conserved region of DNMT1 3�-UTR is indicated by boldface italic type.
(B) The levels of expression of the different DNMT1 3�-UTR deletion construct mRNAs were estimated by Northern blotting using an X-press
tag probe normalized by hybridization with neomycin as the loading control probe. The graph indicates the percentage of normalized DNMT1
mRNA expression of the deletion constructs relative to the normalized expression of the full-length construct DNMT1 mRNA (100%). Values that
were statistically significantly different from the DNMT1-FL value as tested by the Student t test at a P of 	0.05 are indicated by an asterisk.
(C) DNMT1 mRNA half-life measurements. The DNMT1-FL construct was cotransfected into HEK-293 cells with plasmids encoding AUF1
siRNA (siAUF1) or control siRNA (siCT). Cells were treated with actinomycin D for the indicated period of time. X-press-tagged DNMT1 and
neomycin mRNA levels were determined by Northern blot analysis, and the normalized levels of DNMT1-FL were calculated. The autoradiogram
is representative of three different assays. (D) HEK-293 cells were transfected with pSuper siAUF1, pSilencer siAUF15, or mock vector. Proteins
were extracted, and the levels of DNMT1 and AUF1 were determined by Western blot analysis. Measurement of �-actin levels was used as a
loading control. The values below the DNMT1 gel are the percentages of normalized DNMT1 (to �-actin) relative to the control levels.
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the AUF1 binding region in the DNMT1 3�-UTR confers in-
stability to the DNMT1 mRNA. We also determined the effect
of AUF1 depletion mediated by AUF1 siRNA on the half-life
of DNMT1 mRNA. As visualized by Western blotting (data not
shown), down regulation of the level of AUF1 protein ex-
tended the half-life of DNMT1-FL mRNA (t1/2: 29.0 min)
compared to the half-life in control cells (t1/2: 17.7 min) (Fig.
3C). AUF1 knock down also increased the levels of endoge-
nous DNMT1 protein levels (Fig. 3D).

We further confirmed that AUF1 down regulates DNMT1
mRNA using a different human cell line, bladder carcinoma
T24 cell line, in which DNMT1 was shown to be regulated by
the cell cycle (39). We verified by RNA immunoprecipitation
that AUF1 is also associated with endogenous DNMT1 mRNA
in this cell line (data not shown). A siRNA knock down of
AUF1 (Fig. 4A, middle panel) resulted in an increase in en-
dogenous DNMT1 protein levels (Fig. 4A, top panel). We then
examined whether the effect of AUF1 required the 3�-UTR.
T24 cells were infected with adenoviral vectors expressing
DNMT1 mRNA that either contain the entire 3�-UTR (pAD-
DNMT1) or lack this region (pAD-DNMT1-�UTR). An ad-
enoviral vector expressing DNMT1 mRNA with a UTR lacking
the AUF1 binding site (pAD-DNMT1-�3�56) was also used
(11) (Fig. 4B). Northern blot analysis indicated that DNMT1
transcripts that lacked the 3�-UTR or the AUF1 binding site
were more abundant than those containing the entire 3�-UTR
(Fig. 4C, lanes 1, 3, and 5). Moreover, AUF1 depletion in-
creased the level of DNMT1 mRNA containing the 3�-UTR
(Fig. 4C, lanes 1 and 2) but had no significant effect on the level
of DNMT1 mRNA that does not contain the 3�-UTR (Fig. 4C,
lanes 3 and 4) or the AUF1 binding site (Fig. 4C, lanes 5 and
6). These data show that AUF1 modulation of DNMT1 mRNA
expression in T24 cells requires the 3�-UTR. In addition, an in
vitro degradation assay revealed an increased half-life of the
DNMT1 3�-UTR RNA probe incubated with a cytosolic extract
from AUF1-depleted T24 cells from 5.9 to 12.7 min (Fig. 4D),
confirming that, in T24 cells, AUF1 is involved in destabiliza-
tion of the DNMT1 transcripts.

In order to exclude the possibility that AUF1 could also act
at a transcription level by indirectly modulating DNMT1 pro-
moter activity, we tested whether AUF1 depletion would in-
crease hDNMT1 promoter-driven CAT activity (Fig. 4E) (3).
There was no observed change in DNMT1 promoter activity.

To test whether the regulation of DNMT1 by AUF1 is spe-
cific to cancer cells or whether it also applies to nontrans-
formed cells, we investigated the effects of knocking down
AUF1 protein on DNMT1 expression in nontransformed hu-
man skin GM01887 fibroblasts. We first established that
DNMT1 expression was also regulated by the cell cycle in
human fibroblasts. Indeed, culture in serum-starved conditions
for 14 days led to an arrest of a large population of cells in
G0/G1 phase measured by fluorescence-activated cell sorting
(FACS) analysis, whereas a subsequent serum supplementa-
tion for 48 h triggered an entry into S/G2M phase (Fig. 4F).
DNMT1 mRNA and protein expression was measured in these
two populations and demonstrated that DNMT1 was also reg-
ulated in a cell cycle-dependent manner in this human fibro-
blast cell line (Fig. 4G and H). AUF1 down regulation trig-
gered a marked increase in DNMT1 protein as determined by

Western blotting (Fig. 4I, top panel), indicating that AUF1
also controls DNMT1 level in nontransformed cells.

AUF1 specifically destabilizes DNMT1 mRNA in T24 cells
and human fibroblasts and not other DNMT mRNAs. It was
previously shown that DNMT3A and DNMT3B expression and
DNMT1 expression are regulated by the cell cycle in T24 cells
(39). We found no significant changes in DNMT3A and
DNMT3B levels in either T24 (Fig. 4J) or human fibroblast
cells (Fig. 4K) upon AUF1 knock down. This indicates that
AUF1 selectively targets DNMT1 mRNA. The cell cycle reg-
ulation of DNMT3A and DNMT3B must entail other cell-reg-
ulating mechanisms.

Biological consequences of AUF1 depletion on DNA repli-
cation are partially mediated by DNMT1 in T24 cells. We
previously showed that an acute knock down of DNMT1 leads
to arrest of firing of the origin of replication (18) and results in
an intra-S-phase arrest of DNA replication (31). We therefore
tested whether AUF1 knock down would affect cell cycle ki-
netics (Fig. 5A). AUF1 depletion in T24 cells resulted in an
increase in the fraction of cells in the S and G2/M phases
compared to control siRNA-transfected cells (siCT) (19.5% in
S and 32.6% in G2/M and 13.1% in S and 18.5% in G2/M,
respectively) and a decrease in the number of cells in G0/G1

(47.9% versus 68.4%). AUF1 regulates a number of transcripts
important for cell cycle regulation, such as p16 (53) and p21
(21). We determined whether DNMT1 was a downstream ef-
fector of AUF1 action on DNA replication by concurrent
knock down of AUF1 and DNMT1. AUF1 knock down stim-
ulated DNA synthesis as predicted from the FACS analysis,
and this increase was diminished by concurrent DNMT1 knock
down with a DNMT1 antisense oligonucleotide (18) (Fig. 5B).
The fact that double knock down of AUF1 and DNMT1 did
not result in an increase in DNA replication suggests that
AUF1 knock down effects on DNA replication require the
presence of DNMT1. In the absence of DNMT1, AUF1 does
not induce DNA replication. However, this does not rule out
the possibility that the effect of the double knock down could
be a combination of two independent effects as well. On the
other hand, simultaneous knock down of p21 and AUF1 led to
stimulation of DNA replication and increased the fraction of
cells in the S phase of the cell cycle (see Fig. S4 in the supple-
mental material). Thus, the effects of AUF1 knockdown on the
cell cycle are dependent on different effectors. Some of the
AUF1 targets, such as DNMT1, enhance entry into the S
phase, while others, such as p16 and p21, repress cell cycle
progression.

AUF1 depletion induces DNMT1 expression in human fibro-
blasts and increases global DNA methylation. Since AUF1
depletion in T24 cells modified the cell cycle, we next asked
whether a similar effect would be observed in nontransformed
cells. Interestingly, up regulation of DNMT1 generated by an
AUF1 knock down observed in Fig. 4I did not result in a
distinct change in cell cycle kinetics (Fig. 5C) or cell prolifer-
ation (Fig. 5D) in nontransformed human fibroblasts.

However, ectopic expression of DNMT1 was previously
shown to transform immortalized mouse fibroblast cells (55).
Since an AUF1 knock down did not result in cellular transfor-
mation of human fibroblasts (data not shown), we hypothe-
sized that knocking down AUF1 would unleash other control
mechanisms that would override DNMT1 action on cell cycle
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FIG. 4. AUF1 depletion leads to an increased expression and increased stability of DNMT1 mRNA but not other DNMT mRNAs. (A) T24 cells
were transfected with AUF1 siRNA (siAUF1) or control siRNA (siCT). Levels of DNMT1 and AUF1 proteins were determined by Western blot
analysis. The graph shows averages plus standard errors of the means (error bars) for three independent determinations. Values that were
statistically significantly different from the value for siCT by the Student t test at a P of 	0.05 are indicated (**). (B) Schematic representations
of the adenoviral constructs pAd-DNMT1, pAd-DNMT1-�3�56, and pAD-DNMT1-�UTR. CMV, cytomegalovirus. (C) AUF1-depleted or
wild-type T24 cells were infected with the indicated adenoviral constructs. DNMT1 and GFP mRNA levels were measured by Northern blot analysis.
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kinetics. One possibility is that AUF1 knock down activates
tumor suppressor genes that counteract the impact of in-
creased DNMT1. It was previously shown that AUF1 depletion
triggers p16 gene expression in human fibroblasts (53). We
confirmed that AUF1 knock down induced tumor suppressor
gene p16 mRNA expression in these particular human fibro-
blasts (Fig. 5E).

Next, we tested whether knocking down AUF1 would result
in an overall increase in DNA methylation of genomic DNA,
since DNMT1 expression is elevated in the absence of concom-
itant increase in DNA synthesis. We first showed that DNA

methyltransferase activity on hemimethylated DNA substrate
in nuclear extract prepared from AUF1 siRNA-treated cells
was elevated in comparison with extracts from control siRNA-
treated cells (Fig. 5F). This increase in DNA methyltransferase
activity was associated with a significant global increase in CpG
methylation level as measured by nearest-neighbor analysis
(Fig. 5G). These data suggest that AUF1 depletion leads to an
increased methylation capacity of human fibroblasts and in-
creased genomic methylation by up regulating DNMT1
mRNA. Our earlier findings that DNMT3A and DNMT3B are
not regulated by AUF1 (Fig. 4J and K) are consistent with the

DNMT1 mRNA levels were normalized to GFP mRNA as a control for infection efficiency. The graph shows the averages plus standard errors
of the means (error bars) for three different adenoviral infections relative to the control pAD-DNMT1 siAUF1 (100%). Statistical significance
(indicated by an asterisk) was tested by the Student t test at a P of 	0.05. Values that were not statistically significantly different (N.S.) are indicated
by the brackets. (D) In vitro degradation assay. Radiolabeled DNMT1 3�-UTR RNA transcript was incubated with cytoplasmic extracts from AUF1
siRNA-transfected T24 cells (siAUF1) or control siRNA-transfected cells (siCT) for the indicated lengths of time. The signals were detected by
autoradiography and quantified by phosphorimaging densitometry. (E) Analysis of DNMT1 promoter activity. pMet-P1�HX-CAT construct was
transfected into AUF1-depleted T24 cells (siAUF1) or siRNA control cells (siCT). CAT activity was measured as described in Materials and
Methods. Each value represents the mean plus standard deviation (error bar) for three independent transfections. The Student t test confirmed
no statistical difference (N.S.) between the values for the treatment groups. (F) Percentages of human fibroblasts in the different stages of the cell
cycle after serum starvation (14 days) and serum supplementation (serum release) (48 h) were determined by flow cytometry. (G) Human
fibroblasts were serum starved (14 days) and released to enter into the cell cycle for the indicated period of time. The level of DNMT1 mRNA was
determined by q-RT-PCR. �-Actin was used as control. Statistical significance was tested by a Student t test. The difference for DNMT1 was
significant (P 	 0.05). (H) DNMT1 protein level in serum-starved or serum-released fibroblasts was determined by Western blotting. �-Actin
was used as loading control. (I) Human fibroblasts were transfected with AUF1 siRNA (siAUF1) or control siRNA (siCT). Levels of DNMT1 and
AUF1 were determined by Western blot analysis. (J and K) Measurement of DNMT1, DNMT3A, and DNMT3B mRNA levels in AUF1-depleted
T24 cells (J) and human fibroblasts (K) following AUF1 depletion by reverse transcription and q-RT-PCR analyses. Graphs represent the averages
plus standard deviations (error bars) from three different amplifications. Statistical significance was tested by a Student t test. The difference for
DNMT1 was significant (P 	 0.05 [*]). No statistical significance (N.S.) was observed for the other DNMT mRNAs (P 
 0.5).
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FIG. 5. Biological consequences of AUF1 depletion in T24 cells and human fibroblasts. (A) The fraction of untransfected (CT) cells or cells
transfected with a control siRNA (siCT) or AUF1 siRNA (siAUF1) at different stages of the cell cycle was determined by flow cytometry. The
graph represents the averages from three different experiments. Values that were statistically significantly different from the control values as tested
by the Student t test at a P of 	0.05 are indicated (*). (B) T24 cells were transfected with CT siRNA (siCT), AUF1 siRNA (siAUF1), or a
combination of AUF1 siRNA and DNMT1 antisense (DNMT1 AS) oligonucleotide. [3H] thymidine uptake was measured as described in Materials
and Methods. The results are averages plus standard deviations (error bars) from three independent experiments. Values that are statistically
significantly different (*) as tested by a Student t test at a P of 	0.05 are indicated by the brackets. The levels of DNMT1 after the different
treatments were measured by Western blot analysis. (C) The percentage of AUF1 siRNA (siAUF1)- or CT siRNA (siCT)-transfected human
fibroblasts at different stages of the cell cycle was determined by flow cytometry. (D) AUF1 siRNA (siAUF1)- or CT siRNA (siCT)-transfected
human fibroblasts were counted 3 days posttransfection. The number of cells represents the average plus standard deviation (error bar) for three
measurements from three different plates. A Student t test showed no statistically significant difference (N.S.) between the values for the treatment
groups at a P of 
0.5. (E) p16 mRNA expression in AUF1 siRNA (siAUF1)- or CT siRNA (siCT)-transfected human fibroblasts was evaluated
by semiquantitative RT-PCR. This amplification is representative of three different experiments. (F) DNA methyltransferase assay. DNA
methyltransferase activity in AUF1 siRNA (siAUF1)- or CT siRNA (siCT)-transfected human fibroblasts was measured as described in Materials
and Methods. The graph represents the averages plus standard deviations (error bars) from three different estimations. An asterisk indicates
statistical significance as tested by a Student t test at a P of 	0.05. (G) The level of CpG methylation in AUF1 siRNA (siAUF1)- or CT siRNA
(siCT)-transfected human fibroblasts was measured by nearest-neighbor analysis. The graph represents the average plus standard deviations (error
bars) from three different determinations. An asterisk indicates statistical significance as tested by a Student t test at a P of 	0.05.
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hypothesis that the increased DNA methyltransferase activity
and global methylation observed are primarily caused by in-
creased DNMT1 mRNA and protein.

AUF1 expression is inversely correlated with DNMT1 ex-
pression during the cell cycle. Our in vitro and cell culture
experiments showed that AUF1 interacted with DNMT1
mRNA to negatively regulate its expression. We tested the
hypothesis that AUF1 was regulated in a cell cycle-dependent
manner which regulated, in turn, DNMT1 mRNA expression in
T24 cells. T24 cells were arrested by serum starvation, and
entry into the cell cycle was induced by serum supplementa-
tion. The fractions of cells at the different stages of the cell
cycle were determined by FACS analysis (Fig. 6A). AUF1 and
DNMT1 protein levels during the progression of the cell cycle
were measured by Western blot analysis (Fig. 6B) and RT-
PCR (Fig. 6C). As seen in Fig. 6A, serum deprivation arrested
a large fraction of the cells at G0/G1. Serum supplementation

induced entry into the S phase of the cell cycle. As expected, an
increase in the level of DNMT1 protein was observed 18 h
after serum stimulation (Fig. 6B) and reached a maximum
level after 24 h. In contrast, a simultaneous decrease in AUF1
protein level was observed upon entry into the cell cycle. After
48 h, the levels of DNMT1 and AUF1 proteins returned to
basal levels. In contrast to AUF1 protein levels, no changes
were observed in AUF1 mRNA concentration during the cell
cycle (Fig. 6C), indicating that AUF1 regulation in the course
of the cell cycle is most likely posttranslational. The graph in
Fig. 6D shows the levels of DNMT1 mRNA and AUF1 in cell
populations at different stages of the cell cycle. This cell cycle
regulation of AUF1 was also observed in other healthy and
cancer cell lines from human and mouse origin (see Fig. S5 in
the supplemental material), suggesting that this mechanism of
regulation of AUF1 is not an idiosyncrasy of T24 cells. siRNA
knock down of AUF1 in serum-starved cells increased DNMT1

FIG. 6. AUF1 expression is inversely correlated with DNMT1 level during the cell cycle and is controlled by the proteasome. (A) The
percentages of T24 cells in the different stages of the cell cycle were determined by flow cytometry. (B) T24 cells were serum starved and released
to enter the cell cycle for the indicated lengths of time. DNMT1 and AUF1 protein levels were measured by Western blot analysis. �-Actin was
used as a loading control. (C) T24 cells were serum starved and released to enter the cell cycle for the indicated period of time. DNMT1 and AUF1
mRNA levels were visualized by semiquantitative RT-PCR. (D) Graphical representation of DNMT1 and AUF1 protein levels and the percentage
of T24 cells at the different stages of the cell cycle at different time points after serum release (serum supplementation). DNMT1 mRNA level was
measured by q-RT-PCR. (E) Serum-starved T24 cells (CT) were transfected with CT siRNA (siCT) or AUF1 siRNA (siAUF1). DNMT1 and
AUF1 protein levels were analyzed by Western blotting. The numbers below the DNMT1 gel indicate the levels of DNMT1 protein as a percentage
of the control value. (F) In vivo degradation assay of AUF1 protein at G0/G1 and S phases of the cell cycle. Serum-starved (� Serum) or 18-h
serum-released (� Serum) T24 cells were treated with cycloheximide for the indicated period of time. Levels of AUF1 were then determined by
Western blotting (top gel). Eighteen-hour serum-released cells treated with cycloheximide were also treated with MG-132, a proteasome inhibitor
(bottom gel). AUF1 levels were determined by Western blotting.
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FIG. 7. The exosome participates in the AUF1-triggered degradation of DNMT1 mRNA. (A) AUF1 proteins were immunoprecipitated from
HEK-293 whole-cell extracts. The presence of hRrp4p and hRrp41 in the immunoprecipitates was determined by Western blot analysis (top panel). A
preimmune antibody (immunoglobulin G [IgG]) was used as control for immunoprecipitation (IP). HEK-293 cells were transfected with the different
tagged AUF1 cDNA-encoding vectors. AUF1 isoforms were immunoprecipitated using a Flag antibody (bottom panel). The presence of hRrp4p and
hRrp41 in the immunocomplexes was determined by Western blotting. (B) hRrp4p was immunoprecipitated from T24 cells treated (�) with either
control (SiCT) or AUF1 siRNA (SiAUF1). Precipitated RNAs were extracted from the supernatants (SPNT) and pellets. DNMT1 mRNA was detected
by RT-PCR and quantified by q-RT-PCR. The numbers below the pellet DNMT1 gel indicate the levels of DNMT1 mRNA expression relative to the
level measured in siCT (as a percentage). The levels of AUF1 and hRrp4p following AUF1 siRNA treatment were determined by Western blotting.
(C) T24 cells were simultaneously transfected with PM-Scl 75/hRrp40 siRNAs at the indicated concentrations (0 [�], 20, or 50 nM). Levels of the
indicated proteins were determined by Western blotting. Numbers indicate the levels as a percentage of DNMT1, PM-Scl75, and hRrp40 protein
expression relative to the control value. (D) RNA degradation assay. Control or PM-Scl 75/hRrp40 siRNA-transfected T24 cells were treated with
actinomycin D for the indicated period of time. DNMT1 mRNA levels were visualized by RT-PCR followed by specific oligonucleotide hybridization and
quantified using q-RT-PCR. The graph shows the results of quantification for three different experiments. (E) DNMT1 and AUF1 mRNA levels
corresponding to the experiment shown in panel C were visualized by RT-PCR analysis and quantified by real-time PCR. The graph to the right of the
gels shows the level as a percentage of DNMT1 mRNA relative to the control level. An asterisk indicates statistical significance as tested by a Student
t test at a P of 	0.05. (F) T24 cells were separately and simultaneously transfected with PM-Scl 75/hRrp40 or AUF1 siRNAs. The level of DNMT1 mRNA
was visualized by RT-PCR (top gel) followed by specific oligonucleotide hybridization (middle gel) and quantified using q-RT-PCR. The graph shows
the results of quantification by real-time PCR of DNMT1 mRNA levels relative to the control value. An asterisk indicates statistical significance as tested
by a Student t test at a P of 	0.05. (G) HEK-293 cells were transiently transfected with hRr4p-TAP vector at different concentrations. DNMT1 and
hRrp4p protein levels were determined by Western blotting. (H) DNMT1 and AUF1 mRNA levels corresponding to the experiment shown in panel G
were visualized by RT-PCR analysis. The graph shows the results of quantification of DNMT1 mRNA levels by q-RT-PCR relative to the control value
(100%). An asterisk indicates statistical significance as tested by a Student t test at a P of 	0.05. (I) Pull down of hRrp4p-TAP protein from
hRrp4p-transfected HEK-293 cells. Precipitated RNAs were extracted from the supernatants (SPNT) and pellets. Detection of DNMT1 mRNA was
performed by RT-PCR. �-Actin amplification was used as a control. (J) T24 cells were serum starved for 6 days (0 h) and supplemented with serum for
18 h and 24 h. Levels of the indicated protein were determined by Western blotting.
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levels, suggesting that the higher levels of AUF1 observed in
G0/G1 cells are, at least in part, responsible for the down
regulation of DNMT1 during G0/G1 (Fig. 6E). Our data are
therefore consistent with the hypothesis that the changes in
DNMT1 during the cell cycle could be partially caused by
inverse cell cycle regulation of AUF1 levels.

The proteasome machinery is responsible for an increased
AUF1 degradation rate during S phase. Since we observed a
decrease in AUF1 protein levels during S phase, which was not
explained by reduced transcription of AUF1 mRNA, we deter-
mined whether differences in protein stability were responsi-
ble. We therefore compared AUF1 protein stability after a
cycloheximide block of de novo protein synthesis in serum-
starved T24 cells (mostly in Go/G1 phase) and in 18-h serum-
released T24 cells (mostly in S phase). This analysis revealed a
shorter AUF1 half-life of AUF1 in the S-phase cell population
(Fig. 6F, top panel) than in the serum-starved cells. Several
studies have previously demonstrated that AUF1 isoforms
were subjected to ubiquitination-mediated degradation by the
proteasome machinery (22–24). We observed that the AUF1
degradation rate in the S-phase cell population was clearly
diminished by the addition of the proteosome inhibitor MG-
132 (Fig. 6F, bottom panel), suggesting the participation of the
proteasome in this cell cycle-dependent regulation. Further-
more, we wanted to evaluate the consequences of MG-132
treatment on DNMT1 mRNA in T24 cells. Unfortunately,
upon further investigation, it was determined that MG-132
treatment itself significantly modified the cell cycle and would
bias the measurement of cell cycle-regulated mRNAs, such as
DNMT1 mRNA (see Fig. S6 in the supplemental material).
Nevertheless, these MG-132 effects were not observed in the
T24 cell populations in which protein translation was chemi-

cally blocked by cycloheximide (see Fig. S7 in the supplemental
material).

The exosome participates in the AUF1-triggered degrada-
tion of DNMT1 mRNA. AUF1 was shown to interact with
exosome and to be responsible for the targeting of ARE-
containing mRNA to this RNA degradation machinery (8).
Immunoprecipitation experiments confirmed a physical inter-
action between the four AUF1 isoforms and some component
of the exosome complex, such as hRrp4p or hRrp41 (Fig. 7A).
In parallel, immunoprecipitation of hRrp4p in T24 cells
showed the presence of DNMT1 mRNA in the precipitated
complex (Fig. 7B). As anticipated if AUF1 were to mediate the
interaction between the 3�-UTR and the exosome, an AUF1
knockdown led to a reduced amount of DNMT1 mRNA de-
tected in the hRrp4p immunoprecipitate (Fig. 7B). These data
demonstrate for the first time that AUF1 links DNMT1 mRNA
and the exosome complex and provide a mechanism for how
AUF1 affects DNMT1 mRNA stability.

To confirm the role of the exosome in DNMT1 mRNA
degradation, we decided to disrupt exosome function using a
siRNA strategy. In brief, we targeted PM-Scl 75 protein, a core
exonuclease of the exosome (45) and hRrp40, another compo-
nent of the exosome (Fig. 7C). The consequence of this exo-
some knock down in T24 cells was a slow down in the DNMT1
mRNA degradation rate (Fig. 7D), subsequently resulting in
an increase in the level of protein (Fig. 7C) and mRNA ex-
pression (Fig. 7E). In addition, combined knock down of the
two DNMT1 mRNA-destabilizing agents, AUF1 and the exo-
some, potentiated DNMT1 mRNA expression (Fig. 7F). In-
versely, hRrp4 overexpression of the exosome protein hRrp4p
led to a decrease of DNMT1 protein (Fig. 7G) and mRNA
expression (Fig. 7H) in HEK-293 cells. Pull down of the

FIG. 7—Continued.
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hRrp4p protein revealed the presence of DNMT1 mRNA, in-
dicating that DNMT1 mRNA is physically associated with this
component of the exosome in HEK-293 cells (Fig. 7I).

Since we showed that AUF1 protein level varied during the
cell cycle, we also measured the levels of expression of different
components of the exosome. Western blot analysis did not
show dramatic changes in terms of protein levels during the
cell cycle (Fig. 7J). We therefore hypothesized that the AUF1
protein variations during the cell cycle may control, at least in
part, the relative amount of DNMT1 mRNA or protein during
the cell cycle.

DISCUSSION

AUF1 was first characterized on the basis of its property of
binding AU-rich elements and was shown to affect mRNA
stability in a number of genes involved in growth control. The
observation that DNMT1 is regulated by AUF1, a factor that
also regulates a number of other growth control genes, such as
p16 (53) and p21 (21), provides a mechanism of coordination
of DNMT1 levels with other cell cycle events. Since DNMT1
has a critical function in copying the epigenetic information
during cell division, it is crucial that its expression is tightly
coordinated with the state of cell division.

The manner by which AUF1 maintains a dynamic balance of
growth control by coordinating the expression of genes with
opposite functions is illustrated by the AUF1 siRNA knock
down experiments. AUF1 knockdown in nontransformed hu-
man fibroblasts results in an induction of DNMT1 mRNA and
protein levels (Fig. 4K and I), which has been shown to have a
growth-promoting effect in other human cell lines. However,
the AUF1 knock down also results in an induction of the tumor
suppressor p16 gene, which may counter the growth-promoting
effects of DNMT1 (Fig. 5A and E). Therefore, by coordinately
destabilizing the expression of both tumor suppressor genes
(p16 [53] and p21 [21]) and growth-promoting genes, such as
DNMT1, AUF1 may maintain balanced growth. In other
words, AUF1 effects on the cell cycle may result from a simul-
taneous destabilization of target mRNA encoding proteins
with important function in the cell cycle regulation. It is there-
fore tempting to speculate that the ability of DNMT1 to trans-
form cells requires the elimination of the counteracting action
of tumor suppressor genes by regional hypermethylation,
which was shown to be a late consequence of DNMT1 overex-
pression (51), or by mutation.

In this study, we demonstrated for the first time that AUF1
expression itself is regulated by the cell cycle in T24 cells (Fig.
6B) and other cell lines (see Fig. S5 in the supplemental ma-
terial) at a posttranslational level. An in vivo degradation assay
revealed a higher degradation rate of AUF1 in S-phase cells,
which is dependent on proteasome activity. This observation
complements previous findings for the role of the proteasome
machinery in AUF1 degradation (22–24). However, although
all four AUF1 isoforms are regulated by the cell cycle, an
interesting question raised by our data is why all AUF1-con-
trolled (ARE-containing) mRNAs are not inversely regulated
by the cell cycle. An explanation might be the dual role of
AUF1, in either stabilizing or destabilizing mRNAs depending
on the (ARE-containing) mRNA sequence context (9). An-
other possible explanation is that other proteins are involved in

regulating AUF1 to certain AU-containing mRNAs. One re-
cent example is the Pin1 protein, a cis-trans isomerase which
was recently shown to regulate the association of AUF1 iso-
forms with the granulocyte-macrophage colony-stimulating
factor mRNA, accelerating or slowing mRNA decay (44).
Moreover, we do not exclude the possibility that other ARE-
binding proteins, such as HuR, could participate in DNMT1
mRNA decay.

The exosome functions in several processes involving the
3�-to-5� processing or degradation of RNA. Among them are
the maturation of 5.8 S rRNA, the processing of many small
nuclear and nucleolar RNAs, and the turnover of different type
of mRNAs, especially the ARE-containing mRNA (8, 32). We
show that a similar mechanism is involved in DNMT1 regula-
tion by AUF1. Since the levels of different exosome elements
do not vary during the cell cycle, we suggest that modulation of
AUF1 expression is mostly responsible for the cell cycle-spe-
cific targeting of DNMT1 mRNA to the exosome and its deg-
radation. The regulation of DNMT1 mRNA stability described
here is to our knowledge, the first example of a cell cycle-
dependent regulation of an mRNA implicating the exosome
machinery.

Finally, we demonstrate that depletion of AUF1 protein in
nontransformed human fibroblasts leads to increased levels of
DNMT1 protein and global genomic methylation (Fig. 4I and
5G). DNMT1 protein overexpression and tumor suppressor
gene hypermethylation characterize a number of different tu-
mors (2, 14), and these elevated levels are believed to contrib-
ute directly to tumorigenicity. Changes in AUF1 protein ex-
pression have been observed in tumor progression in
neoplastic lung tissue (4), which could have potential implica-
tions for DNMT1 mRNA regulation. Moreover, Morello’s
group stated that the “AUF1 p37 transgene induces tumors in
mice” (13). These interesting findings suggest that in certain
cell types, the AUF1 p37 isoform negatively controls more
tumor suppressor gene mRNAs than growth-promoting gene
mRNAs. The overproduction of the AUF1 p37 in these mice
might create an increased destabilization of these cell cycle
repressor gene mRNAs, resulting in aberrant cell growth.

Although many different mechanisms are believed to con-
tribute to enhanced DNMT1 expression, we show for the first
time that alteration of posttranscriptional regulation and the
exosome function could play an important role in maintenance
of the genome DNA methylation level and therefore tumori-
genesis.
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