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p19ARF plays an essential role in the senescence of mouse cells, and its expression is lost by methylation or deletion of the ARF
locus; otherwise, p53 is inactivated to bypass senescence. ARF expression is tightly regulated, but little is known about its post-
transcriptional regulation. Here, we show that an RNA-binding protein, HuR (human antigen R), represses ARF mRNA transla-
tion, thereby maintaining the replicative life span of mouse embryonic fibroblasts (MEFs). Loss of HuR results in premature se-
nescence, with concomitant increases in p19ARF but not p16Ink4a levels, and this senescence is not observed in ARF-null MEFs
that retain an intact Ink4a locus. HuR depletion does not alter ARF transcription or stability but enhances ribosome association
with ARF mRNA. Under these conditions, ARF mRNA accumulates in nucleoli, where it associates with nucleolin. Furthermore,
adipose-specific deletion of the HuR gene results in increased p19ARF expression in aged animals, which is accompanied by de-
creased insulin sensitivity. Together, our findings demonstrate that p19ARF is also regulated at the translational level, and this
translational regulation restrains the cellular life span and tissue functions in vivo.

Most mammalian somatic cells have a limited replicative life
span when cultured in vitro and eventually undergo irrevers-

ible growth arrest, called cellular senescence (1). Senescence is
caused by excessive extracellular or intracellular stress, and senes-
cent cells are observed in tissues of aged animals and in tissues that
experience prolonged inflammation (2, 3). Two major tumor sup-
pressor pathways, the p19ARF (p14ARF in humans)-p53 and
p16Ink4a-retinoblastoma (Rb) pathways, play critical roles in in-
ducing and maintaining permanent cell cycle arrest during cellu-
lar senescence (4, 5), and inactivation of these proteins bypasses
cellular senescence, allowing damaged cells to survive and prolif-
erate. Thus, senescence prevents the spread of damaged cells,
eliminating potential malignant transformation, and acts as a po-
tent tumor-suppressive mechanism in mammals (6, 7).

Human antigen R (HuR) is a ubiquitously expressed member
of the ELAV/Hu protein family and is involved in diverse biolog-
ical processes (8, 9). Loss of HuR causes midgestational embry-
onic lethality due to placental defects (10). Animals rescued from
this defect can develop to later stages but mostly die by embryonic
day 19.5 and exhibit prominent defects in skeletal and splenic
development. HuR encodes an RNA-binding protein that con-
trols the stability, translation, splicing, and intracellular localiza-
tion of its target mRNA (11, 12). Canonically, HuR directly binds
to AU-rich elements (ARE) in the 3= untranslated region (3=UTR)
of its target mRNA, and the biological consequence of HuR asso-
ciation varies depending on the mRNA to which it binds (13, 14).
In most cases, HuR stabilizes the mRNA associated with it; for
instance, HuR has been shown to stabilize VEGF, �-actin,
DNMT3b, and TNF-� mRNA (15–18). The mechanisms by which
HuR regulates mRNA stability are not fully understood, but com-
petition with other ARE-binding proteins is likely to be involved
(19). Additionally, HuR is involved in microRNA (miRNA) re-
cruitment to target mRNA. In this case, binding of HuR adjacent
to the let-7 binding site on c-Myc mRNA facilitates the recruit-
ment of let-7-loaded miRNA-induced silencing complexes (RISC)

(20). Conversely, HuR has been shown to compete with miR-494
on Nucleolin mRNA (21).

It has become evident that HuR controls replicative senescence
in human diploid fibroblasts (HDFs) (22). HuR levels decline dur-
ing senescence in HDFs and are low in aged human tissues, and
miR-519 is responsible for the downregulation of HuR in senes-
cent HDFs (23, 24). HuR destabilizes Ink4a mRNA, the encoded
protein of which, p16Ink4a, plays an important role in the cellular
senescence of HDFs. HuR recruits RISC to Ink4a mRNA, and this
process does not require miRNA but is mediated by the direct
interaction of RISC with HuR proteins on mRNA (25). Addition-
ally, HuR controls the mRNA metabolism of other senescence-
related genes, including p53, p21, and cyclin D1, in response to
cellular stress, such as UV (19, 26, 27). Therefore, HuR likely par-
ticipates in cellular senescence by organizing the expression of
multiple genes.

While the involvement of HuR in human cellular senescence
has been documented, little is known about the function of HuR
in the replicative senescence of mouse cells. Unlike in human cells,
where the Ink4a-Rb pathway plays a pivotal role in senescence, in
mouse cells, the ARF-p53 pathway is essential and p16Ink4a is dis-
pensable for senescence (28, 29). We show here that HuR main-
tains a replicative life span by repressing expression of the p19ARF

tumor suppressor in mouse embryonic fibroblasts (MEFs). RNA
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interference (RNAi)-mediated HuR silencing in MEFs prema-
turely induces cellular senescence by activating the ARF-p53 path-
way. In HuR-depleted cells, p19ARF levels, but not p16Ink4a levels,
are increased due to enhanced translation of ARF mRNA. HuR
associates weakly with the 5=UTR of ARF mRNA in living cells. In
the absence of HuR, ARF mRNA accumulates in the nucleolus,
where it associates with nucleolin, and nucleolin is required for
p19ARF induction in HuR knockdown cells. Translational regula-
tion is also observed in vivo, and adipose-specific HuR knockouts
revealed progressive insulin resistance, with concomitant in-
creased expression of p19ARF. Thus, HuR translationally represses
p19ARF expression under normal conditions, thereby inhibiting
cellular senescence and maintaining tissue functions in vivo.

MATERIALS AND METHODS
Cells and culture conditions. NIH 3T3 and 293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and 100 U/ml penicillin-streptomycin. MEFs were
cultured in medium supplemented with 0.1 mM nonessential amino ac-
ids, 55 �M 2-mercaptoethanol, and 10 �g/ml gentamicin instead of pen-
icillin and streptomycin. To analyze mRNA or protein stability, cells were
treated with 2 �g/ml of actinomycin D or 100 �g/ml of cycloheximide
(CHX), respectively. To induce adipocytic differentiation, cells were kept
confluent for 2 days and switched to differentiation medium (DMEM
containing 5 �g/ml insulin, 1 �M dexamethasone, and 0.5 mM 3-isobu-
tyl-1-methylxanthine [IBMX; Sigma Chemicals, St. Louis, MO]). For
5-ethynil-2=-deoxyuridine (EdU) staining, cells were pulse-labeled with
10 �M EdU for 45 min. Labeled cells were visualized using the Click-iT
EdU Alexa Fluor imaging kit according to the manufacturer’s instructions
(Life Technologies, Carlsbad, CA).

Senescence-associated �-galactosidase and Oil Red O staining. Cells
were washed in phosphate-buffered saline (PBS), fixed for 3 to 5 min
(room temperature) in 2% formaldehyde-0.2% glutaraldehyde, washed,
and incubated at 37°C with �-galactosidase (�-Gal) stain solution con-
taining 1 mg of 5-bromo-4-chloro-3-indolyl-�-D-galactoside, 40 mM cit-
ric acid-sodium phosphate (pH 6.0), 5 mM potassium ferrocyanide, 5
mM potassium ferricyanide, 150 mM NaCl, and 2 mM MgCl2. Staining
was evident after 12 to 16 h (2). To stain adipocytes, cells were washed
twice with PBS and then incubated with 60% filtered Oil Red O solution (3
mg/ml of 2-propanol) for 30 min at 37°C. Cells were washed with 60%
2-propanol briefly and then with water before visualization. Phase-con-
trast images were taken with a Plan FI 40�/0.60 lens (Olympus, Tokyo,
Japan) at ambient temperature using an inverted microscope (model
IX71; Olympus) equipped with a DP70 digital camera system (Olympus).
Images were acquired using DP Controller software (Olympus).

Plasmids, transfection, retrovirus production, and infection. Mouse
ARF and Ink4a cDNAs were obtained by PCR using the following primers:
for full-length ARF, 5=-AAGGATCCTCTCGAGGTGCCTCAACGCC-3=
(sense) and 5=-AACTCGAGGACATTTTAAAAAGTATC-3= (antisense);
for �3=UTR ARF, the full-length sense primer and 5=-AAACTCGAGCT
ATGCCCGTCGGTCTGGGC-3= (antisense); for �5=UTR ARF, 5=-AAG
GATCCATGGGTCGCAGGTTCTTGG-3= (sense) and the full-length an-
tisense primer; for full-length Ink4a, 5=-AAGGATCCACTGGTCACACG
ACTGGGC-3= (sense) and 5=-AAGAATTCGACATTTTAAAAAGTAT
C-3= (antisense); and for the Ink4a open reading frame (ORF), 5=-AAGG
ATCCATGGAGTCCGCTGCAGACAG-3= (sense) and 5=-AAGAATTCT
TAGCTCTGCTCTTGGG-3= (antisense). PCR products were digested
with BamHI and XhoI (ARF) or BamHI and EcoRI (Ink4a) and cloned
into a pcDNA3 vector (Life Technologies). For ARF-MS2, ARF cDNA
(full length or �5=UTR) was cloned into the BamHI/XbaI sites of
pcDNA3.1 Hygro (Life Technologies). The plasmid was then digested
with NotI and XbaI, and annealed oligonucleotides, including a 2�MS2
tag sequence (sense, GGCCGCAAACATGAGGATCACCCATGTCCAT
GGTCGACGAGCTCAAACATGAGGATCACCCATGTCT, and anti-

sense, CTAGAGACATGGGTGATCCTCATGTTTGAGCTCGTCGA
CCATGGACATGGGTGATCCTCATGTTTGC), were ligated. MS2-en-
hanced green fluorescent protein (EGFP)-nuclear localization signal
(NLS) cDNA (30) and GFP-L10a expression plasmids were provided by
Takashi Funatsu (University of Tokyo) and Leo Tsuda (National Center
for Geriatrics and Gerontology), respectively. GFP-L10 cDNA was cloned
into a murine stem cell virus (MSCV) vector.

For knockdown of nucleolin, 1 million MEFs were plated in a 10-cm-
diameter dish and cultured in a medium without antibiotics. Synthetic
small interfering RNA (siRNA) (Thermo Fisher Scientific, Lafayette, CO)
was transfected using DhamaFect1 (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Cells were collected at 48 h posttrans-
fection for subsequent analysis.

For retrovirus production, 293T cells were transfected with retroviral
expression plasmids together with helper plasmids, as described previ-
ously (31). Culture supernatants were harvested 24 to 60 h after transfec-
tion, pooled, and stored on ice. Exponentially growing cells in 10-cm-
diameter culture dishes were infected with 3 ml of a fresh virus-containing
supernatant in complete medium containing 8 �g/ml Polybrene. Infec-
tion was confirmed either by GFP expression or by selection for drug
resistance.

RNA analyses. RNAs were prepared from cells or immune complexes
using TriPure isolation reagent (Roche, Indianapolis, IN), reverse tran-
scribed using a PrimeScript reverse transcriptase (RT) reagent kit with the
genomic DNA (gDNA) Eraser (TaKaRa, Shiga, Japan), and subjected to
PCR using the following primers: for PAI-1, 5=-TCAGAGCAACAAGTT
CAACTACACTGAG-3= (sense) and 5=-CCCACTGTCAAGGCTCCATC
ACTTGCCCCA-3= (antisense); for HuR, 5=-TTGGGCTACGGTTTT
GTGAAC-3= (sense) and 5=-CCCACTGATGTATAAGTTGGCAT-3=
(antisense); for ARF, 5=-GCCGCACCGGAATCCT-3= (sense) and 5=-TT
GAGCAGAAGAGCTGCTACGT-3= (antisense); for Ink4a, 5=-CCCAAC
GCCCCGAACT-3= (sense) and 5=-GCAGAAGAGCTGCTACGTGAA-3=
(antisense); for c-myc, 5=-TCTATTTGGGGACAGTGTTC-3= (sense) and
5=-GGTCATAGTTCCTGTTGGTG-3= (antisense); for p53, 5=-TGGAGA
GTATTTCACCCTCAAGA-3= (sense) and 5=-CTCCTCTGTAGCATGG
GCATC-3= (antisense); for �-actin, 5=-CTAAGGCCAACCGTGAAAA
G-3= (sense) and 5=-ACCAGAGGCATACAGGGACA-3= (antisense); for
18S rRNA 5=-AGTCCCTGCCCTTTGTACACA-3= (sense) and 5=-GATC
CGAGGGCCTCACTAAAC-3= (antisense); for AUF-1, 5=-TTTCTCCAG
ACACACCTGAAGA-3= (sense) and 5=-CTGTTCCTTTGACATGGCTA
CTT-3= (antisense); and for GFP, 5=-TCTGCACCACCGGCAAGCTG-3=
(sense) and 5=-TGCGCTCCTGGACGTAGCCT-3= (antisense). Real-
time PCR analysis was carried out on a Chromo4 real-time PCR system
(Bio-Rad, Hercules, CA).

Immunoblotting and preparation of cytoplasmic and nuclear frac-
tions. Cell lysates were separated by SDS-PAGE and transferred to poly-
vinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA). Pro-
teins were detected with antibodies to �-tubulin (GTU-88; Sigma
Chemicals, St. Lois, MO), p19ARF, p16Ink4a, HuR, nucleolin, CDK4, lamin
A/C, GFP, �-tubulin, peroxisome proliferator-activated receptor gamma
(PPAR�) CCAAT/enhancer binding protein � (C/EBP�), C/EBP�,
C/EBP� (5-C3-1, M-156, 3A2, MS-3, C-22, H-110, FL, B-7, E-8, 14AA,
C-19, and C-22; all from Santa Cruz Biotechnology, Santa Cruz, CA),
RPL10 (Atlas Antibodies, Stockholm, Sweden), RPL11 (3A4A7; Life
Technologies), and RPS6 (54D2; Cell Signaling Technology, Danvers,
MA). The intensities of the bands were determined using NIH’s ImageJ.
Cytoplasmic and nuclear fractions were generated using a Paris kit (Life
Technologies).

Immunoprecipitation/RT-PCR. To analyze ribosome-mRNA associ-
ation, cells were incubated in the presence of 0.1 mM CHX for 5 min and
then suspended in ice-cold extraction buffer containing 10 mM HEPES-
KOH (pH 7.4), 150 mM KCl, 5 mM MgCl2, 0.5 mM dithiothreitol (DTT),
100 �g/ml CHX, protease inhibitors, and 40 U recombinant RNase inhib-
itor (Toyobo, Osaka, Japan) with a homogenizer. Homogenates were cen-
trifuged for 10 min at 2,000 � g to pellet large cell debris, and Nonidet
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P-40 (NP-40; Nacalai Tesque, Kyoto, Japan) was added to the supernatant
at a final concentration of 1%. After incubation on ice for 5 min, clarified
lysates were cleared by centrifugation for 10 min at 13,000 � g. Protein A
magnetic beads (Millipore) and anti-GFP (mFx73; Wako, Osaka, Japan)
were preincubated at room temperature for 30 min and added to the
supernatant. The mixture was incubated at 4°C with end-over-end rota-
tion for 3 h. Beads were subsequently collected on a magnetic rack, washed
three times with high-salt wash buffer (10 mM HEPES-KOH [pH 7.4],
350 mM KCl, 5 mM MgCl2, 1% NP-40, 0.5 mM DTT, and 100 �g/ml
CHX), and immediately placed in TriPure isolation reagent to extract
bound RNAs from polysomes (32). RNA was subjected to real-time PCR
analysis as described above.

For polysomal fractionation, cells were incubated in the presence of
0.1 mM cycloheximide for 5 min and lysed in a buffer containing 50 mM
Tris-Cl (pH 7.5), 0.1 M NaCl, 10 mM MgCl2, 2 mM DTT, 200 U/ml
RNase inhibitor (Toyobo, Osaka, Japan), 100 �g/ml cycloheximide, 200
�g/ml Heparan, 0.5% NP-40, and protease inhibitors. One milliliter of
lysates cleared by centrifugation was loaded onto 15-to-40% sucrose gra-
dients in a buffer (9 ml) containing 150 mM NaCl, 5 mM MgCl2, and 25
mM Tris-Cl (pH 7.5), centrifuged using an Sw41 rotor (Beckman Coulter,
Fullerton, CA) (34,000 rpm, 140 min, 4 °C), and separated into 120 frac-
tions. RNA and protein were recovered from each fraction and analyzed
by real-time PCR and immunoblotting, respectively.

To analyze HuR-RNA and nucleolin-RNA complexes, cell lysates pre-
pared using a buffer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 1
mM EDTA, 2.5 mM EGTA, 1 mM DTT, 0.2% Tween 20, 10% glycerol,
and protease inhibitors were incubated at 4°C for 3 h together with pro-
tein A magnetic beads preincubated with antihemagglutinin (anti-HA)
(3F10; Roche, Indianapolis, IN), anti-HuR (3A2; Santa Cruz Biotechnol-
ogy), or antinucleolin (MS-3; Santa Cruz Biotechnology). Magnetic beads
were washed three times with the buffer and suspended in TriPure isola-
tion reagent to recover RNA associated with HA-tagged or endogenous
HuR protein. RNAs were quantified using real-time PCR.

FIG 1 Loss of HuR leads to acute cellular senescence in MEFs. (A) Lysates
from early-passage (passage 2 [P2]) and late-passage (P10) MEFs were ana-
lyzed for expression of the indicated proteins by immunoblotting. Lamin A/C
was used as a loading control. (B) Wild-type MEFs infected with control (sh-
SCR) or sh-HuR retroviruses were cultured by the NIH 3T3 protocol. Error
bars represent standard errors of the means (SEM) of results from triplicate
wells. (C) Cells (10 days postinfection) were stained with SA-�-Gal. (D) Ex-
pression of PAI-1 mRNA was analyzed by real-time PCR. Values were normal-
ized to those for GAPDH in each sample. Data are representative of three
independent experiments. Error bars represent SEM of results from triplicate
samples.

FIG 2 Senescence in HuR-depleted MEFs is dependent on the ARF-p53 path-
way. (A) MEFs prepared from ARF- or p53-null animals were infected with
control or sh-HuR retroviruses. Infected cells were stained for SA-�-Gal. Bars,
25 �m. (B) Control or sh-HuR MEFs with the indicated genotypes were ana-
lyzed for their growth rates. Error bars represent means � SE of results from
triplicate wells. (C) Cell lysates were prepared from wild-type MEFs infected
with control or sh-HuR retroviruses. The expression of the indicated proteins
was analyzed by immunoblotting. �-Tubulin was used as a loading control.
(D) Wild-type MEFs were infected with two independent sh-HuR retroviruses
that target different regions of HuR mRNA. Cell lysates were prepared at 4, 8,
and 12 days postinfection and analyzed for the expression of the indicated
proteins by immunoblotting.
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For UV cross-linking and immunoprecipitation, cells in a 10-cm-di-
ameter dish were washed twice with PBS and irradiated with UV (150
mJ/cm2) in the presence of 6 ml PBS. Irradiated cells were harvested and
resuspended in a buffer containing 50 mM Tris (pH 7.4), 100 mM NaCl,
1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 40 U/ml RNase inhib-
itor, and protease inhibitors. Lysates were treated with DNase I at 37°C for
3 min, cleared by centrifugation, and incubated with magnetic protein G
beads pretreated with anti-HuR for 3 h at 4°C. Beads were washed twice
with high-salt buffer (50 mM Tris [pH 7.4], 1 M NaCl, 1 mM EDTA, 1%
NP-40, 0.1% SDS, and 0.5% sodium deoxycholate) and then twice with
wash buffer (20 mM Tris [pH 7.4], 10 mM MgCl2, and 0.2% Tween 20)
and resuspended in PK buffer (100 mM Tris [pH 7.4], 50 mM NaCl, and
10 mM EDTA) containing proteinase K for 20 min at 37°C. An equal
amount of PK buffer containing 7 M urea was added, the mixture was
incubated for 20 min at 37°C, and supernatants were collected and sub-
jected to phenol-chloroform extraction. RNAs were isolated from the
aqueous phase by ethanol precipitation and subjected to real-time PCR
analysis as described above.

Immunohistochemistry. Immunohistochemistry was performed on
frozen sections of adipose tissue from HuRfloxed/floxed (HuRfl/fl) or HuRfl/fl

AP2-Cre mice. Sections were fixed with 4% paraformaldehyde in PBS for
15 min, rinsed, and then placed into a covered Coplin jar containing
citrate buffer (1.8 mM citric acid, 8 mM sodium citrate, pH 6.0) that had
been preheated to 100°C for 30 min. Sections were rinsed in PBS for 10
min, blocked with 10% FCS in 0.1% Triton X-100 –PBS for 1 h, and
incubated with 5 �g/ml of anti-p19ARF (5-C3-1) and anti-HuR (H-280;
Santa Cruz Biotechnology) in Can Get Signal Solution A (Toyobo) at 4°C
overnight. Proteins were visualized with Cy3- or Alexa Fluor 488-labeled
secondary antibodies (Jackson ImmunoResearch, West Grove, PA), and
slides were mounted using Vectashield and DAPI (4=,6-diamidino-2-phe-
nylindole; Vector Laboratories, Burlingame, CA). Fluorescence images
were taken with a Nikon CFI Plan Apo 	 40�/0.95-numerical-aperture
lens at ambient temperature using an inverted microscope (Biorevo BZ-
9000; Keyence, Osaka, Japan). Images were acquired using BZ-II Viewer
software (Keyence).

Insulin and glucose tolerance tests. Animals were fasted for 4 h (for
the insulin test) or overnight (for the glucose test) and intraperitoneally
injected with insulin (0.75 unit/kg of body weight) or glucose (1 g/kg).
Following these injections, tail vein blood (approximately 5 �l) was col-
lected, and glucose was measured using a glucose meter (LifeScan, Milpi-
tas, CA).

RESULTS
HuR regulates the replicative senescence of murine fibroblasts.
HuR levels decline during senescence in human fibroblasts (22).
We checked HuR levels in early- and late-passage mouse embry-
onic fibroblasts. As in human fibroblasts, HuR was downregulated
in senescent MEFs where p19ARF and p16Ink4a levels were in-
creased (Fig. 1A). To test if downregulation of HuR was sufficient
to induce replicative senescence, MEFs were infected with retro-
viruses encoding short hairpin RNA (shRNA) that inhibits short
hairpin HuR (sh-HuR) expression or control sh scramble (sh-
SCR) (33). Infected cells were selected with puromycin and cul-
tured according to the NIH 3T3 protocol (34). As shown in
Fig. 1B, HuR knockdown cells had much shorter replicative life
spans than control shRNA-expressing cells, and these cells showed
the typical characteristics of cellular senescence, including a
flattened shape and increased activity of senescence-associated
�-galactosidase (SA-�-Gal) (Fig. 1C). In addition, another senes-
cence marker, plasminogen activator inhibitor-1 (PAI-1), was in-
creased in HuR-depleted cells (Fig. 1D) (35). These data suggest
that loss of HuR results in acute cellular senescence in mouse
fibroblasts.

The ARF-p53 pathway plays an essential role in mouse cellular

senescence. ARF- or p53-null cells do not undergo cellular senes-
cence upon serial passage or oncogenic activation (36–39). To
clarify the roles of the ARF-p53 pathway in the senescence of HuR
knockdown MEFs, cells derived from ARF
/
 or p53
/
 animals
were infected with retroviruses encoding sh-SCR or sh-HuR. Un-
like in wild-type MEFs, no SA-�-Gal staining was observed in
ARF
/
 and p53
/
 cells (Fig. 2A). HuR depletion consistently
caused significant cell growth arrest only in wild-type MEFs, and
ARF- or p53-null cells continued to proliferate irrespective of HuR
status (Fig. 2B). However, HuR knockdown had a weak growth-
inhibitory effect in these cells, which is consistent with earlier re-
ports showing that HuR targets several growth-related genes (40).
These results suggest that cellular senescence induced by HuR
depletion is strictly dependent on the ARF-p53 pathway, while
other factors may also be involved in cell growth regulation
by HuR.

p19ARF is induced in HuR knockdown cells. During cellular
senescence, p19ARF and p16Ink4a levels are increased and lead the
activating signals to p53 and pRb, respectively (41). Since senes-
cence induced by HuR depletion requires ARF (Fig. 1C and 2A),
we checked the levels of these proteins in control and sh-HuR
MEFs. Loss of HuR expression led to a significant increase in
p19ARF levels (Fig. 2C), while p16Ink4a levels were not increased in
these cells. Similar results were obtained using another shRNA,
one that targets different regions of the HuR gene (33), confirming
that increased levels of p19ARF were not due to the off-target effects
of sh-HuR (Fig. 2D). On the other hand, overexpression of HuR
did not affect either the cells’ replicative life span or p19ARF levels
(Fig. 3A and B).

FIG 3 HuR overexpression does not affect p19ARF levels or replicative life
spans. (A) Wild-type MEFs were infected with retroviruses encoding GFP
(control) or HA-HuR. Infected cells were cultured by the NIH 3T3 protocol.
Error bars represent SEM of results from triplicate wells. (B) Cell lysates were
prepared at the indicated passage numbers. The expression of the indicated
proteins was analyzed by immunoblotting. Lamin A/C was used as a loading
control.
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HuR does not affect ARF mRNA or protein stability. The
above results indicate that, unlike in HDFs, HuR regulates the
expression of p19ARF but not of p16Ink4a in MEFs. To gain insights
into how HuR regulates p19ARF expression, we first compared
ARF mRNA levels in control and sh-HuR MEFs. Real-time PCR
analysis revealed no increase in ARF or Ink4a mRNA levels in the
presence or absence of HuR (Fig. 4A), implying that HuR was not
involved in the transcriptional regulation of these genes. We next
checked whether HuR could affect the stability of these mRNAs.
Cells were treated with actinomycin D to block de novo mRNA
synthesis, and the remaining mRNA was chased by real-time PCR.
Although HuR has been shown to negatively regulate Ink4a
mRNA stability in human fibroblasts (25), there was no significant
difference in the levels of stability of ARF mRNA in MEFs
(Fig. 4B). Likewise, we observed no difference in the ratios of
cytoplasmic to nuclear ARF and Ink4a mRNA between these cells;
therefore, it is unlikely that HuR regulates the nuclear export of
these mRNAs (Fig. 4C). We also compared levels of protein sta-
bility in these cells with a cycloheximide chase but did not observe
changes in p19ARF stability (Fig. 4D and E).

In human cells, HuR has been shown to destabilize Ink4a
mRNA by recruiting RISC to it (25). We therefore wished to de-
termine if this was also the case with ARF regulation in MEFs.
Lysates from sh-SCR and sh-HuR MEFs were immunoprecipi-
tated using Ago2 antibodies, and RNAs recovered from immune
complexes were subjected to real-time PCR analysis for ARF. ARF
mRNA was enriched in the Ago2 immune complex from sh-SCR
cells, suggesting that RISC is also involved in ARF mRNA regula-
tion (Fig. 4F). Nonetheless, we did not observe any decrease in the
RISC-ARF mRNA interaction in HuR-depleted cells. Thus, unlike
in human cells, RISC is not involved in HuR-mediated ARF
mRNA regulation.

HuR translationally regulates p19ARF expression. Next, we
checked the possibility that HuR affects the translation of ARF
mRNA since it has been well established that HuR regulates the
translation of its target mRNAs (13, 40). MEFs were infected with
GFP or GFP fused to ribosomal protein L10a (GFP-L10a) together
with sh-SCR or sh-HuR retroviruses. Cytoplasmic lysates were
immunoprecipitated using GFP antibody to purify ribosome-
mRNA complexes (32, 42). Immunoblotting confirmed that GFP-

FIG 4 HuR does not affect ARF mRNA transcription, stability, nuclear export, or p19ARF turnover. (A) The expression of ARF and Ink4a mRNA in control and
sh-HuR MEFs was analyzed by real-time PCR. mRNA in each sample was normalized to 18S rRNA. (B) Control or sh-HuR retrovirus-infected MEFs were treated
with actinomycin D for the indicated periods. Total RNA was extracted at each time point, and ARF and Ink4a mRNA levels relative to the 18S rRNA level were
analyzed by real-time PCR. (C) Nuclear and cytoplasmic fractions were prepared from control and sh-HuR MEFs. (Upper blot) Samples were analyzed by
immunoblotting using Lamin (for the nuclear marker) and �-tubulin (for the cytoplasmic marker) antibodies. (Lower blot) RNA was isolated from these
fractions. ARF and Ink4a mRNA levels were quantified by real-time PCR and normalized to the 18S rRNA level in each fraction, and the ratios of cytoplasmic
mRNA to nuclear mRNA were determined. (D) Wild-type MEFs infected with control or sh-HuR retroviruses were treated with cycloheximide (CHX) for the
indicated periods. Cell lysates were prepared, and p19ARF levels were analyzed by immunoblotting. (E) The intensity of the p19ARF band in each sample was
determined using ImageJ and plotted. (F) HuR does not affect Ago2 association with ARF mRNA in mouse cells. Lysates of MEFs expressing sh-SCR or sh-HuR
were immunoprecipitated using Ago2 or a control antibody. RNA recovered from the immune complex was analyzed using real-time PCR. Error bars represent
SEM of results from triplicate samples.
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L10a proteins were specifically enriched in immunoprecipitated
complexes, and equivalent amounts of GFP-L10a were obtained
from control and sh-HuR cells (Fig. 5A). RNAs were then recov-
ered from immune complexes and subjected to real-time PCR
analysis. ARF mRNA was significantly enriched in the ribosome
complex in sh-HuR cells; the amount of ribosome-associated ARF
mRNA was more than five times higher than that of the control,
while no change in ribosome association with Ink4a mRNA was
observed under these conditions. To further validate the ARF
mRNA-ribosome association, cytoplasmic lysates were fraction-

ated into polysome/nonpolysome fractions by sucrose gradient
sedimentation (Fig. 5B). RNAs were recovered from each fraction,
and ARF and Ink4a mRNAs were analyzed by real-time PCR. As in
the GFP-L10a immunoprecipitation experiment (Fig. 5A), we ob-
served more ARF mRNA in the polysome fractions of HuR-de-
pleted cells than in the nonpolysome fractions (Fig. 5C). Together,
these results indicate that HuR specifically represses p19ARF ex-
pression by inhibiting mRNA-ribosome association.

We next sought to investigate if HuR affects ARF mRNA local-
ization. To this end, ARF mRNA, including both its 5=- and its

FIG 5 HuR regulates the translation of ARF mRNA. (A) Wild-type MEFs were infected with sh-SCR or sh-HuR retroviruses together with GFP or GFP-L10
retroviruses. Cytoplasmic lysates were immunoprecipitated using GFP antibody. Immunoblotting using GFP antibody indicated that equal amounts of GFP-L10
protein were immunoprecipitated. RNAs were extracted from immune complexes and subjected to real-time PCR analysis. Amounts of ARF or Ink4a mRNA in
each sample were normalized to 18S rRNA in the complex. Data are representative of three independent experiments. Error bars represent SEM of results from
triplicate samples. (B) Cytoplasmic lysates prepared from MEFs infected with sh-SCR or sh-HuR retroviruses were fractionated by sucrose density gradient
centrifugation. Samples were manually separated into 120 fractions, and the relative values of optical densities at 254 nm were plotted (graphs). Ten fractions
were pooled, and 28S and 18S rRNAs and ribosomal proteins (L10, L11, and S6) were visualized by ethidium bromide staining and immunoblotting, respectively.
(C) The amount of ARF or Ink4a mRNA in each fraction was analyzed using real-time PCR.
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3=UTR, was conjugated to tandem MS2-binding sequences (MS2
tag in Fig. 6A) (43) and coexpressed with MS2-EGFP fusion pro-
tein with a nuclear localization signal (MS2-EGFP-NLS) in ARF
and p53 double-knockout (DKO) MEFs expressing sh-SCR or sh-
HuR (30). In the absence of ARF mRNA, the GFP signal was ob-
served only in the nucleus, irrespective of HuR status (Fig. 6B). In
cells expressing MS2-tagged ARF mRNA, the GFP signal was also
observed in the nucleus, indicating that the majority of ARF

mRNA remains in the nucleus. Interestingly, we observed that
ARF mRNA (full length) specifically accumulated in a subnuclear
compartment when HuR was depleted. This subnuclear compart-
ment represented nucleoli, since the GFP signal colocalized with
p19ARF (Fig. 6C). Thus, HuR also regulates the nuclear trafficking
of ARF mRNA, which may contribute to translational regulation
(44).

HuR associates with ARF mRNA in living cells. Since our re-

FIG 6 Loss of HuR relocalizes ARF mRNA to nucleoli. (A) DNA constructs for the expression of MS2-tagged ARF mRNA (full length or �5=UTR). CMVp,
cytomegalovirus promoter. (B) Sh-SCR- or sh-HuR-expressing ARF p53 DKO cells were transiently transfected with MS2-GFP-NLS plasmids. Where indicated,
cells were cotransfected with MS2-tagged ARF (full length or �5=UTR)-expressing plasmids. Three days later, cells were fixed in paraformaldehyde and stained
with DAPI. Bars, 10 �m (C) Sh-HuR-expressing ARF p53 DKO cells were transiently transfected with MS2-GFP-NLS together with MS2-tagged ARF (full
length)-expressing plasmids. Cells were stained using p19ARF antibody and DAPI.
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sults suggest that HuR regulates the translation of ARF mRNA, we
next sought to determine if HuR associates with ARF mRNA.
Wild-type MEFs were infected with control (GFP) or HA-HuR
expression retroviruses, and HA-HuR complexes were immuno-
precipitated using HA antibody. As previously reported, �-actin,
c-myc, and p53 mRNAs were specifically enriched in HuR com-
plexes (Fig. 7A) (16, 20, 26). Under these conditions, we could not
detect ARF mRNA in the HuR immune complex. We performed
similar experiments with endogenous HuR proteins and failed to
detect binding of HuR to ARF mRNA (Fig. 7B). We next em-
ployed a UV cross-linking and immunoprecipitation (CLIP) as-
say, which is a more sensitive method to detect protein-RNA in-
teraction. MEFs were irradiated with UV to covalently cross-link
protein-RNA complexes prior to lysate preparation and immuno-
precipitated using HuR or control antibodies. Although we could
not detect the HuR and ARF mRNA interaction with the standard
RNA immunoprecipitation protocol (Fig. 7A and B), ARF mRNA
was slightly enriched in HuR immune complexes following UV
cross-linking (Fig. 7C). Hence, it is likely that ARF mRNAs form
an extremely fragile or transient complex in living cells, unlike
other HuR ligands.

HuR regulates the translation of ARF mRNA through its
5=UTR. To find the region responsible for HuR in ARF mRNA, we
expressed exogenous ARF mRNA that included the open reading
frame (ORF) and both the 5=- and 3=UTRs (full-length ARF), the
ORF and 5=UTR (�3=UTR ARF), or the ORF and 3=UTR
(�5=UTR ARF) in NIH 3T3 cells (ARF and Ink4a null) expressing
sh-SCR or sh-HuR. These cells expressed comparable amounts of
exogenous ARF mRNA (Fig. 8A). Under these conditions, p19ARF

levels were increased in the absence of HuR expression, and this
effect was more prominent in full-length ARF mRNA cells and in
�3=UTR cells than in �5=UTR cells (Fig. 8B). p19ARF expression
from �5=UTR ARF mRNA was also slightly increased in HuR-
depleted cells. However, this likely reflects the larger amount of
ARF mRNA in these cells (Fig. 8A), since the effect of HuR knock-
down was diminished when p19ARF levels were normalized to ARF
mRNA levels in each sample (Fig. 8C). Consistently with the
above results, we observed more ribosome association with full-
length and �3=UTR ARF mRNAs than with �5=UTR mRNA in the
absence of HuR (Fig. 8D). Furthermore, CLIP analysis revealed
that the 5=UTR is required for HuR association (Fig. 8E). To-
gether, these results strongly suggest that HuR regulates the trans-
lation of ARF mRNA through its 5=UTR. Consistently with this
notion, ARF mRNA localized to nucleoli irrespective of HuR sta-
tus when the 5=UTR was deleted (Fig. 6B, lowest panels). How-
ever, this region by itself did not respond to HuR when it was
conjugated to the luciferase reporter (data not shown), suggesting
that the ORF region also contributes to regulation or that there are
more-stringent requirements for the RNA secondary structure.
We also performed similar experiments using full-length Ink4a
mRNA or Ink4a mRNA lacking both the 5= and 3=UTRs (ORF).
Consistently with the above results indicating that HuR does not
increase p16Ink4a levels in MEFs and that ARF mRNA does not
share the 5=UTR with Ink4a, knockdown of HuR did not affect
p16Ink4a expression from these mRNAs, further confirming that
the effect of HuR is specific to ARF in this locus (Fig. 9).

Nucleolin interacts with ARF mRNA in nucleoli and is re-
quired for p19ARF expression in HuR knockdown cells. We next
sought a possible mediator of p19ARF expression in HuR knock-
down cells. The nucleolar RNA-binding protein nucleolin has

FIG 7 HuR weakly associates with ARF mRNA in living cells. (A) Lysates of
(wild-type) MEFs expressing HA-tagged HuR proteins were immunoprecipi-
tated using HA antibody. RNA extracted from the immune complex was ana-
lyzed by real-time PCR. Error bars represent SEM (n � 3). (B) Lysates pre-
pared from wild-type MEFs were immunoprecipitated using control (IgG) or
HuR antibodies. RNAs were extracted from immune complexes and subjected
to real-time PCR analysis. p53, c-myc, and �-actin were used as positive con-
trols. (C) Lysates were prepared from UV-cross-linked MEFs and immuno-
precipitated using control or HuR antibodies. RNAs were recovered from the
immune complex following proteinase K treatment and analyzed by real-time
PCR for ARF mRNA levels. Error bars represent SEM of results from triplicate
samples.

HuR Regulates Cellular Senescence through p19ARF

May 2013 Volume 33 Number 10 mcb.asm.org 1893

http://mcb.asm.org


been shown to bind to several mRNAs involved in the cellular
stress response, and the binding of nucleolin enhances the
translation of their target mRNAs (45). Moreover, microarray
analysis of mRNA in the nucleolin complex has revealed that
CDKN2A (Ink4a and ARF) mRNA physically associates with
nucleolin in HeLa cells (45). Because ARF mRNA localized to
nucleoli upon HuR depletion, we tested if nucleolin interacts
with the nucleolar ARF mRNA in HuR knockdown cells. While
no ARF mRNA was detected in the nucleolin complex of con-
trol cells, it was significantly enriched in the absence of HuR
expression (Fig. 10A). The interaction of nucleolin with ARF
mRNA does not require 5=UTR; therefore, relocalization of
ARF mRNA to the nucleolus seems sufficient for the interac-
tion (Fig. 10B). Thus, HuR impedes the nucleolar localization
of ARF mRNA by binding to its 5=UTR, thereby inhibiting the
interaction of ARF mRNA with nucleolin. Next, we examined
whether nucleolin is required for p19ARF expression in HuR
knockdown cells. For this purpose, siRNA targeting nucleolin
mRNA was transfected into sh-SCR- or sh-HuR-expressing
MEFs. Although the effect of siRNA on nucleolin level was
limited, p19ARF induction was suppressed to basal levels in

HuR knockdown cells (Fig. 10C), suggesting that nucleolin is
required for p19ARF induction in HuR-depleted cells.

Loss of HuR inhibits adipocytic differentiation in a p19ARF-
dependent manner. A recent report by Minamino and colleagues
has shown that senescence in adipose tissue results in decreased
insulin sensitivity, thereby leading to type 2 diabetes mellitus (46).
Hence, we investigated whether HuR-mediated p19ARF regulation
had any effect on adipocyte function. To this end, we first tested
whether loss of HuR could affect adipocyte differentiation in vitro.
Wild-type MEFs expressing sh-SCR or sh-HuR were differenti-
ated into adipocytes in the presence of insulin, dexamethasone,
and 3-isobutyl-1-methylxanthine (IBMX). Oil Red O staining re-
vealed that HuR depletion suppressed adipocytic differentiation
in wild-type MEFs (Fig. 11A). It has been reported that HuR di-
rectly binds to C/EBP� mRNA to regulate its expression (47). We
therefore checked if HuR depletion affected the expression of
genes required for adipocyte differentiation. As shown in Fig. 11B,
C/EBP� expression was slightly diminished in HuR-depleted
cells. Nonetheless, levels of expression of its downstream C/EBP�
and PPAR� genes were still comparable to those in control cells,
suggesting that defects in adipogenesis in the absence of HuR were

FIG 8 HuR regulates p19ARF expression through the 5=UTR of ARF mRNA. (A) NIH 3T3 cells expressing sh-SCR or sh-HuR were transfected with plasmids
bearing full-length ARF, including the 5=- and 3=UTRs (full length), ARF lacking the 3=UTR (�3=UTR), or ARF lacking the 5=UTR (�5=UTR) together with GFP
expression plasmids. Three days later, total RNA was extracted and exogenous ARF expression was analyzed by real-time PCR. Values were normalized to GFP
mRNA levels in each sample. (B) The cells from panel A were analyzed by immunoblotting for expression of p19ARF and GFP. (C) p19ARF levels in panel B were
quantified using ImageJ, and the p19ARF level and ARF mRNA level in each sample were calculated. (D) NIH 3T3 cells expressing sh-SCR or sh-HuR were
transfected with ARF expression plasmids (full length, �3=UTR, or �5=UTR) together with GFP-L10 plasmids. Three days later, cytoplasmic lysates were pre-
pared and immunoprecipitated using GFP antibody to purify RNA-protein complexes, including GFP-L10. RNAs were recovered from immune complexes and
subjected to real-time PCR analysis for ARF mRNA. Values were normalized to input signals in each sample. (E) 293T cells were transfected with ARF expression
plasmids that express full-length or mutant ARF mRNA that lacks the 5=UTR (�5=UTR) together with HA-HuR expression plasmids. Forty-eight hours later, cells
were subjected to UV cross-linking and immunoprecipitated using control or HA antibodies. Recovered RNA was analyzed by real-time PCR. Error bars
represent SEM of results from triplicate samples.
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not attributed to altered expression of adipocyte-related genes. We
then checked whether the adipocyte phenotype was dependent on
ARF. In sharp contrast, HuR knockdown had virtually no effect on
adipocyte differentiation in ARF knockout MEFs (Fig. 11C).

Given that p19ARF activates the p53-dependent cell cycle
checkpoint, we were prompted to check the possibility that p19ARF

affects clonal expansion during the initial stage of adipogenesis.
Cells were stimulated to differentiate and were pulse-labeled with
5-ethynil-2=-deoxyuridine (EdU) to assess cell cycle reentry. EdU
staining showed a significant reduction in cell cycle reentry in
HuR-depleted wild-type MEFs (Fig. 11D). In contrast, S-phase
entry was not affected by sh-HuR in the absence of ARF (Fig. 11E).
These results suggest that defective adipogenesis in HuR-depleted
cells can be attributed to p19ARF-dependent cell cycle arrest or
senescence.

Adipose-specific HuR knockout accelerates age-dependent
insulin resistance. Our above results indicated that the loss of
HuR enhanced the translation of ARF mRNA, thus inducing
p19ARF-dependent cellular senescence, and that HuR may affect

adipocyte function through p19ARF. To explore the impact of
HuR-mediated translational regulation of the ARF gene in vivo,
we generated adipose tissue-specific HuR knockout mice (HuRfl/fl;
AP2-CRE) (Fig. 12A and B) (10). ARF mRNA levels were low in
the adipose tissue of young animals (1 to 3 months old) of both
genotypes but significantly increased in older animals (6 to 9
months old) (Fig. 12C), which is consistent with previous reports

FIG 9 HuR does not affect Ink4a translation. (A) NIH 3T3 cells expressing
sh-SCR or sh-HuR were transfected with plasmids bearing full-length Ink4a,
including its 5=- and 3=UTRs (full length), or Ink4a lacking its 5=- and 3=UTRs
(ORF) together with GFP expression plasmids. Three days later, RNAs were
extracted and the expression of exogenous Ink4a mRNA was analyzed by real-
time PCR. Values were normalized to GFP expression levels in each sample.
(B) The expression of p16Ink4a and GFP was analyzed by immunoblotting. (C)
p16Ink4a levels were quantified and normalized to Ink4a expression levels. Er-
ror bars represent SEM of results from triplicate samples.

FIG 10 Nucleolin associates with ARF mRNA and mediates the p19ARF in-
duction in HuR knockdown cells. (A) Lysates prepared from MEFs expressing
sh-SCR or sh-HuR were immunoprecipitated using control (IgG) or nucleolin
antibodies. RNAs were recovered from the immune complexes and analyzed
by real-time PCR. (B) NIH 3T3 cells expressing sh-SCR or sh-HuR were tran-
siently transfected with ARF (�5=UTR or full length)-expressing plasmids to-
gether with Flag-tagged nucleolin-expressing plasmids. Two days later, lysates
were prepared and immunoprecipitated using control or Flag tag (M2) anti-
bodies. RNAs in the immune complexes were analyzed by real-time PCR.
Error bars represents SEM of results from triplicate samples. (C) MEFs (P2)
expressing sh-SCR or sh-HuR were transfected with siRNA targeting nucleolin.
Two days later, lysates were prepared and the expression of the indicated pro-
teins was analyzed by immunoblotting. Lamin A/C was used as a loading
control.
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indicating that ARF expression increases in many tissues as ani-
mals age (48). p19ARF was still hardly detectable in the adipose
tissue of older HuRfl/fl mice (Fig. 12D). However, we detected
p19ARF in a certain population of older HuRfl/fl; AP2-CRE mouse
adipose tissue (Fig. 12E and F). Changes in SA-�-Gal activity were
difficult to detect; however, PAI-1 levels were significantly in-
creased in HuR knockout adipose tissue (Fig. 12G). We subse-
quently tested if HuR loss in adipose tissue affected insulin-medi-
ated glucose homeostasis, which is one of the major functions of
this tissue. There was little difference in insulin sensitivity among
both genotypes when animals were at a young age; however, in
older animals, adipose-specific HuR deletion significantly acceler-
ated insulin resistance (Fig. 13A). Similar results were obtained by
the glucose tolerance test (Fig. 13B). So far, we have not been able
to confirm that this effect is ARF dependent, because ARF-null
animals develop tumors by this age (49). However, the timing of
the onset of insulin resistance correlates well with that of p19ARF

appearance in adipose tissue. Hence, these results suggest that
HuR is required to repress p19ARF expression in adipose tissue,

thereby inhibiting adipose senescence, which can lead to insulin
resistance.

DISCUSSION

Our data show that HuR is downregulated in senescent mouse
fibroblasts and that decreases in HuR contribute to senescence-
associated growth arrest. It has been shown that HuR levels de-
cline in human diploid fibroblasts during cellular senescence (22);
therefore, the role of HuR in cellular senescence is likely to be
evolutionally conserved. How HuR expression is controlled dur-
ing senescence is unclear, but in human cells, it is attributed, at
least in part, to increased expression of miR-519 during senes-
cence (24). Whether HuR is regulated by miRNA in mouse senes-
cence is unknown, but we did not observe a significant change in
HuR mRNA levels in senescent MEFs (data not shown). There-
fore, such posttranscriptional regulation may also contribute to
the control of HuR levels in mouse cells.

Although HuR is implicated in senescence in both human and
mouse cells, the mechanisms underlying them are different. The

FIG 11 Adipogenesis is impaired in HuR-depleted wild-type MEF. (A) Wild-type MEFs were infected with sh-SCR or sh-HuR retroviruses. Selected cells were
stimulated to differentiate them into adipocytes in the presence of insulin, 3-isobutyl-1-methylxanthine (IBMX), and dexamethasone for 10 days and stained
with Oil Red O. Bars, 50 �m. (B) Wild-type MEFs with sh-SCR or sh-HuR were cultured in adipocyte differentiation medium for the indicated periods. The
expression of C/EBP�, -�, -�, and PPAR� were analyzed by immunoblotting. (C) ARF-null MEFs with sh-SCR or sh-HuR were stimulated to differentiate them
for 10 days and stained with Oil Red O. Bars, 50 �m. (D and E) Wild-type (D) and ARF-null (E) MEFs expressing sh-SCR or sh-HuR were stimulated to
differentiate them for 0, 1, and 2 days. Cells were pulse-labeled with EdU for 45 min and stained for EdU. EdU-positive and -negative cells in microscopic fields
were counted. Data are representative of two independent experiments. Error bars represent SEM of results from five microscopic fields.
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p16Ink4a-Rb pathway plays pivotal roles in cell cycle arrest during
cellular senescence in human cells. In contrast, it has been well
established that the p19ARF-p53 pathway is essential and that
p16Ink4a is dispensable in the senescence of mouse cells. Consis-
tently with these concepts, our results show that loss of HuR leads
to increased expression of p19ARF, but not p16Ink4a, levels in MEFs.
We further demonstrated that senescence caused by HuR loss can
be abrogated by either ARF or p53 deletion. Therefore, under nor-

mal conditions in which cells express sufficient amounts of HuR
protein, p19ARF expression is suppressed, thereby protecting cells
from undergoing p53-dependent replicative senescence. Addi-
tionally, it has been proposed that HuR positively regulates the
expression of Mdm2, which is a major E3 ligase for p53 protein,
and is negatively regulated by p19ARF (50). Thus, HuR suppresses
p53 activity by modulating the expression of multiple targets in-
tegrated into the p53 pathway. Although we do not formally ex-

FIG 12 Adipose-specific HuR deletion accelerates the senescence of adipocytes. (A) Genotyping of adipose- and tail-derived genomic DNA. (B) HuR mRNA
levels in adipose tissue from mice with the indicated genotypes were analyzed by real-time PCR. Values were normalized to 18S rRNA in each sample. (C) ARF
mRNA was analyzed by real-time PCR. (D) Lysates were prepared from the adipose tissue of HuRfl/fl and HuRfl/fl; AP2-CRE mice. Expression of the indicated
proteins was analyzed by immunoblotting. CDK4 was used as a loading control. Testis lysate from ARF
/
 and ARF�/� animals was used as the negative and
positive controls for p19ARF, respectively. (E) Frozen sections of adipose tissue of HuRfl/fl and HuRfl/fl; AP2-CRE mice (9 months old) were immunostained using
p19ARF and HuR antibodies. Sections were counterstained with DAPI. Bars, 20 �m. (F) Rates of p19ARF-positive cells in panel E were plotted. WAT, white adipose
tissue. (G) PAI-1 mRNA levels were analyzed using real-time PCR.
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clude the possibility that p16Ink4a is also involved, it is conceivable
that the p19ARF-p53 pathway is a major target of HuR to control
the life span of mouse cells.

In human cells, HuR directly associates with ARE in the 3=UTR
of Ink4a mRNA (25). This region is shared by ARF mRNA; there-
fore, it is possible that HuR also regulates p14ARF expression in
human cells. Unlike in human cells, in MEFs, the loss of HuR has
no influence on p16Ink4a levels, while p19ARF is increased. Consis-
tently with these results, HuR associates with the 5=UTR of ARF
mRNA, which is not shared by Ink4a. However, the interaction of
HuR with ARF mRNA is weak and observed only after UV-medi-
ated cross-linking. Therefore, it is likely that HuR forms a much
more fragile complex with ARF mRNA than with other mRNAs.
Alternatively, the effect of HuR may be indirect; HuR may target
another factor(s) that regulates p19ARF expression. In this regard,
it is worthy of note that HuR regulates the translation of �-catenin
and Jun-B mRNAs by modifying the stability of linc-p21 RNA
(51). This could be clarified by identifying ARF mRNA-interact-
ing molecules. Additionally, HuR has been proposed to recruit
RISC to human Ink4a mRNA independently of miRNA, thereby
destabilizing it (25). Although the involvement of miRNA needs
to be further clarified, it is possible that RISC-mediated regulation
may also be involved in mice, since deletion of dicer-1 causes
p19ARF-p53-dependent cellular senescence (52). Furthermore, we
detected ARF mRNA in the Ago2 complex. Nonetheless, the in-
teraction of Ago2 and ARF mRNA was not decreased upon HuR
depletion, implying that RISC is not involved in HuR-mediated
ARF regulation.

HuR exclusively affects translation in p19ARF expression. Loss
of HuR enhances ribosome association with ARF mRNA. This
translational activation is associated with the nucleolar accumu-

lation of ARF mRNA. We found that ARF mRNA associates with
nucleolin, which is required for p19ARF induction in HuR-de-
pleted cells. Nucleolin associates with numerous mRNAs and
shuttles between the nucleolus and the cytoplasm. The influences
of nucleolin on target mRNA differ depending on the target tran-
script. A recent report by Abdelmohsen and colleagues demon-
strated that nucleolin is required for ribosome binding and sub-
sequent translation of its target mRNA (45). Consistently with our
results, they also observed CDKN2A, as well as both ARF and
Ink4a, among the nucleolin-associated mRNAs. Together with
these observations, our data suggest that HuR-associated ARF
mRNA is retained in the nucleoplasm and is not efficiently trans-
lated upon nuclear export (Fig. 14). However, in the absence of
HuR, ARF mRNA localizes to the nucleolus, where it associates
with nucleolin. As nucleolin enhances ribosome recruitment to its
target mRNA (45), p19ARF synthesis is increased under these con-
ditions. Interestingly, p53 mRNA also accumulates in the nucleoli
upon DNA damage, when p53 mRNA translation is increased
(44). Hence, nucleolar localization of mRNA may reflect general
aspects of stress-dependent mRNA translation. It has recently
been shown by Miceli and colleagues that oncogenic Ras activates
the transcription of the ARF gene, as well as the translation of ARF
mRNA through mTORC1 (53). In this context, it is noteworthy
that mTORC1 activity can affect the binding of HuR to ornithine
decarboxylase mRNA (54). Therefore, it would be interesting to
see if mTORC1 and HuR cooperate in ARF mRNA regulation.

Cellular senescence is known to be involved in metabolic dis-
orders as well as cancers. Among these, senescence in adipose tis-
sue is associated with insulin resistance (46). HuR has also been
shown to function in adipocytes by regulating C/EBP� expression
(55, 56). Our results reveal that, although C/EBP� may be affected
by HuR status, it has little effect on adipogenesis, which is consis-
tent with a previous report that C/EBP�-null MEFs are capable of
undergoing adipogenesis (57). Instead, the function of HuR in
adipogenesis depends largely on ARF, as HuR knockdown had
virtually no effect on adipogenesis in ARF-null MEF or 3T3-L1
cells, in which the p53 pathway was inactivated by mdm2 amplifi-
cation (Fig. 11 and data not shown) (58). Impaired adipogenesis is
observed with concomitant reductions in clonal expansion during
the initial stage of adipogenesis, which is alleviated in an ARF-null
background. Hence, it is likely that adipogenic failure in HuR-
depleted MEFs is attributed largely to p19ARF. There were no ab-

FIG 13 Adipose-specific HuR deletion accelerates age-dependent insulin re-
sistance. Insulin tolerance tests (A) and glucose tolerance tests (B) were per-
formed with HuRfl/fl and HuRfl/fl; AP2-CRE mice.

FIG 14 Model for ARF regulation by HuR and nucleolin. In the presence of
HuR, ARF mRNA binds to HuR through the 5=UTR, and the mRNA localizes
mainly to the nucleoplasm. The HuR-bound ARF mRNA is less efficiently
translated. In the absence of HuR, ARF mRNA localizes to the nucleolus, where
it associates with nucleolin (NCL). The nucleolin association facilitates ribo-
some binding, thereby enhancing the translation.
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normalities in the shapes and sizes of adipose tissues in adipose-
specific HuR knockout mice. However, these mice revealed
progressive insulin resistance with age. The reason why this phe-
notype was not observed in young animals can be explained by
differences in the levels of ARF mRNA among these animals. In
young mice, increased translation by HuR loss does not lead to
expression of sufficient amounts of p19ARF because of low ARF
mRNA levels. However, in older animals, larger amounts of ARF
mRNA and an increased rate of translation synergistically induced
p19ARF in adipose tissue. SA-�-Gal activity was not as strong as in
cultured cells, and we failed to quantitatively detect an increase in
enzyme activity. Nonetheless, the senescence program is likely ac-
tivated in those cells, since PAI-1 was significantly induced. It
should be further clarified whether the phenotype is completely
dependent on p19ARF or whether other adipocyte-related factors
are involved. Also, it would be interesting to see if HuR is linked to
metabolic disorders, such as type 2 diabetes mellitus. In this re-
gard, it is noteworthy that there was strong linkage between the
human ARF and Ink4a loci and the disease (59–61).

HuR is deregulated in many types of cancers (40), and there is
no doubt that cellular senescence is a central tumor-suppressive
mechanism in mammals. Hence, it is plausible that deregulated
HuR activity and expression leads to an uncontrolled senescence
program, thereby allowing cells to bypass senescence. This can be
achieved by suppressing the activity of the p16Ink4a-Rb pathway
and the p19ARF-p53 pathway in humans and mice, respectively.
Moreover, HuR is downregulated in aged human tissues, which
may contribute to an age-associated phenotype, such as decreased
insulin sensitivity. Our data demonstrate a novel function of HuR
in the maintenance of the cellular replicative life span and will lead
to further understanding of the mechanism and biological roles of
cellular senescence.
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