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While transport of RNA-binding protein HuR from nucleus to cytoplasm is emerging as a key regulatory step
for HuR function, the mechanisms underlying this process remain poorly understood. Here, we report that the
AMP-activated kinase (AMPK), an enzyme involved in responding to metabolic stresses, potently regulates the
levels of cytoplasmic HuR. Inhibition of AMPK, accomplished either through cell treatment or by adenovirus
infection to express dominant-negative AMPK, was found to increase the level of HuR in the cytoplasm and to
enhance the binding of HuR to p21, cyclin B1, and cyclin A mRNA transcripts and elevate their expression and
half-lives. Conversely, AMPK activation, achieved by means including infection to express constitutively active
AMPK, resulted in reduced cytoplasmic HuR; decreased levels and half-lives of mRNAs encoding p21, cyclin
A, and cyclin B1; and diminished HuR association with the corresponding transcripts. We therefore propose
a novel function for AMPK as a regulator of cytoplasmic HuR levels, which in turn influences the mRNA-
stabilizing function of HuR and the expression of HuR target transcripts.

In response to stimuli of internal or external origin, mam-
malian cells implement a series of adaptive modifications,
which culminate in altering the pattern of expressed genes.
Posttranscriptional mechanisms of gene regulation, particu-
larly those affecting mRNA stability, are emerging as critical
effectors of gene expression changes during immune cell acti-
vation, cellular proliferation, and the stress response (49, 50).
Even small differences in half-life provide a highly effective
means of radically altering the abundance of a given mRNA
and consequently the amount of protein expressed. Although
the mechanisms determining mRNA turnover are poorly un-
derstood, they are generally believed to involve RNA-binding
proteins recognizing specific RNA sequences. Best character-
ized among the RNA sequences that influence mRNA stability
are AU-rich elements (AREs), usually found in the 3’ untrans-
lated regions (UTR) of short-lived mRNAs (7, 61), such as
those encoding cytokines (interferon, interleukins [IL], tumor
necrosis factor alpha [TNF-a]), cell cycle regulatory genes (the
cyclin-dependent kinase p21, cyclin A, cyclin B1, and cdc25
genes), growth factors (granulocyte-macrophage colony-stim-
ulating factor and vascular endothelial growth factor [VEGF]),
and proto-oncogenes (c-fos and c-myc). Likewise, many RNA-
binding proteins that selectively recognize and bind to AREs of
labile mRNAs, including AU-A, AU-B, AU-C, adenosine-uri-
dine binding factor, AUF1 (hnRNP D), Hel-N1, HuC, HuD,
hnRNP A0, hnRNP A1, hnRNP C, HuR (HuA), tristetrapro-
lin, and TIAR, have been described (2, 5, 8, 40, 21, 22, 43, 64);
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those whose influence on mRNA turnover has been studied
the most extensively are HuR and AUF1 (4, 35, 37).

Beyond the identification of RNA recognition sites and
RNA-binding proteins, relatively little is known about the
mechanisms that govern mRNA turnover. Recently, however,
several studies have provided increasing support for the notion
that mRNA stability is regulated through mechanisms akin to
those controlling gene transcription, i.e., signal transduction
pathways involving phosphorylation events. Early reports de-
scribed the altered turnover of ARE-containing mRNAs in
response to extracellular as well as internally generated signals,
such as phorbol esters, antibodies recognizing CD3/CD28 sur-
face receptors, and TNF-a (17, 36, 44). Protein kinase C
(PKC) was specifically implicated in the enhanced stability of
many labile mRNAs, such as those encoding p21 and IL-1 (17,
46); similarly, PKC activity was shown to influence the binding
of adenosine-uridine binding factor to target labile mRNAs,
leading to their enhanced stability (40). Several mitogen-acti-
vated protein kinases (MAPK) have also been implicated in
regulating mRNA turnover. The MAPK c-Jun N-terminal ki-
nase (JNK) pathway was found to participate in the stabiliza-
tion of ARE-containing IL-3 and IL-2 mRNAs (6, 41). The
MAPK extracellular signal-regulated protein kinase (ERK)
pathway was implicated in the stabilization of mRNAs encod-
ing nucleolin and p21 and the destabilization of the mRNA
encoding B-amyloid precursor protein (11, 56, 57). Another
MAPK, p38, was shown to participate in the stabilization of
mRNAs encoding IL-8, c-fos, granulocyte-macrophage colony-
stimulating factor, TNF-a, VEGF, and cyclo-oxygenase 2 (10,
32, 45, 58). Other stress-triggered events have also been shown
to influence mRNA stability. Heat shock, for example, regu-
lates the turnover of ARE-containing mRNAs through a pro-
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cess that involves AUF1 and the ubiquitin/proteasome system
(34). More recently, heat shock was shown to suppress the
binding of HuR to target mRNAs in the cytoplasm and to
increase it in the nucleus. However, heat shock specifically
enhanced HuR-mediated export of hsp70 mRNA to the cyto-
plasm, purportedly through HuR’s association with protein
ligands pp32 and APRIL (14, 15). Finally, hypoxia has been
shown to regulate the expression and stability of mRNAs en-
coding VEGF, tyrosine hydroxylase, and erythropoietin (47).

HuR is a ubiquitously expressed member of the elav (em-
bryonic-lethal abnormal visual in Drosophila melanogaster)
family of RNA-binding proteins, which also comprises the neu-
ron-specific proteins HuD, HuC, and Hel-N1 (16, 38). The
protein products of all four elav genes bind with high affinity
and specificity to AREs in a variety of mRNAs, such as those
encoding VEGF, p21, cyclin A, cyclin B1, GLUT-1, and c-fos,
and are believed to increase mRNA stability, mRNA transla-
tion, or both (12, 29, 30, 39, 52). While the precise mechanisms
regulating HuR function in mRNA stabilization remain largely
unknown, it is becoming increasingly apparent that HuR’s sub-
cellular localization is intimately linked to its function. Since
HuR is predominantly (>90%) localized in the nuclei of un-
stimulated cells, it has been proposed that the mRNA-stabi-
lizing influence of HuR requires its translocation to the cyto-
plasm (1, 12, 13, 31, 48, 52). The HuR-dependent increase in
the half-life of p21 mRNA following exposure to short-wave-
length UV light (UVC) was shown to be associated with in-
creased cytoplasmic presence of HuR (52). It was subsequently
reported that the levels of cytoplasmic HuR varied throughout
the cell division cycle, being highest during S and G,, the
period of greatest stability of the ARE-containing HuR target
mRNAs encoding cyclins A and B1 (53).

In light of the observation that HuR translocation to the
cytoplasm is closely linked to its ability to stabilize target
mRNAs, we sought to elucidate the signaling events control-
ling HuR subcellular localization. An initial screen, performed
using a wide variety of inhibitors and activators of signaling
pathways, revealed the lack of involvement of classical stress-
regulated kinases (ERK, JNK, p38, PKC, PKA, etc.) and in-
stead uncovered the critical participation of the AMP-acti-
vated kinase (AMPK), also known as a cellular sensor of
metabolic stress, in this process. AMPK activation decreased
cytoplasmic HuR and consequently decreased the binding
of HuR to target transcripts (cyclin A, cyclin B1, and p21
mRNAs) and diminished the expression and half-lives of such
HuR target mRNAs. Conversely, inhibition of AMPK led to a
dramatic increase in cytoplasmic HuR, which in turn enhanced
the binding of HuR to target transcripts and heightened their
expression and half-lives.

MATERIALS AND METHODS

Cell culture, treatments, infection, and cell cycle distribution. Human colo-
rectal carcinoma RKO cells were cultured as described previously (19). Tonomy-
cin, actinomycin D, suramin, calyculin A, genistein, herbimycin A, tetradecanoyl
phorbol acetate, staurosporine, N-acetyl cysteine, wortmannin, rapamycin, anti-
mycin A, sodium azide, 5-amino-imidazole-4-carboxamide riboside (AICAR),
5'-AMP, vanadate, and lithium acetate were from Sigma (St. Louis, Mo.). Bisin-
dolylmaleimide I, H7, SB-203580, and PD-098059 were from Calbiochem (San
Diego, Calif.). Phosphorothioate oligonucleotides targeting JNK expression
were used as described previously (3). Adenoviruses expressing either the control
green fluorescent protein (GFP) (AdGFP), a dominant-negative isoform of the
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al subunit of AMPK [Ad(DN)AMPK], or a constitutively active isoform of the
AMPK al subunit [Ad(CA)AMPK] (59) were amplified and titered in 293 cells
by standard methodologies. Infections were carried out in serum-free Dulbecco’s
modified Eagle’s medium for 4 h. Infection efficiency of RKO cells was deter-
mined by infection with AAGFP at various numbers of PFU per cell and assess-
ment of the percentage of GFP-expressing cells 48 h later. For >90% infection,
a level of 100 PFU/cell was required, in accordance with the low infection rates
of RKO cells (19); this level was used in all infections. Fluorescence-activated
cell sorter (FACS) analysis was performed as described previously (53).

Northern and Western blot analyses and subcellular fractionation. Northern
blot analysis and 18S rRNA assessments were performed as described previously
(20). For detection of mRNAs encoding p21, cyclin A, cyclin Bl, and B-actin,
PCR fragments encompassing the respective coding regions were random-primer
labeled with [a-*?P]dATP; detection of cyclin D1 mRNA was carried out as
previously described (35). Northern blotting signals were quantitated with a
PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). For Western blotting,
whole-cell (20 wg), cytoplasmic (40 wg), and nuclear (10 pg) lysates were size
fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes. HuR was detected with
monoclonal antibody 19F12 (30, 52), B-actin was detected with a monoclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, Calif.), and BAF57c was de-
tected with a polyclonal antibody (55). Following secondary-antibody incuba-
tions, signals were detected by enhanced chemiluminescence. Cytoplasmic, nu-
clear, and whole-cell fractions were prepared as described previously (52).

Immunofluorescence. Cells were seeded on coverslips and treated. At the end
of the treatment period, cells were fixed for 15 min in phosphate-buffered saline
(PBS) containing 4% paraformaldehyde and permeabilized for 15 min in PBS
containing 0.4% Triton X-100. After incubation for 16 h in blocking buffer (PBS
containing 2% bovine serum albumin and 0.1% Tween 20), coverslips were
incubated for 1 h in a 1:500 dilution of mouse anti-HuR (Santa Cruz Biotech-
nology) prepared in blocking buffer. Following washes with blocking buffer,
samples were incubated for 1 h with a mixture of horse anti-mouse Texas red
(1:200; Jackson Laboratories) and Hoechst 33342 (1:5,000; Molecular Probes).
After washes with blocking buffer, coverslips were mounted in Vectashield (Vec-
tor Laboratories) and visualized with an Axiovert 200 M microscope (Zeiss; 63 %
lens) by using separate channels for the analysis of phase-contrast images, red
fluorescence, and blue fluorescence. Images were then processed with the Axio-
Vision, version 3.0, program (Zeiss). Representative photographs from three
independent experiments are shown.

Synthesis of radiolabeled transcripts. cDNA, prepared from RKO cell RNA,
was used as a template for PCR amplification of DNA encoding the 3'UTRs of
p21, cyclin B1, cyclin A, and cyclin E as described previously (52, 53). All 5’
oligonucleotides contained the T7 RNA polymerase promoter sequence CCAA
GCTTCTAATACGACTCACTATAGGGAGA(T,). To prepare the 3" UTR
template for p21, oligonucleotides (T;)CCAAGAGGAAGCCCTAATCC and
GAAAAGGAGAACACGGGATG (region encoded by nucleotides 554 to 851)
were used. To prepare the 3’ UTR template for cyclin A, oligonucleotides
(T;)CCAGAGACACTAAATCTGTAAC and GGTAACAAATTTCTGGTTT
ATTTC (region encoded by nucleotides 1499 to 2718) were used. To prepare the
3" UTR template for cyclin B1, oligonucleotides (T;)GTCAAGAACAAGTAT
GCCA and CTGAAGTGGGAGCGGAAAAG (region encoded by nucleotides
1369 to 1702) were used. To prepare the 3" UTR template for cyclin E, oligo-
nucleotides (T;)CACAGAGCGGTAAGAAGCAG and GGATAGATATAGC
AGCACTTAC (region encoded by nucleotides 1169 to 1714) were used. PCR
fragments served as templates for the synthesis of corresponding RNAs (18),
which were used at a specific activity of 100,000 cpm/pl (2 to 10 fmol/pl).

RNA-protein binding reactions and supershift assays. Reaction mixtures (10
wl) containing 1 ug of tRNA, 2 to 10 fmol of RNA, and 5 pg of protein in
reaction buffer (15 mM HEPES [pH 7.9], 10 mM KClI, 10% glycerol, 0.2 mM
dithiothreitol [DTT], 5 mM MgCl,) were incubated for 30 min at 25°C and
digested with RNase T1 (100 U/reaction) for 15 min at 37°C. Complexes were
resolved by electrophoresis through native gels (7% acrylamide in 0.25X Tris-
borate-EDTA buffer). Gels were subsequently dried, and radioactivity was visu-
alized with a PhosphorImager. For supershifts, 4 pg of antibody was incubated
with lysates for 1 h on ice before addition of radiolabeled RNA; all subsequent
steps were as described for gel shift. The anti-p38 antibody used in the supershift
assays was from Pharmingen (San Diego, Calif.).

Pull-down assay. PCR fragments encompassing the 3’ UTRs of p21, cyclin A,
cyclin B1, and cyclin E genes, which were synthesized bearing T, on the 5’ ends,
served as templates for in vitro transcription using biotinylated CTP (Sigma; 1/10
of total CTP), as described previously (53). The binding of proteins to biotinyl-
ated transcripts was performed with 140 pg of cytoplasmic lysate supplemented
with RNase inhibitor (5'—3’, Boulder, Colo.), a protease inhibitor cocktail
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FIG. 1. Subcellular localization of HuR in RKO cells. Three hours
after exposure of RKO cells to either 20-J/m* UVC (lane UVC) or 1
mM ATP (lane ATP), whole-cell (20 ng), nuclear (10 wg), and cyto-
plasmic (40 pg) lysates were subjected to Western blot analysis to
monitor the expression of HuR. Sequential hybridizations using anti-
bodies against BAF57c and B-actin were carried out to assess the
quality of the fractionation process and the uniformity in loading and
transfer of nuclear and cytoplasmic samples, respectively. Lane —,
untreated lysates.

(Sigma), and 2 pg of biotinylated transcript for 30 min at room temperature.
Complexes were isolated with paramagnetic streptavidin Dynabeads (Dynal,
Oslo, Norway), washed with PBS, and subjected to Western blot analysis to
detect HuR.

AMPK assay. AMPK was assayed as described previously (24). Briefly, AMPK
was immunoprecipitated from 5 pg of cell lysate using 1 ug of anti-al and 1 pg
of anti-a2 polyclonal antibodies in AMPK immunoprecipitation (IP) buffer (50
mM Tris-HCI [pH 7.4], 150 mM NaCl, 50 mM NaF, 5 mM sodium pyrophos-
phate, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM benzamidine, 0.1 mM
phenylmethylsulfonyl fluoride [PMSF], 5 g of soybean trypsin inhibitor/ml) for
2 h at 4°C. Immunocomplexes were washed with IP buffer plus 1 M NaCl and
then with a buffer containing 62.5 mM HEPES, pH 7.0, 62.5 mM NaCl, 62.5 mM
NaF, 6.25 mM sodium pyrophosphate, 1.25 mM EDTA, 1.25 mM EGTA, 1 mM
DTT, 1 mM benzamidine, 1 mM PMSF, and 5 ug of soybean trypsin inhibitor/ml.
AMPK activity in immunocomplexes was determined by phosphorylation of
peptidle HMRSAMSGLHLVKRR (SAMS) (24) in reaction buffer (50 mM
HEPES [pH 7.4], 1 mM DTT, 0.02% Brij 35, 0.25 mM SAMS, 0.25 mM AMP,
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FIG. 2. Methodology used to assess the effect of the various treat-
ments on the cytoplasmic HuR levels. Shown is a Western blot analysis
of HuR abundance in whole-cell, nuclear, and cytoplasmic lysates
prepared as described in the legend for Fig. 1 from RKO cells that
were either left untreated or treated with AICAR. Lanes —, unirradi-
ated cells (control); lanes UVC, treatment with UVC.

5 mM MgCl,, 10 pCi of [y-*’PJATP) for 10 min at 30°C. Assay mixtures were
spotted onto P81 filter paper and rinsed in 1% (vol/vol) phosphoric acid with
gentle stirring to remove free ATP. The phosphorylated substrate was measured
by scintillation counting.

RESULTS

Signaling events regulating the cytoplasmic localization of
HuR. As shown in Fig. 1, following exposure of RKO cells to
UVC, the level of HuR in the cytoplasm increased markedly, in
agreement with earlier observations (52). Treatment with ATP
also moderately elevated the HuR level in the cytoplasm (Fig.
1). These alterations in HuR’s subcellular localization did not
result from overall increased expression of HuR, since the total
cellular HuR did not change. Instead, they likely result from
elevated transport of HuR to the cytoplasm, as previously
reported (1, 12, 13, 31, 48, 52). The absence of a correspond-
ingly marked reduction in nuclear HuR is explained by the
relative abundance of HuR in each cellular compartment: in

TABLE 1. Survey of modulators of signaling pathways: effect on subcellular localization of HuR

Treatment® Target Dose Cytoﬁfscn:ticogluR”
Suramin Growth factor receptor inhibitor 300 M —
Genistein PTK® inhibitor 20 pM —
Herbimycin A PTK inhibitor 10 pM —
Bisindolylmaleimide I PKC inhibitor 1M —
TPA“ PKC activator 1M —
H7 PKA/PKC inhibitor 50 nM —
Staurosporine PKA, PKC, PKG, and CAM kinase inhibitor 40 nM —
N-Acetyl cysteine Oxidants 20 mM —
SB-203580 p38MAPK inhibitor 20 M —
PD-098059 MEK inhibitor 20 M —
ASINK oligonucleotides Inhibitor of INKMAPK expression 400 nM —
Wortmannin PI 3-kinase inhibitor 50 nM —
Rapamycin S6 kinase inhibitor 100 nM —
Antimycin A AMPK activator 1 pM l
Sodium azide AMPK activator 2 mM !
AICAR AMPK activator 2 mM !
5'-AMP AMPK activator 2 mM !
Calyculin A PP1, PP2A, and PP2B inhibitor 30 nM 1
ATP AMPK inhibitor 1 mM 1
Tonomycin Ca®" ionophore 2 pM l
Vanadate PTK phosphatase inhibitor 60 pM l
Lithium acetate Inositol phosphate inhibitor 2mM l

“ A list of positive controls serving to assess the effectiveness of drugs is available upon request.

b

—, no effect; |, reduction; 7, elevation.
¢ TPA, tetradecanoyl phorbol acetate.

4 ASINK, antisense JNK oligonucleotides.
¢ PTK, protein tyrosine kinase.
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FIG. 3. Inhibition of AMPK kinase activity in RKO cells by treat-
ments that enhance HuR presence in the cytoplasm. Three hours after
exposure of RKO cells to either 20-J/m?> UVC (lane UVC) or 1 mM
ATP (lane ATP), whole-cell lysates were prepared and AMPK kinase
activity was tested after IP with polyclonal antibodies recognizing the
AMPK «l and o2 subunits and with synthetic peptide SAMS as the
substrate. —, untreated lysates.

untreated RKO cells, HuR is about 20-fold more abundant in
the nucleus, so even substantial elevations in cytoplasmic HuR
produce little change in the nuclear HuR. Despite its relatively
low cytoplasmic abundance, HuR is readily detectable on
Western blots, where 40 g of cytoplasmic lysates is routinely
assayed. Hybridization of the same membranes with antibodies
recognizing nucleus- and cytoplasm-specific proteins (BAF57¢c
and B-actin, respectively) verified that nuclear proteins did not
leak into the cytoplasmic fractions during cell treatment or
fractionation and further revealed evenness in loading and
transfer of the samples (Fig. 1). Analysis of BAF57c and B-ac-
tin was routinely performed on all Western blots in which
subcellular fractions were assessed.

Given the growing body of evidence showing that HuR
translocation to the cytoplasm is linked to its ability to stabilize
target mRNAs, we sought to identify the signaling pathway(s)
influencing the subcellular localization of HuR. We first tested
a large panel of modulators of signaling pathways for their
influence on both basal and treatment-induced cytoplasmic
HuR levels. This assessment was carried out by Western blot
analysis of HuR abundance in the cytoplasmic and nuclear
fractions such as that shown in Fig. 2. Our results showed that
the majority of such activators and inhibitors of signaling cas-
cades had no influence on the subcellular localization of HuR
(Table 1). For example, none of the MAPKs, ERK, JNK, and
p38, were found to be involved in regulating cytoplasmic HuR
levels. We had anticipated their potential participation in this
process, since MAPKs are activated by the same agents (UVC,
actinomycin D [ActD], methyl methanesulfonate, prostaglan-
din A,, etc.) that have been reported to increase cytoplasmic
HuR (52). Other classical signaling molecules, such as PKC,
PKA, phosphatidylinositol 3-kinase (PI 3-kinase), S6 kinase,
and additional proteins involved in growth factor- and stress-
activated cascades, also appeared not to be involved in regu-
lating the abundance of cytoplasmic HuR (Table 1). By con-
trast, several treatments tested did influence the cytoplasmic
presence of HuR (Table 1 and Fig. 2). Several of these agents
modulated the activity of AMPK, an enzyme considered to be
a cellular sensor of metabolic stress. AMPK activation by ei-
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ther antimycin A, sodium azide, AICAR (currently the most
widely used pharmacological activator of AMPK [24]), or 5'-
AMP led to HuR’s reduced cytoplasmic localization (Table 1),
both in unstimulated cells and in cells treated with UVC (as
shown in Fig. 2). On the other hand, treatment with ATP, an
inhibitor of AMPK, produced a significant increase in cyto-
plasmic HuR (Table 1; Fig. 1).

=]

AMPK kinase activity
(Percent of untreated)
-s3EBEEELES

(cytopl.)
------..4 -HuR
{nuclear)
c - AICAR uvce AICAR + UVC
HuR
Hoechst

FIG. 4. Effect of AMPK activators on the subcellular localization
of HuR. Shown is an assessment of AMPK activity (A) and HuR levels
(B) in cytoplasmic (40 pg) and nuclear (10 pg) lysates prepared from
RKO cells that were serum starved for 36 h or were treated for 4 h with
either 2 mM sodium azide, 2 mM AICAR, 1pM antimycin A, or 1 mM
ATP. For Western blot analysis, cells were either mock irradiated but
otherwise exposed to AMPK-activating treatments continuously for
4 h (—) or were exposed to 20-J/m* UVC 6 h after addition of AMPK
activators and then cultured for an additional 3 h. (C) Immunofluo-
rescence detection of HuR in RKO cells that were treated with
AICAR, UVC, or both AICAR and UVC as explained in the legend
for panel B. Top, phase-contrast images; middle, HuR immunofluo-
rescence; bottom, Hoechst staining to visualize nuclei.



VoL. 22, 2002

AMPK REGULATES CYTOPLASMIC HuR 3429

A 3™ Time in AICAR (min)
35§ it 0 60 120 240 360 480
EE as0
5 S 300 — — - HuR
8 2504
=% 200 .
x 8 160 ————— | - (-actin
22 )
o4
0 30 60 120 240 360 48
Time in AICAR (min)
B o control 240 min AICAR 480 min AICAR
3t 3 :
58 8 2
G & 3 H
‘E 3 2 2
; - =ﬂ Lo = 00
DNA content
C = 100 Time after UVC (min)
" ]
“;3 90 1 0 15 30 60 120
25 »]
85 1ol - -’.I - HuR
g5 s
e o )
<% %) —— s ampams - B-actin
S5
<L 104
0
Time after UVC (min)

FIG. 5. Kinetics of AMPK kinase activity and HuR subcellular localization. (A) Assessment of AMPK activity (left) and HuR presence in the
cytoplasm (right) at the indicated times following treatment of RKO cells with 2 mM AICAR. (B) FACS analysis after treatment of RKO cells
with AICAR for the times indicated. (C) Assessment of AMPK activity (left) and HuR presence in the cytoplasm (right) at the indicated times
following treatment of RKO cells with 20-J/m* UVC. Western blots (A and C) were stripped and rehybridized to assess B-actin levels in order to

control for sample loading and transfer.

Role of AMPK in regulating cytoplasmic HuR. To further
explore the potential involvement of AMPK in regulating
HuR’s presence in the cytoplasm, we directly examined the
influence of AMPK activators and inhibitors on the subcellular
localization of HuR. We began by examining AMPK activity in
RKO cells following treatments known to activate cytoplasmic
HuR (Fig. 1). Following IP of AMPK using a combination of
polyclonal antibodies recognizing either the al or the a2 sub-
unit (catalytic) of AMPK, the kinase activity associated with
the immunoprecipitates was measured with a synthetic pep-
tide, as previously reported (24). As shown (Fig. 3), both treat-
ments led to a sizeable inhibition of AMPK activity. It should
be noted that AMPK activity changes only moderately (at best
approximately four- to fivefold) in the presence of even strong
activators or inhibitors, but these small alterations in activity
are capable of eliciting potent changes in downstream target
effectors (23, 25). The moderate alterations in AMPK activity
contrast with the dramatic changes seen in the activity of other
kinases (notably MAPKSs) in response to stress and mitogenic
stimulation.

Next, we investigated the influence of AMPK activators on
the cytoplasmic HuR levels. All of the treatments examined

(sodium azide, AICAR, antimycin A, 5'-AMP, and serum star-
vation) elevated AMPK activity in RKO cells (Fig. 4A). Sim-
ilarly treated cells were fractionated into nuclear and cytoplas-
mic components, and HuR expression was assayed by Western
blotting. As shown, basal cytoplasmic HuR levels were sub-
stantially reduced in the presence of each of the AMPK
activators. Moreover, UVC-enhanced cytoplasmic HuR was
greatly diminished when cells were preincubated with AMPK
activators before UVC irradiation (Fig. 4B). Nuclear HuR, by
contrast, did not change noticeably (Fig. 4B). Confirmation
that UVC and AICAR were capable of eliciting changes in
HuR'’s subcellular localization was obtained by in situ HuR
detection using immunofluorescence (Fig. 4C). HuR was
mostly nuclear in all treatment groups, and the low cytoplasmic
signal observed in untreated cells (Fig. 4C, images labeled —)
was effectively eliminated in the AICAR-treated populations;
similarly, while UVC triggered a substantial increase in cyto-
plasmic HuR, pretreatment with AICAR (images labeled
AICAR + UVC) greatly reduced this cytoplasmic elevation.
However, given the relatively low HuR abundance in RKO
cells, the detection of cytoplasmic HuR by immunofluores-
cence was rather poor. We therefore conducted all subsequent
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assessments of HuR subcellular localization by Western blot-
ting, which allowed use of sufficient cytoplasmic material for
reliable analysis and quantitation. As shown in Fig. 5A, the
increase in AMPK activity mirrored the reduction of HuR in
the cytoplasm; importantly, the change in subcellular localiza-
tion of HuR did not occur as a consequence of altered cell
cycle distribution, as the cell cycle profiles remained essentially
unaltered throughout the treatment (Fig. 5B). Inhibition of
AMPK by UVC also correlated with the rates of increased
cytoplasmic HuR (Fig. 5C). The rough correlation between the
two processes (Fig. 4 and 5) likely indicates that the effect of
AMPK on HuR is indirect.

Cytoplasmic HuR levels are influenced by adenoviruses ex-
pressing mutant AMPK. To gain direct evidence for the po-
tential role of AMPK in regulating the levels of cytoplasmic
HuR, adenovirus vectors were used to express each of two
mutant forms of the AMPK « (catalytic) subunit; the vectors
were Ad(CA)AMPK, carrying «1?'? (a constitutively active a1
mutant), and Ad(DN)AMPK, which carries a dominant-nega-
tive al mutant (59). Compared with infections using a control
adenovirus which expresses the GFP protein (AdGFP), infec-
tion with Ad(CA)AMPK led to a 2.5-fold increase in AMPK
activity in RKO cells, with >90% cells infected at 100 PFU/cell
(Fig. 6A). Importantly, such intervention led to a marked de-
crease in cytoplasmic HuR (Fig. 6B). Conversely, infection
with Ad(DN)AMPK led to an approximately fourfold reduc-
tion in AMPK activity and markedly elevated cytoplasmic HuR
(Fig. 6A and B). Similar results were obtained with a virus
expressing a dominant-negative a2 isoform (not shown). The
reduction or enhancement in HuR levels in the cytoplasm
following infections to either activate or reduce the activity of
AMPK was seen both for basal and for UVC-induced cyto-
plasmic HuR (Fig. 6B). Neither nuclear (Fig. 6B) nor total
cellular HuR (not shown) was altered with the infections. As
shown in Fig. 6C, the changes in cytoplasmic HuR did not arise
as a consequence of altered cell cycle distribution, as the cell
cycle profiles were not significantly altered by 48 h following
adenovirus infection.

AMPK-regulated binding of cytoplasmic HuR to target
transcripts. To assess the functional consequences of the
AMPK-regulated presence of HuR in the cytoplasm, we set
out to examine the influence of AMPK-triggered events on the
expression of HuR target transcripts. First, we investigated the
ability of HuR to bind to mRNAs encoding p21, cyclin A, and
cyclin B1, previously reported to be targets of HuR binding
and HuR-mediated stabilization (52-54). Depicted in Fig. 7
are electrophoretic mobility shift assays (EMSA) to study
HuR-associated RNA-binding activity in cytoplasmic lysates
from RKO cells 48 h after infection with either AAGFP, Ad
(CA)AMPK, or Ad(DN)AMPK. When radiolabeled tran-
scripts corresponding to the 3'UTRs of mRNAs encoding cy-
clin A, cyclin B1, and p21 were used, RNA-protein complexes
formed readily, as previously reported (52, 53). However, com-
plex formation was lower in Ad(CA)AMPK-infected cells
than in AdGFP-infected cells, for both UVC-irradiated (UVC)
and untreated (mock-irradiated) cells. Conversely, Ad(DN)
AMPK-infected cells exhibited more-abundant binding to tar-
get transcripts than did AdGFP-infected cells. In each case, the
presence of HuR in complexes containing either cyclin A,
cyclin B1, or p21 transcripts was detected by supershift EMSA

MoL. CELL. BIOL.

>

8§ 8 8

- -
g 8

AMPK kinase activity
(Percent of untreated)
2

Ad Ad(CA) Ad(DN)
GFP AMPK AMPK

B i uve
Ad  Ad(CA) Ad(DN) Ad Ad(CA) Ad(DN)
GFP AMPK AMPK GFP AMPK AMPK

Cytopl. | e - . o q - HuR
(Fold) 1.0 0.36 27 6.5 2.1 124

Nuclear | —— - HuR

C

3T = ] e o T e
5 ¢ 2 g
-§ H L) ¥
E ¥ ] 2
z . a -
DNA content

FIG. 6. Influence of adenoviruses expressing mutant AMPK cata-
lytic subunits on AMPK kinase activity and cytoplasmic HuR levels.
Forty-eight hours after infection of RKO cells with 100 PFU of either
AdGFP, Ad(CA)AMPK, or Ad(DN)AMPK/cell, AMPK activity
(A) and HuR levels (B) were measured in the cytoplasmic (40 wg) and
nuclear (10 pg) fractions of cells that were either left unirradiated or
exposed to UVC (20 J/m?) and collected 3 h later. Fold, difference in
HuR signal between indicated population and AdGFP-infected, unir-
radiated population. In panel A, data represent the means *+ standard
errors of the means from four independent experiments. (C) FACS
analysis of RKO populations 48 h after infection.

using an anti-HuR antibody (Fig. 7, lanes +HuR ab and lane
AdGFP+UVC+HuR ab). The HuR-containing supershifted
bands in both unirradiated and UVC-irradiated cells are also
depicted at a higher intensity of signals (Fig. 7). A control
antibody recognizing the MAPK p38 did not supershift any of
the complexes [lanes Ad(DN)+UVC+p38 ab]. A control cy-
clin E transcript, which is not a target of HuR (53), did not
form supershifts in the presence of the anti-HuR antibody
(Fig. 7). Further characterization of HuR binding to these
mRNAs, including EMSA using transcripts corresponding to
the coding regions of mRNA for p21; cyclins A, B1, and E; and
nuclear proteins and unlabeled competitor RNAs, is not in-
cluded here, as it was reported previously (52, 53). AICAR
treatment was capable of reducing the association of HuR with
target mRNAs, both in cells treated with UVC and in control,
mock-irradiated cells (Fig. 8). Again, direct evidence of HuR’s
involvement in these complexes came from supershift EMSA
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FIG. 7. Effect of AMPK-expressing adenoviruses on the association of HuR with target transcripts. EMSA were performed using radiolabeled
RNAs encoding the 3’ UTRs of p21, cyclin A, and cyclin B1 genes (see Materials and Methods) and proteins present in cytoplasmic lysates of RKO
cells that were infected with either AAGFP, Ad(CA)AMPK, or Ad(DN)AMPK and then were either exposed to 20-J/m* UVC or left unirradiated
and collected 3 h later. The presence of HuR in RNA-protein complexes was assayed by monitoring the formation of supershifted bands in the
presence of anti-HuR antibodies (+HuR ab) or control antibodies (+p38 ab). Arrowheads, supershifted complexes. Fold, difference in total signals
of radiolabeled complexes between indicated cells and AdGFP-infected, unirradiated cells. Fold differences were not calculated for supershift
lanes. f, free probe, not incubated with cytoplasmic lysate; high intensity, supershifted bands developed at greater intensity.

using an anti-HuR antibody (Fig. 8, lanes +HuR ab). In Fig. 7
and 8, the relative intensities of the shifted complexes are
indicated (fold).

To obtain independent evidence for the association between
HuR and its target transcripts, lysates from RKO cells in the
three infection groups were incubated with biotinylated RNAs
that encompassed the 3'UTRs of p21, cyclin A, and cyclin Bl

mRNAs. As shown in Fig. 9, these biotinylated transcripts
effectively pulled down HuR (described in Materials and
Methods), as detected by Western blot analysis. A control
biotinylated transcript encompassing the cyclin E mRNA,
which is not a target of HuR, did not pull down HuR. In
agreement with the gel shift and supershift data, reduced as-
sociation between target biotinylated transcripts and HuR was
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seen in lysates from Ad(CA)AMPK-infected cells, while the
most-abundant associations were seen in lysates from the
Ad(DN)AMPK-infected populations (Fig. 9).

In summary, AMPK-activating treatments such as AICAR
and infection with Ad(CA)AMPK, which consequently re-
duced cytoplasmic HuR, were capable of greatly reducing
HuR’s binding to target transcripts encoding p21, cyclin Bl,
and cyclin A. Conversely, AMPK-inhibitory treatments such as
UVC and infection with Ad(DN)AMPK enhanced binding of
HuR to target mRNAs. Similarly, the UVC-mediated increase
in HuR association with target RNAs was blocked by AMPK
activators [AICAR and Ad(CA)AMPK] and it was potentiated
by AMPK inhibition after Ad(DN)AMPK infection.

AMPK regulates the expression and half-lives of HuR target
mRNAs. To investigate how AMPK-regulated events influenc-
ing cytoplasmic HuR in turn affect the expression of HuR
target transcripts encoding p21, cyclin A, and cyclin B1, North-
ern blot analysis was performed. Levels of the respective
mRNAs were assessed following various interventions that
modulate AMPK activity (Fig. 10). Exposure to AICAR for
increasing lengths of time progressively reduced the expression
of mRNAs encoding p21, cyclin A, and cyclin B1 (Fig. 10A).
Such reductions in mRNA levels were in keeping with AICAR-
mediated increase in AMPK activity, reduction in cytoplasmic
HuR (Fig. 5), and reduction in binding of HuR to target
mRNAs (Fig. 8).
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Infection with either AAGFP, Ad(CA)AMPK, or Ad(DN)
AMPK further established that expression of mRNAs that are
stabilized by HuR was influenced by AMPK activity. As shown
in Fig. 10B, 36 and 60 h after Ad(CA)AMPK infection, the
basal levels of p21, cyclin A, and cyclin Bl mRNAs were
substantially reduced over those seen in AAGFP-infected cells.
By contrast, Ad(DN)AMPK-infected populations exhibited
heightened mRNA levels relative to what was seen in AAGFP-
infected cells (Fig. 10B). Western blot analysis of p21, cyclin A,
and cyclin B1 revealed that the changes in mRNA levels led to
changes in protein expression (Fig. 10C).

In addition, the half-life of each transcript was assessed by
an ActD-based approach (Fig. 11). Briefly, addition of ActD
(at time zero) to block new mRNA transcription was followed
by RNA extraction at the indicated times thereafter and
Northern blot analysis to monitor the rate of clearance of the
transcript of interest (Fig. 11A). While this methodology has
drawbacks and cannot be applied to the study of certain genes,
it has been useful in determining the apparent half-lives of
many mRNAs, including those that encode p21, cyclin A, and
cyclin B1 (52-54). By this approach, the half-life of p21 mRNA
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FIG. 9. HuR forms complexes with biotinylated target transcripts.
Cytoplasmic lysates prepared 48 h after infection of RKO cells with
either AdGFP, Ad(CA)AMPK, or Ad(DN)AMPK were incubated
with biotinylated transcripts corresponding to the 3’ UTRs of the
genes encoding the proteins indicated. Biotinylated (Biot) RNA-pro-
tein complexes were pulled down with streptavidin-conjugated mag-
netic beads and analyzed by Western blotting to assess HuR levels. The
pull-down shown is representative of two independent experiments.
The graph depicts quantitation of the signals on the Western blots.
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FIG. 10. AMPK-modulatory interventions influence the expression of targets of HuR-mediated mRNA stabilization. (A) RKO cells were either
left untreated or were treated with AICAR (2 mM) for 3 or 6 h, whereupon RNA was prepared and subjected to Northern blot analysis to assess
the expression levels of mRNAs encoding p21, cyclin A, and cyclin B1. (B) Top, measurement of the levels of mRNAs encoding p21, cyclin A, and
cyclin B1 in RKO cells at the indicated times following adenovirus infection. Bottom, quantitation of mRNA levels, with data representing the
means *+ standard errors of the means of three independent experiments. 18S rRNA signals served to monitor the equality of loading and transfer
among samples. (C) Western blot analysis of protein expression 48 h after infection.

was approximately 3 h in AAGFP-infected cells but decreased
to 2 h in Ad(CA)AMPK-infected cells and increased to about
4 h in Ad(DN)AMPK-infected cells. Similarly, the half-life of
the cyclin A mRNA varied from 4.2 h in AdGFP-infected cells
to 2.5 and ~9 h in Ad(CA)AMPK- and Ad(DN)AMPK-in-
fected populations, respectively. In AdGFP-infected cells, the
cyclin Bl mRNA exhibited a half-life of 3.7 h, but the half-life
was reduced to 2.2 h in Ad(CA)AMPK-infected cells and el-
evated to 5.2 h in Ad(DN)AMPK-infected cells (Fig. 11B).
Hybridizations were also carried out to monitor the half-lives
of control mRNAs encoding cyclin D1 (a labile, ARE-contain-
ing mRNA that is not a target of HuR) and B-actin. Assess-
ment of the stability of these mRNAs revealed that the effects
of AMPK modulators were specific for HuR target mRNAs, as
their half-lives remained essentially unchanged (~8.5 and ~12
h, respectively) in all three infection groups (Fig. 11B).
Finally, the impact of altering AMPK activity on cell prolif-
eration was assessed by monitoring the growth rates of RKO
populations. Compared with control infections (AdGFP), cells
infected with Ad(CA)AMPK exhibited reduced growth rates,
while Ad(DN)AMPK-infected cells proliferated more rapidly
(Fig. 12). We propose that AMPK may influence the prolifer-

ative status of the cell, at least in part, through its regulation of
HuR, which in turn affects the expression of cycle regulatory
genes.

DISCUSSION

In this study, we report that the levels of cytoplasmic HuR
are potently influenced by the activity of AMPK, an enzyme
that plays a key physiological role in the response to cellular
stresses causing ATP depletion, including metabolic stresses
(25, 27). Contrary to our expectations, none of the major
stress-activated signaling cascades (ERK, JNK, and p38 path-
ways) or other more general signaling molecules (PI-3 kinase
and PKC) appeared to influence HuR cytoplasmic levels (Ta-
ble 1). By contrast, activators of AMPK, including various cell
treatments (AICAR, antimycin A, etc.) and infection with an
adenovirus that expresses a constitutively active form of the o
(catalytic) subunit of AMPK reduced the cytoplasmic levels of
HuR. On the other hand, inhibition of AMPK activity either
through cell treatment (UVC, ATP, etc.) or by infection with
an adenovirus expressing a dominant-negative « subunit of
AMPK caused elevations in the cytoplasmic HuR levels. Ex-
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FIG. 11. AMPK-modulatory interventions influence the half-lives
of mRNAs that are stabilized by HuR. (A) Assessment of the stability
of mRNAs encoding p21, cyclin A, cyclin B1, cyclin D1, and B-actin in
RKO cells 48 h after infection with the adenoviruses indicated.
(B) mRNA half-lives were calculated after treating cells with 2 ug of
ActD/ml, preparing RNA at the times indicated, and measuring p21,
cyclin A, and cyclin Bl mRNA Northern blot signals, normalizing them
to 18S rRNA signals, and plotting them on a logarithmic scale (bot-
tom). Note that the time scales for the cyclin D1 and B-actin mRNA
plots are different. Horizontal dashed lines, 50% of level for untreated
cells. Data represent the means * standard errors of the means for
three independent experiments.

pression of HuR target mRNAs encoding cyclin A, cyclin B1,
and p21 varied according to the AMPK-modulated cytoplas-
mic HuR. AMPK activation led to decreased binding of cyto-
plasmic HuR to target transcripts and consequently led to
reduced steady-state levels and half-lives of such mRNAs.
Conversely, decreased AMPK activity resulted in increased
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binding of cytoplasmic HuR to target transcripts and elevated
the expression and half-lives of such target mRNAs.

AMPK was discovered almost 3 decades ago, but details of
its regulation have only recently begun to be elucidated. Highly
conserved throughout evolution, AMPK is believed to function
as a cellular metabolic sensor or a “low fuel warning system” of
the cell (25). Structurally, mammalian AMPK is a heterotrimer
of three subunits: one catalytic subunit («) and two regulatory
subunits (B and +y). AMPK activity is ubiquitous, although
different isoforms of AMPK subunits display tissue-specific
and preferential subcellular localizations (e.g., a2 subunits are
partly nuclear, while al subunits are only found in the cyto-
plasm). The kinase is activated directly by elevations in 5'-
AMP and inhibited by high concentrations of ATP. Cellular
stresses that elevate the AMP/ATP ratio in the cell, such as
arsenite, azide, hypoglycemia, serum/growth factor depletion,
and treatment with the pharmacological agent AICAR (which
mimics the effect of AMP), can cause activation of AMPK (26,
27). In turn, AMPK inhibits biosynthetic pathways, thus con-
serving energy, while it activates catabolic pathways, thus gen-
erating more ATP. In addition, AMPK can regulate gene ex-
pression, as shown both in Saccharomyces cerevisiae, where
AMPK homologue SNF1 plays a pivotal role in regulating
glucose-related genes, and in mammalian cells, where AMPK
has been proposed to regulate the expression of genes impor-
tant for energy conservation at a time of low fuel availability
(25). Furthermore, AMPK has been postulated to modulate
cell proliferation and to aid in the implementation of cellular
growth arrest under adverse growth conditions. For example,
AICAR-mediated AMPK activation was recently shown to
suppress cell growth, and this effect was proposed to be medi-
ated, at least in part, by AICAR-triggered phosphorylation of
tumor suppressor p53 (28). Our findings reported here indicate
that AMPK-mediated suppression of cell cycle-regulatory
genes may play a pivotal role in AMPK-triggered growth inhi-
bition (Fig. 10 to 12). Elevated AMPK activity potently de-
creased cytoplasmic HuR levels, thus preventing HuR-medi-
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FIG. 12. Influence of AMPK on cell proliferation. RKO cells
(100,000 cells per dish) were infected with 100 PFUj/cell, and cell
numbers were monitored every 24 h thereafter with a hemacytometer.
The experiment was done in triplicate, and data are means * standard
errors of the means.
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ated stabilization and enhanced expression of HuR target
mRNAs encoding p21, cyclin A, and cyclin Bl. By contrast,
conditions that inhibit AMPK activity induced cytoplasmic
HuR, which in turn led to the stabilization and increased abun-
dance of p21, cyclin A, and cyclin B1. We postulate that such
changes in proliferation-associated genes contribute to the al-
tered growth of cells in which AMPK activity is modulated
(Fig. 12).

Elevated cyclin A and cyclin B1 expression clearly contrib-
utes to enhancing cell proliferation. For p21, however, the
situation is less straightforward. While at first it might seem
counterintuitive that the cell simultaneously elevates the ex-
pression of proliferative genes encoding cyclin A and cyclin B1
and the gene encoding the growth inhibitor p21, we believe this
coordinate expression suits well the AMPK-dictated growth
requirements of the cell. Even though robustly overexpressed
p21 functions as a universal cdk inhibitor (60), moderate ele-
vations in the levels of p21 such as those described here may
have a more complex function in cell cycle progression. First,
p21 is an integral part of active cdk/cyclin complexes, and its
presence within the complex is generally believed to be re-
quired for cdk activity (62, 63). Second, at low concentrations,
p21 promotes the assembly of active cdk-containing complexes
(33). The cdk-inhibitory function of p21 is exerted when mul-
tiple copies of p21 per cdk/cyclin complex exist. Thus, concom-
itant downregulation of cyclin A, cyclin B1, and p21 genes
under conditions of activated AMPK activity may represent a
valuable coordinate effort to lower the proliferative status of
the cell under adverse growth conditions (low nutrient avail-
ability, for example). Conversely, joint upregulation of all three
genes in response to lower AMPK activity may contribute to an
optimal proliferative state when growth conditions are ade-
quate. Finally, the possibility remains that AMPK-modulated
p21 gene upregulation does indeed inhibit cyclin/cdk com-
plexes and could perhaps serve to ensure that the cell’s prolif-
erative potential is kept in check and that no excessive prolif-
eration ensues from the heightened abundance of cyclins A
and B1.

The precise mechanisms whereby AMPK regulates the rel-
ative subcellular localization of HuR remain to be elucidated.
Experiments aimed at assessing whether HuR s a direct phos-
phorylation target of AMPK are under way. However, com-
parison of the kinetics of HuR translocation and AMPK ac-
tivity changes (Fig. 5) suggests the alternative, more plausible
hypothesis that AMPK-triggered events regulate HuR abun-
dance in the cytoplasm through indirect mechanisms involving
the phosphorylation of additional, as yet unidentified targets.
Support for this possibility came from reports that PP2A can
dephosphorylate and inactivate AMPK in cell-free assay mix-
tures (9, 42, 51). Intriguingly, HuR-associated proteins SETa,
SET, and PP32 function as inhibitors of PP2A. It is therefore
possible, at least in theory, that SETa and - and/or PP32
could help retain HuR in the nucleus by inhibiting PP2A,
which in turn would allow active AMPK to elicit downstream
effects. Nucleopore component CRM1 was recently shown to
be involved in the nuclear export of HuR (15). However,
CRM1 does not appear to be required for regulating AMPK-
modulated cytoplasmic HuR levels, as treatment with CRM1
inhibitor leptomycin B actually caused a moderate increase in
cytoplasmic HuR, both in unstimulated cells and in cells
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treated with UVC (our unpublished observations). The recent
surge in interest in AMPK research will likely lead to the
identification of downstream targets of this kinase, including
those regulating HuR presence in the cytoplasm.

In summary, we have described a novel activity for AMPK as
a regulator of the subcellular localization of HuR, which con-
sequently influences the expression of HuR target mRNAs.
Given the profound effect of AMPK on cell proliferation, and
the clear growth-regulatory potential of many HuR target tran-
scripts (cyclin A, cyclin B1, p21, c-fos, VEGF, etc.), it will be of
great interest to elucidate the precise mechanisms whereby
AMPK regulates HuR function. The present study provides
additional support for the increasing role that HuR plays as a
regulator of gene expression during stress, including genotoxic
and oxidative stress (52) and also possibly hypoxic stress (47)
and heat stress (14, 15). Our findings further implicate HuR in
the cellular response to metabolic stress, underscoring HuR’s
function within the global adaptive response to changes in
environmental conditions.
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