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The mRNAs of urokinase plasminogen activator (uPA) and its receptor, uPAR, contain instability-deter-
mining AU-rich elements (AREs) in their 3’ untranslated regions. The cellular proteins binding to these RNA
sequences (ARE"FA"FPAR) are not known. We show here that the mRNA-stabilizing factor HuR functionally
interacts with these sequences. HuR stabilized an ARE""*-containing RNA substrate in vitro and stabilized in
HeLa Tet-off cells both endogenous uPA and uPAR mRNAs and a 3-globin reporter mRNA containing the
ARE""*, RNAi-mediated depletion of HuR in BT-549 and MDA-MB-231 cells significantly reduced the steady-
state levels of endogenous uPA and uPAR mRNAs. Furthermore, we show that a constitutively active form of
mitogen-activated protein kinase-activated protein kinase 2 (MK2), MK2-EE, has an ARE-mRNA-stabilizing
effect that correlates with its ability to enhance the cytoplasmic accumulation of endogenous HuR, but not in
cells cotransfected with a dominant negative version of MK2, MK2-K76R. These effects were mimicked by
hydrogen peroxide treatment (oxidative stress), which resulted in the phosphorylation of endogenous MK2. In
addition, hydrogen peroxide treatment enhanced the cytoplasmic binding of HuR to the ARE""*, which was
abrogated in cells transfected with MK2-K76R. These results indicate a role for HuR and MK2 in regulating

the expression of uPA and uPAR genes at the posttranscriptional level.

Urokinase plasminogen activator (uPA), when bound to its
specific cell surface receptor uPAR, efficiently converts plas-
minogen to the active serine protease plasmin (54), which
initiates the destruction of various extracellular matrix (ECM)
proteins. Binding of uPA also enhances the affinity of uPAR to
an ECM protein, vitronectin, controlling the dynamic interac-
tion of cells with vitronectin-containing ECM. Thus, with or
without involving the proteolytic activity of uPA, the uPA-
uPAR system plays an important role in various physiological
and pathophysiological processes requiring cell movement,
such as wound healing, angiogenesis and tumor metastasis (see
references 1, 5, and 30 for reviews). Recent findings suggest the
involvement of the uPA-uPAR system in chemotaxis (6, 14)
and in the activation of intracellular signaling pathways leading
to enhanced cell proliferation, adhesion, and migration (31, 53,
68). Thus, the uPA-uPAR system participates in the regulation
of a wide range of cellular activities (see reference 7 for a
review).

Steady-state levels of uPA and uPAR mRNAs and proteins
in many cancer cells are high due in part to enhanced mRNA
stability. In several breast cancer cell lines, such as MDA-MB-
231, MDA-MB-436, and BT-549, uPA and uPAR mRNAs are
very stable, with half-lives of longer than 10 h (50; H. Tran,
unpublished data). This observation is interesting considering
that the 3’ untranslated region (UTR) of uPA and uPAR

* Corresponding author. Mailing address: Friedrich Miescher Insti-
tute for Biomedical Research, Maulbeerstrasse 66, CH-4058 Basel,
Switzerland. Phone: 41 61 697 6669. Fax: 41 61 697 3976. E-mail:
Yoshikuni.Nagamine@fmi.ch.

T Present address: Division of Medical Genetics, CHUV University
Hospital, CH-1011 Lausanne, Switzerland.

7177

mRNAs contain AU-rich elements (AREs), sequences com-
monly found in the 3" UTR of mRNAs with short half-lives.

Regulation of mRNA stability through AREs is a posttran-
scriptional mechanism that allows cells to fine-tune the expres-
sion of important gene products under changing environmen-
tal conditions (see references 27 and 56 for reviews). ARE-
containing mRNAs encode a wide variety of proteins with
diverse functions (3). The most prominent group among them
encode early-response gene products, including cytokines, lym-
phokines, and some proto-oncoproteins (33, 59). AREs are
grouped into three classes depending on the absence or pres-
ence of the consensus AUUUA pentamer and on how multiple
pentameric motifs are arranged within the ARE (11). The
AREs of the uPA and uPAR mRNAs belong to the class I
ARE, containing one or more nontandem copies of the pen-
tamer motif. In addition, the ARE of the uPA mRNA contains
AUUUUA and AUUUUUA motifs common to several cyto-
kine AREs (59). mRNA-destabilizing activity associated with
the AREs of uPA and uPAR has been reported (49, 63), but
proteins that regulate the stability of these mRNAs through
interaction with their AREs have not been identified.

Many ARE-binding proteins (AUBPs) have been identified,
but to date HuR is the only AUBP whose functional role in
stabilizing ARE-containing mRNAs has been demonstrated
by several laboratories (13, 20, 21, 55, 64). Structurally, HuR
consists of three RNA recognition motifs (RRMs), with
RRM2 and RRM3 connected by a short linker or hinge region
(43). HuR binds to the AREs of several mRNAs (9, 25), and in
the case of the c-fos ARE, it recognizes a core element of 27
nucleotides that contains AUUUA, AUUUUA, and AUUU
UUA motifs, all three of which are required for maximal bind-
ing (43). The stabilizing effect of HuR on ARE-containing
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mRNAs has been confirmed in vivo (13, 20, 55) and in cell-free
mRNA decay systems using recombinant HuR and related Hu
family proteins (21, 40). Although HuR is localized predomi-
nantly in the nucleus, it contains a shuttling sequence termed
HNS in the hinge region (19) and is translocated to the cyto-
plasm under various conditions that positively affect the sta-
bility of ARE-containing mRNAs (66, 71). These observations
have led to the hypothesis that the mRNA-stabilizing activity
of HuR is closely linked to its cytoplasmic localization.

We and others have reported systems in which the stability
and/or translation of labile ARE-containing mRNAs is en-
hanced by a mechanism involving the upregulation and ac-
tivation of p38 mitogen-activated protein (MAP) kinase or
its upstream effectors MKK3 and MKK®6 (28, 35, 39, 46,
69). Mitogen-activated protein kinase-activated protein
(MAPKAP) kinase 2 (MK2), which is phosphorylated and
activated by p38, is implicated in cell migration (38) and in the
coexport of p38 MAP kinase from the nucleus (17). More
importantly, MK2 regulates the stability and/or translation of
tumor necrosis factor alpha, cyclooxygenase 2, interleukin-6
(IL-6), IL-8, c-Fos, and granulocyte-macrophage colony-stim-
ulating factor mRNAs through their AREs (37, 39, 51, 69). It
is still not known whether HuR can be phosphorylated by one
of these kinases or whether its function is under the control of
a regulatory pathway involving p38 MAP kinase.

We show here that HuR binds to the AREs of uPA and
uPAR mRNAs and that its overexpression stabilizes these
mRNAs in the cell. We also propose a link between the acti-
vation of MK2 and the cytoplasmic accumulation of HuR,
which would subsequently lead to the stabilization of ARE-
containing mRNAs. This represents one possible mechanism
by which the stress-activated p38 MAP kinase pathway, where
MK?2 is downstream of p38 MAP kinase, targets ARE-binding
proteins to specifically stabilize ARE-containing mRNAs.

MATERIALS AND METHODS

Plasmid DNA constructs. Plasmid pGEX-2T-HuR was kindly provided by H.
Furneaux (43). Glutathione S-transferase (GST) was expressed from pGEX-2T
(Amersham). To construct a mammalian expression vector for hemagglutinin
(HA) epitope-tagged HuR (HA-HuR), a cDNA fragment encompassing amino
acids 2 to 326 of HuR was amplified by PCR using pGEX-2T-HuR as a template
and inserted into the EcoRI-Xhol sites of pcDNA3-HA. The construction of
pcDNA3-HA has been described previously (34). Plasmids pcDNA3-MK2-WT,
pcDNA3-MK2-EE, and pcDNA3-MK2-K76R were kindly provided by M. Gaes-
tel (18, 69). To derive a tetracycline-regulated expression vector for chimeric
B-globinAARE or B-globin-Xho mRNA, B-globin cDNA containing the uPA
3" UTR without the ARE or B-globin-Xho was excised from pCMV-#-
globinAARE or pCMV-B-globin-Xho (50) with HindIII-Sall and inserted into
the same restriction sites of pPuro-TRE Bluescript (provided by A. Thiele),
which harbors a tetracycline-responsive element. pPuro-TRE-B-globin-ARE"PA
and pPuro-TRE-B-globin-ARE"PA™U containing one copy of the ARE from
human uPA mRNA and a mutated version of the ARE (both AUUUA motifs
mutated to AGGUA), respectively, were prepared as above from the vectors
pCMV-B-globin-ARE"P* and pCMV-B-globin-ARE"FA™ut,

Cell culture and DNA/RNA transfection. MDA-MB-231 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
at 37°C in the presence of 5% CO,. HeLa Tet-off cells (Clontech) were main-
tained as above and additionally supplemented with 100 ng of G-418 (Invitrogen)
per ml. HeLa Tet-off cells were stably transfected with pPuro-TRE-Bglobin-Xho,
pPuro-TRE-Bglobin-ARE"F#, pPuro-TRE-Bglobin-ARE"FA™" and pPuro-
TRE-Bglobin-AARE"PA by the calcium phosphate precipitation method (Phar-
macia) and selected with puromycin (2 pg/ml). Puromycin-resistant clones were
pooled, and B-globin mRNA expression was analyzed by Northern blotting.
BT-549 cells were maintained in RPMI 1640 medium supplemented with 10%
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fetal calf serum. Transient transfection of plasmid DNA (2 pg per 35-mm dish)
using LipofectAMINE 2000 (Invitrogen) was performed as specified by the
manufacturer. Transfection of small interfering RNA (siRNA) duplexes was
performed as described previously (34). The sequence of siRNA used to target
HuR correspond to nucleotides 150 to 168 in human HuR mRNA (where
nucleotide 1 is the AUG start codon) and includes a 3" UU overhang: sense
(5'-CUU AUU CGG GAU AAA GUA GUU-3') and antisense (5'-CUA CUU
UAU CCC GAA UAA GUU-3'). The siRNA sequence homologous to lucif-
erase mMRNA has been described previously (34).

Measurement of mRNA stability in HeLa Tet-off cells and Northern blotting.
Synthesis of B-globin mRNA in HeLa Tet-off cells was stopped by the addition
of 1 pg of doxycycline (tetracycline analogue) per ml. Total RNA was isolated
from cells at different times after the addition of doxycycline and subjected to
Northern blotting. For analysis of endogenous uPA and uPAR mRNA stability,
total RNA was isolated at different times following the addition of 20 wg of
5,6-dichloro-1-B-p-ribofuranosylbenzimidazole (DRB; Fluka) per ml. A 10-pg
portion of total RNA for each time point was resolved on a 1% formaldehyde—
agarose gel and transferred to a nylon membrane (Roche). RNA blots were
stained with methylene blue to check for equal loading and transfer. Hybridiza-
tion was performed by the QuikHyb hybridization protocol (Stratagene) using
random primed [a->?P]dATP-labeled rabbit B-globin cDNA probe or cDNA
probes corresponding to human uPA or uPAR and human glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Hybridization signals were visualized
and quantitated with a PhosphorImager (Molecular Dynamics).

Protein extraction, immunoprecipitation, and Western blotting. Adherent
cells were washed with phosphate-buffered saline (PBS) and incubated in lysis
buffer (50 mM Tris-HCI [pH 7.4], 120 mM NaCl, 1% NP-40, 1 mM EDTA, 5 mM
Na;VO,, 5 mM NaF, 0.5 pg of aprotinin per ml, 1 pg of leupeptin per ml) on ice
for 10 min. Cells were collected by scraping and centrifuged at 20,500 X g for 10
min at 4°C. Typically, 10 ug of total protein from the supernatant (whole-cell
lysate) was separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Schleicher
& Schuell). Nuclear and cytoplasmic fractions were prepared as described pre-
viously (10). MK2 was immunoprecipitated from cell lysates (500 pg) with a
rabbit polyclonal antibody (4 ng; Genex Bioscience) coupled to protein A-
Sepharose (100 wl; Amersham). The phosphospecific MK2 antibody (Thr 334;
Cell Signaling) was used at a dilution of 1:1,000. The primary monoclonal
antibodies used were purified anti-HA (12CA5), anti-HuR (3A2; Santa Cruz),
anti-cyclin A (from W. Krek), anti-hnRNPC (4F4; from G. Dreyfuss), and anti-
B-tubulin (Sigma), all used at a 1:1,000 dilution. We used a horseradish perox-
idase-conjugated sheep anti-mouse antibody (Amersham) as a secondary anti-
body (1:2,000 dilution) or horseradish peroxidase-conjugated protein A (1:
5,000). An enhanced chemiluminescence detection method (ECL2; Amersham)
was used, and the membrane was exposed to Kodak X-Omat LS Film.

Recombinant GST proteins. GST fusion proteins were produced in Esche-
richia coli BL21(DE3) and purified using glutathione-Sepharose beads (Pharma-
cia) as specified by the manufacturer. Purified proteins were dialyzed against 100
volumes of buffer D (10 mM HEPES-KOH [pH 7.9], 3 mM magnesium acetate,
10% glycerol, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride 0.5 mM
dithiothreitol [DTT]) for 1 h at 4°C and stored at —80°C.

In vitro synthesis of RNA transcripts. Templates for synthesis of the AREs of
uPA or uPAR mRNA were prepared from annealed DNA oligonucleotides
containing T7 promoter sequences as described previously (44). The oligonucle-
otides used were (only sense strands are shown) ARE""A (5'-TAA TAC GAC
TCA CTA TAG GGC ACT GAA TAT TTA TAT TTC ACT ATT TTT ATT
TAT ATT TTT GTA ATT TTA-3') and ARE"?® (5'-TAA TAC GAC TCA
CTA TAG GGT TAT TAA TTA ATA TTC ATA TTA TTT ATT TTA TAC
TTA CAT AAA GAT TTT-3'). Mutant AREs were prepared using oligonucle-
otides that have a guanosine (G) in place of the thymidine (T) nucleotides
underlined above. In vitro transcription using T7 RNA polymerase in the pres-
ence of [a->?PJUTP was performed as specified by the manufacturer (Promega).
For in vitro RNA decay assays, we prepared RNA transcripts composed of 140
nucleotides (nt) of the rabbit B-globin 3'UTR, with or without the 47-nt ARE"FA
and with or without a 60-residue poly(A) tail. In vitro transcription of these RNA
transcripts was performed in the presence of the mRNA cap analog m’G(5")ppp
(5")G (Amersham). The detailed procedure has been described previously (22).
SP6 RNA polymerase was used as instructed by the manufacturer (Promega). All
RNAs were gel purified prior to use.

RNA electrophoretic mobility shift assay (REMSA). Radiolabeled ARE of
uPA or uPAR mRNA (10° cpm) was incubated without or with 1 pg of the
indicated antibodies in a 25-pl reaction mixture containing 10 pg of Hela
nuclear extract, 10 mM HEPES-KOH (pH 7.9), 3 mM magnesium acetate, 10%
glycerol, 40 ng of poly(A), 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluo-
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ride, and 0.5 mM DTT. Reaction mixture were preincubated on ice for 15 min
and then incubated for 15 min at 30°C. RNA-protein complexes were resolved on
a 6% nondenaturing polyacrylamide gel at 4°C. The gel was dried, and radioac-
tive signals were analyzed using a PhosphorImager.

UV cross-linking and HuR immunoprecipitation assays. Confluent cells in
100-mm dishes were transfected with or without 10 pg of pcDNA3-MK2-K76R
using Lipofectamine 2000 for 24 h. Cells were serum starved for 4 h and, where
indicated, treated with 20 uM rottlerin (Calbiochem) for 1 h before the addition
of 200 uM hydrogen peroxide (H,O,) for a further 2 h. Nuclear and cytoplasmic
fractions were prepared as described previously (10). Total protein (100 pg)
from each fraction was incubated with [a-**P]JUTP-labeled ARE"PA (20 X 103
cpm) in a total reaction volume of 200 wl with buffer components as described
above for REMSA. Reaction mixtures were preincubated on ice for 15 min and
then incubated for 15 min at 30°C. UV cross-linking was carried out in a
Stratalinker (250 mJ/m?) for 5 min on ice. Unbound RNA was digested with
RNases A (10 pg) and T, (10 U) for 15 min at 37°C. Immunoprecipitation was
performed by the addition to each reaction mixture of a 50% solution of protein
A-Sepharose (40 ul) precoupled with anti-HuR antibodies (800 ng; 3A2). Re-
action mixtures were incubated with constant mixing for 1 h at 4°C. Protein A
beads were washed once with REMSA buffer and then twice each with TNET
buffer (50 mM Tris-HCI [pH 7.8], 140 mM NaCl, 5 mM EDTA, 1% Triton
X-100) and TNE buffer (TNET without Triton). Bound proteins were eluted in
SDS loading buffer at 95°C for 5 min. Precipitated proteins were resolved by
SDS-PAGE, followed by Coomassie staining and autoradiography using a Phos-
phorImager.

In vitro RNA decay. HeLa S100 extracts were prepared as described previously
(21). A premix containing 50 g of total HeLLa S100 proteins in IVDA buffer (10
mM Tris-HCI [pH 7.5], 100 mM potassium acetate, 2 mM magnesium acetate, 10
mM creatine phosphate, 1 mM ATP, 0.4 mM GTP, 2 mM DTT, 0.1 mM
spermine) (67), and, where indicated, 200 ng of GST or GST-HuR recombinant
protein was prepared (45 pl total) on ice. Aliquots of 9 ul of the premix were
incubated at 37°C with 1 pl of [a->’P]JUTP-labeled RNA substrate (10° cpm).
Reactions were stopped at different times (0 to 80 min) by the addition of 200 .l
of a high-salt buffer (25 mM Tris-HCI [pH 7.6], 0.1% SDS, 400 mM NacCl), 10 p.g
of calf liver tRNA was used to aid precipitation, and [a-3?P]JUTP-labeled ARE"-
parR RNA (10° cpm) was used as an internal control for the subsequent phenol-
chloroform extraction and ethanol precipitation of the processed RNA. Precip-
itated RNA was resuspended in 10 pl of RNA loading buffer (25 mM Tris-HCI
[pH 7.6], 8 M urea, 1 mM EDTA) and resolved on a 5% acrylamide gel con-
taining 7 M urea. The gel was dried, and radioactive signals were analyzed using
a PhosphorImager.

Immunofluorescence. Cells were seeded on sterile coverslips in 35-mm dishes
(1.5 X 10° cells per dish) and transfected with 2 pg of DNA by using Lipofect-
amine 2000. After 24 h, the cells were washed with PBS plus Ca?* and Mg?*
[PBS(+)] and fixed in 1 ml of prewarmed 3% paraformaldehyde in PBS without
Ca®* and Mg®>" [PBS(—)] for 20 min at room temperature. The cells were
permeabilized with 0.5% Triton X-100 in PBS(—) for 10 min, blocked with 5%
normal goat serum for 20 min, and incubated for 2 h with a monoclonal anti-
HuR (2 pg/ml) or anti-hnRNPC (1 pg/ml) antibody diluted in PBS(+) contain-
ing 1% goat serum. The cells were washed twice with PBS(+) (10 min per wash),
incubated with secondary Alexa**® anti-mouse goat antibody (1:100; Molecular
Probes) for 40 min, and washed three times with PBS(+) (10 min per wash). To
visualize nuclei, DAPI (4',6-diamidino-2-phenylindole; 1:5,000) was added dur-
ing the last wash. The coverslips were mounted on glass slides with Fluoromount
(Serva). Fluorescence was visualized with a Zeiss Axioplan 2 fluorescence
microscope, and all images were captured at X600 magnification.

RESULTS

Use of the tetracycline-regulated (3-globin reporter system
to study ARE"F*-mediated mRNA decay in HeLa Tet-off cells.
We used a tetracycline-regulated reporter system in HeLa Tet-
off cells to study the stability of chimeric B-globin-ARE"F*
mRNA in vivo. In this system, the addition of doxycycline (a
tetracycline derivative) selectively terminates the de novo syn-
thesis of B-globin reporter mRNA, thereby avoiding the use of
nonspecific transcription inhibitors known to affect some shut-
tling RNA binding proteins including HuR (55, 66; H. Tran,
unpublished data). We inserted one copy of the ARE"F* (wild
type or mutant) (Fig. 1A) into the 3" UTR of a B-globin

REGULATION OF CYTOPLASMIC HuR BY MK2 7179

A

AREYPA wi  AAUAIUUAUAUUUCACUAUTUUUAUUUATAUUUUUGUAAUTUUUAAAT

ARE“PA mut AAUASGUAUAUUUCACUAUUUUUAGSUATAUTUUUGUARUTUTUARAL
Xl’llol
[ Prop [ Exons1&2 | Titron 2 [ Exon3 | pTRE-pglo-Xho
—
=g

rabbit 3-globin gene

Bglo-ARE"A wt  Bglo-AREYPA mut pglo-Xho

- - ....m p-globin

e BSOS we e e cAPDH

0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 Dox(h)

FIG. 1. The ARE"* is a functional mRNA-destabilizing element
in HeLa Tet-off cells. (A) Schematic representation of tetracycline-
regulated pTRE-B-globin constructs with the wild-type (wt) or mutant
(mut) ARE"P* inserted into the Xhol site of pTRE-Bglobin-Xho
(pPTRE-Bglo-Xho). (B) Northern blot analysis of the decay of chimeric
B-globin mRNAs in HeLa Tet-off cells. Cells stably transfected with
the indicated expression vector were subjected to an 8-h doxycycline
(Dox) chase. Total RNA was isolated at the indicated times after
addition of doxycycline (1 pg/ml), and 10-pg aliquots of RNA were
resolved on a formaldehyde-agarose gel. Specific mRNA signals on the
same Northern blot were detected using random-primed radiolabeled
cDNA probes corresponding to rabbit B-globin or human GAPDH,
which was used as a loading control.

reporter mRNA, whose expression was under the control of a
tetracycline-responsive element (see Materials and Methods).
Northern blot analysis of the products of an 8-h doxycycline
chase showed that one copy of the ARE"P* wild type was
sufficient to elicit the rapid degradation of an otherwise stable
rabbit B-globin reporter mRNA (Fig. 1B, compare the decay
between B-globin-ARE""* wild type [t,, ~ 2 h] and B-globin—
Xho [t,,, > 20 h]). Introduction of mutations that changed the
two AUUUA motifs in the ARE to AGGUA (ARE"P* mut)
strongly interfered with the destabilizing effect of the ARE"P4
(Fig. 1B, compare decay between B-globin~ARE""* wild-type
and B-globin-ARE""* mutant [¢,, > 12 h]). The results were
similar in four independent experiments; we have therefore
established a reproducible system to study ARE*F*-mediated
mRNA decay in vivo.

HuR binds to the AREs of uPA and uPAR in vitro. The
nuclear protein HuR interacts with AREs of various mRNAs
with short half-lives and enhances their stability (9). To exam-
ine the possibility that HuR can bind to the ARE*PAMFPAR [ge]
mobility shift assays were performed using HeLa nuclear ex-
tracts and radiolabeled ARE*PA"FAR probes. While some of
the ARE-protein complexes could be specifically shifted with
an anti-HuR monoclonal antibody, monoclonal antibodies
directed against the RNA-binding proteins heterogeneous
nuclear ribonucleoprotein A (hnRNP A) and hnRNP C or
against p38 MAP kinase and GAPDH did not produce any
supershift (Fig. 2A). To verify the direct binding of HuR to the
AREs, recombinant GST-HuR was expressed in E. coli and
purified (data not shown). GST-HuR bound the ARE"PA/MPAR
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FIG. 2. In vitro interaction between HuR and the ARE"PA/UPAR,
(A) REMSAs using radiolabeled ARE"PA"PAR RNA probes without
(FP) or with 10 wg of HeLa nuclear extract in the absence (—) or
presence of 1 pg of the indicated monoclonal antibodies. The open
arrowhead denotes the specific RNA-protein complex. The solid ar-
rowhead denotes the RNA-protein complex specifically shifted in re-
action mixtures containing anti-HuR antibodies. (B) GST (200 ng) or
increasing amounts of recombinant GST-HuR fusion proteins were
incubated with fixed amounts of radiolabeled ARE"PA"PAR wild-type
(wt) or mutant (mut) RNA probes and subjected to EMSA. Open
arrowheads denote specific ARE-GST-HuR complexes. REMSA prod-
ucts were resolved on a 6% native polyacrylamide gel.

in a dose-dependent manner, while GST itself showed no bind-
ing (Fig. 2B). When similar probes containing AGGUA
stretches instead of the AUUUA pentameric motifs were used,
the affinity of binding of GST-HuR to the mutant ARE*PA®
was much reduced and binding to the mutant ARE"F* was
even completely abolished (Fig. 2B). These results indicate
that the AREs of both uPA and uPAR mRNAs are targets of
HuR in vitro.

GST-HuR stabilizes ARE""*-containing RNAs in vitro. An
in vitro, ARE-dependent RNA deadenylation-decay system
(17) was used to assess the functional significance of HuR
binding to the ARE"F*, In this system, decay of the control
substrate (glo), a 140-nt B-globin mRNA-derived sequence,
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was minimal (Fig. 3A, lanes 1 to 5) with an extrapolated ¢, , of
>3 h (Fig. 3B). However, insertion of the ARE*** (glo-ARE)
greatly stimulated the decay of the substrate (Fig. 3A, compare
lanes 1 to 5 with lanes 6 to 10) reducing the ¢,,, to ~30 min
(Fig. 3B). This ARE""*-mediated enhancement of RNA decay
was suppressed twofold by the addition of GST-HuR to the
decay reaction mixtures (Fig. 3A, lanes 15 to 18; Fig. 3B, t,, ~
60 min). In control reactions, addition of the same amount of
GST protein to the decay reaction mixtures did not affect
ARE"P*-mediated RNA decay (Fig. 3A, lanes 11 to 14; Fig.
3B, t,,, ~ 30 min). We also used the above RNA substrates
containing an additional poly(A) tail of 60 adenylates in decay
assays. Interestingly, although RNA decay was suppressed, the
inhibitory effect of GST-HuR on RNA deadenylation was not
observed (data not shown). These results are consistent with in
vivo data showing that HuR slows the decay of the mRNA
body without affecting deadenylation kinetics (55) and demon-
strate a specific and functional role for HuR in stabilizing
ARE""-containing RNA in vitro.
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FIG. 3. Recombinant HuR proteins stabilize ARE"?*-containing
RNAs in cell-free RNA decay assays. (A) Radiolabeled B-globin 3’
UTR (140 bp) with (glo-ARE) or without (glo) the ARE""* was added
to a reaction mixture containing 50 ng of HeLa S100 extract and 200
ng of GST or GST-HuR (see Materials and Methods). Reaction mix-
tures were incubated for the indicated times at 37°C before RNA was
extracted and resolved on a 7 M urea-5% acrylamide gel. Radiola-
beled ARE"PAR RNA was added after incubation as an internal con-
trol for the recovery of RNA during the extraction procedure. (B)
Quantitation of RNA decay signals. The B-globin-to-internal-control
ratio at time 0 was arbitrarily set to 100%, and the data shown repre-
sent the means and standard errors from two independent experi-
ments.
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Overexpression of HuR stabilizes ARE-containing mRNAs
in vivo. We next asked whether the stabilizing effect of HuR on
ARE"PA-RNA in vitro reflected its physiological role in the
cell. Overexpression of HA-HuR in HeLa Tet-off cells could
be achieved with high efficiency (Fig. 4A). This overexpression
represents approximately 2.5 times the level of endogenous
HuR as estimated from Western blotting (data not shown).
The decay rate of B-globin~ARE"F* mRNA in these cells was
significantly reduced by overexpression of HA-HuR; the ¢,
increased from 1.8 to 3.2 h (Fig. 4B). We have previously
shown that B-globin~-AARE""* mRNA containing the entire
3" UTR of uPA mRNA except the ARE is also unstable (49).
Interestingly, the decay of this mRNA was not affected by the
overexpression of HA-HuR (#,,, = 1.2 h in both vector- and
HuR-transfected cells), suggesting that the mRNA-stabilizing
effect of HuR is dependent on the presence of the ARE"F4
(Fig. 4B). The HeLa Tet-off cells used in this work express
detectable levels of endogenous uPA and uPAR mRNAs,
which have a ¢, of 1.5 and 1.9 h, respectively. Similar to the
effect on chimeric B-globin~ARE"** mRNA, HuR overex-
pression increased the stability of endogenous uPA and uPAR
mRNAs approximately 2-fold and 2.5-fold (¢, , increased from
1.5 to 3.2 h and from 1.9 to 5 h), respectively (Fig. 4C). The
greater stabilizing effect of HuR on uPAR mRNA than on
uPA mRNA correlates with the high-affinity interaction be-
tween ARE“FAR and HuR in vitro, compared with the inter-
action between ARE“P* and HuR (Fig. 2B). HuR overexpres-
sion also increased the stability of otherwise unstable uPA
mRNA in MCF-10A cells, a cell line derived from normal
breast tissue (data not shown). These results indicate that the
AREs from uPA and uPAR mRNAs are functional targets of
HuR in vivo.

Depletion of HuR by RNA interference reduces steady-state
levels of uPA and uPAR mRNAs. The breast cancer cell lines
BT-549 and MDA-MB-231 express significant levels of uPA
and uPAR mRNAs, which also exhibit unusually high stability
(50; Tran, unpublished data). From the results of overexpres-

FIG. 4. Overexpression of HuR in HeLa Tet-off cells stabilizes
B-globin-ARE"PA reporter mRNA and endogenous uPA and uPAR
mRNAs. (A) Hela Tet-off-B-globin~ARE"** cells were transfected
without (—) or with 2 pg of pcDNA-HA (vector) or pcDNA-HA-HuR
(HA-HuR) for 24 h before being lysed and checked for the expression
of HA-tagged HuR by Western blotting using anti-HA and anti-p-
tubulin (loading control) antibodies. (B) Total RNA from HeLa Tet-
off-B-globin~ARE""* or HeLa Tet-off-B-globin-AARE"F* cells trans-
fected as described in panel A were isolated at the times indicated after
addition of 1 pg of doxycycline (Dox) per ml and resolved on a 1%
formaldehyde—agarose gel. Specific mRNA signals were produced and
analyzed as described in Materials and Methods and plotted on a
logarithmic scale (lower panel). The B-globin-to-GAPDH ratio at time
0 h was arbitrarily adjusted to 100%, and the graphic data shown
represent the means and standard errors from three independent ex-
periments. (C) Total RNA from HeLa Tet-off-B-globin~ARE"" cells
transfected as described in panel A were isolated at the times indicated
after the addition of 20 pg of DRB per ml and subjected to Northern
blot analysis. The same blot was sequentially hybridized with human uPA,
uPAR, and GAPDH random primer-labeled cDNA probes. The lower
panel shows quantitation and graphic representation of uPA and uPAR
mRNA decay. The uPA-to-GAPDH or uPAR-to-GAPDH ratio at time
0 h was arbitrarily adjusted to 100%, and the data shown represent the
means and standard errors from two independent experiments.
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MDA-MB-231 cells. (A) Cells were transfected for 48 h with buffer
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extracts were subjected to Western blotting using anti-HuR and anti-
B-tubulin antibodies (westerns). Total RNA extracted from the same
cells was subjected to Northern blot analysis. The same blot was se-
quentially hybridized with human uPA, uPAR, and GAPDH random
primer-labeled DNA probes (northerns). (B) Quantitation of the North-
ern blot mRNA signals described in panel A. The data shown represent
the means and standard errors from two independent experiments.

HuR Luc

sion experiments, it was argued that reducing HuR levels in
these cells would exhibit effects opposite to those on uPA and
uPAR mRNA levels and their stability. To reduce the level of
HuR protein, these cells were transfected with an siRNA spe-
cific to HuR (siHuR) mRNA. At 48 h after transfection, cells
were collected for protein and RNA analysis. HuR protein
levels were reduced significantly in BT-549 cells and to a lesser
extent in MDA-MB-231 cells (Fig. 5A, western blots). The
steady-state levels of uPA and uPAR mRNAs were strongly
downregulated in siHuR-transfected cells compared with those
in buffer-treated cells or cells transfected with an siRNA spe-
cific to luciferase mRNA (Fig. 5A, Northern blots). Quantita-
tion of these results show an approximate fivefold reduction in
the levels of uPA and uPAR mRNA in BT-549 cells, as well as
a twofold reduction in uPA mRNA levels and a greater than
fivefold reduction in uPAR mRNA levels in MDA-MB-231
cells transfected with siRNA against HuR (Fig. 5B). Although
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mRNA levels were affected, a change in uPA and uPAR
mRNA stability as measured by a transcription inhibition
chase with DRB was not detected (data not shown; see Dis-
cussion).

MK2 acts downstream of p38 MAP Kkinase to stabilize ARE-
containing mRNAs. Previously, we showed the involvement
of the p38 MAP kinase pathway in stabilizing uPA and
uPAR mRNAs through a mechanism engaging the ARE in
MDA-MB-231 breast cancer cells (46). Because MK2 is a
downstream target of p38 MAP kinase, its involvement in
ARE""*-mediated mRNA stabilization was considered possi-
ble. MK2-EE (a constitutively active MK2) or MK2-K76R (a
dominant negative MK2) was overexpressed by transient trans-
fection in HeLa Tet-off cells stably expressing B-globin—
ARE"P* (Fig. 6A). The stability of B-globin~ARE"F* mRNA
in MK2-EE-transfected cells was increased approximately two-
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FIG. 6. Overexpression of constitutively active MK2 stabilizes the
B-globin-ARE"P* reporter mRNA, which is not affected by p38 MAP
kinase inhibition, and endogenous uPA and uPAR mRNAs. (A) HeLa
Tet-off-B-globin~ARE"F* cells were transfected with 2 pg of pcDNA3
(vector) or pcDNA3-MK2-EE (MK2-EE) or cotransfected with 2 pg
each of pcDNA3-MK2-EE and pcDNA3-MK2-K76R (MK2-K76R)
for 24 h and then treated with 1 pg of doxycycline (Dox) per ml for the
times indicated, and total RNA was prepared. Northern blot analysis
was performed to detect specific B-globin (Bglo) and GAPDH mRNA
signals. The data shown are representative of three independent ex-
periments. (B) HeLa Tet-off-B-globin~ARE"" cells were transfected
with 2 pg of pcDNA3 (vector) or pcDNA3-MK2-EE (MK2-EE) for
24 h, treated with 10 pM of SB203580 for 1 h or left untreated (—), and
then treated with 1 pg of doxycycline per ml for the times indicated,
and total RNA was prepared. Northern blots were sequentially probed
to detect B-globin and GAPDH mRNA signals. The data shown are
representative of two independent experiments. (C) HeLa Tet-off—3-
globin~ARE"" cells were transfected with the vectors described in
panel A or left untreated (—), and total RNA was isolated at the times
indicated after the addition of 20 pg of DRB per ml and subjected to
Northern blot analysis. The same blot was sequentially hybridized with
human uPA, uPAR, and GAPDH random primer-labeled DNA probes.
The data shown are representative of two independent experiments.
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fold (t,,, = 3 h) compared to that in vector-transfected cells
(t,» = 1.5 h), but this stabilizing effect was abrogated when the
cells were cotransfected with a vector expressing MK2-K76R
(t,» ~ 1.2 h) (Fig. 6A). A specific inhibitor of p38 MAP kinase,
SB203580, which strongly destabilizes ARE-mRNAs in MDA-
MB-231 cells (46) and in HeLa Tet-off cells transfected with
empty vector (¢,, decreased from 1.5 h [untreated] to 0.5 h
[SB203580 treated]) (Fig. 6B), did not inhibit MK2-EE-medi-
ated mRNA stabilization (¢,, ~ 3 h in MK2-EE-transfected
cells, independent of treatment with SB203580). This suggests
that MK2-EE acts downstream of p38 MAP kinase. Similarly,
overexpression of MK2-EE stabilized endogenous uPA and
uPAR mRNAs approximately twofold (Fig. 6C). Coexpression
of the dominant negative form of MK2 interfered with the
stabilizing effect of MK2-EE on uPA and uPAR mRNAs (Fig.
6C). Taken together, these results indicate that p38 MAP ki-
nase pathway-mediated stabilization of uPA and uPAR
mRNA involves MK2 by a mechanism acting through the
ARE"" and possibly the ARE"PAR,

Overexpression of constitutively active MK2 induces cyto-
plasmic accumulation of HuR. It has been observed that the
predominantly nuclear HuR translocates to the cytoplasm un-
der various conditions that stabilize ARE-containing mRNAs
(66). We have also observed that globin-ARE"F* reporter
mRNA is unstable in HeLa cells, in contrast to its high stability
in MDA-MB-231 cells (46). In addition, the steady-state levels
and stabilities of uPA and uPAR mRNAs are high in MDA-
MB-231 cells and can be downregulated by the inhibition of
p38 MAP kinase (46). To see whether there is a positive cor-
relation between cytoplasmic localization of HuR and the sta-
bility of ARE-containing mRNAs, we examined the subcellular
localization of HuR in HeLa and MDA-MB-231 cells. As
shown in the Western blot in Fig. 7A, HuR could be detected
in the cytoplasmic fractions of MDA-MB-231 cells but not of
HeLa cells, although the protein was present in the nuclear
fractions of both cell lines to a similar extent. This could sug-
gest that a positive correlation exists between the cytoplasmic
localization of HuR and the stabilities of uPA, uPAR, and
B-globin reporter mRNAs in these cells. In this experiment,
the quality of cell fractionation was confirmed by staining the
same blot with antibodies against cyclin A (nuclear) and B-tu-
bulin (cytoplasmic) (Fig. 7A). Next we asked whether the
MK2-EE-dependent stabilization of uPA, uPAR, and B-glo-
bin-ARE"P* reporter mRNAs shown in Fig. 6 could be asso-
ciated with changes in the cytoplasmic translocation of HuR.
HeLa cells were transfected with an expression vector encod-
ing constitutively active MK2 (MK2-EE) or empty vector, and
the subcellular distribution of HuR was analyzed (Fig. 7B).
HuR was not detectable in the cytoplasm of empty vector-
transfected cells. When cells were transfected with MK2-EE,
the level of HuR in the cytoplasm increased dramatically,
whereas cotransfection with dominant negative MK2-K76R
abrogated such a change. The same membrane was probed
with antibodies against hnRNP C (nuclear) or B-tubulin (cy-
toplasmic) to confirm the quality of cell fractionation and to
argue against a possible cross-contamination between nuclear
and cytoplasmic fractions during the extraction procedure.
These results were further confirmed by immunofluorescence
studies. In cells transfected with the empty vector, HuR was
visible only in the nucleus (Fig. 7C, anti-HuR/vector). In MK2-
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EE-overexpressing cells, although HuR was still localized pre-
dominantly in the nucleus, it was now also detectable in the
cytoplasm of 35% of the cells (Fig. 7C, anti-HuR/MK2-EE and
graph). This number may reflect the efficiency of DNA trans-
fection. MK2-EE overexpression did not affect the distribution
of the nuclear protein hnRNP C (Fig. 7D, anti-hnRNP C/vec-
tor and anti-hnRNP C/MK2-EE). These results demonstrate a
clear correlation between MK2 activation and the redistribu-
tion of HuR to the cytoplasm.

Increased binding of cytoplasmic HuR to the ARE""* and
stabilization of B-globin-ARE"** mRNA by oxidative stress
require MK2. To demonstrate a physiological role for MK2 in
the elevation of cytoplasmic HuR, we subjected cells to oxida-
tive stress using hydrogen peroxide (H,O,), which is known to
redistribute a significant fraction of cellular HuR to the cyto-
plasm (66). To test whether H,O, can activate MK2, total
MK?2 was immunoprecipitated from HeLa Tet-off cells that
had been serum starved for 4 h and then treated with H,O, for
0.5, 1, 2, and 3 h. Using a phosphospecific MK2 antibody, we
observed that MK2 was phosphorylated after 0.5 h and that
levels of MK2 phosphorylation increased linearly up to 3 h
(Fig. 8A). In subsequent experiments, we used cells treated
with H,O, for 2 h or left untreated. The cells were fractionated
into nuclear and cytoplasmic fractions and analyzed by West-
ern blotting. Whereas cytoplasmic HuR was barely detected in
control (transfected with empty vector) untreated cells, H,O,-
stimulated cells displayed enhanced cytoplasmic accumulation
of HuR (Fig. 8B). Importantly, this effect was not observed
when H,O, was added to cells expressing dominant-negative
MK2-K76R (K76R) or cells pretreated with rottlerin, an ef-
fective and specific chemical inhibitor of both MK2 and PRAK
(12). We asked if the elevated levels of cytoplasmic HuR in
H,O,-treated cells corresponded to increased binding of HuR
to the ARE"P”, Nuclear and cytoplasmic lysates prepared
from cells treated as above were incubated with radiolabeled
ARE"FA, UV cross-linked, digested with RNases A and T},
and immunoprecipitated with monoclonal antibodies against
HuR. Cross-linked RNA-protein complexes were resolved by
SDS-PAGE and analyzed by autoradiography. As expected, we
found increased binding of HuR (PhosphorImager signal cor-
responding to a ca. 36-kDa band) to the ARE“F* by using cy-
toplasmic lysates from H,O,-treated cells but not lysates from
untreated cells or cells preincubated with rottlerin or trans-
fected with MK2-K76R (Fig. 8C, upper panel). Coomassie
blue staining of the SDS-polyacrylamide gel showed equivalent
loading both for the 5% inputs and the immunoprecipitates
(Fig. 8C, Coomassie). Finally, the stability of B-globin~ARE""*
mRNA in H,O,-treated cells was examined. The half-life of
B-globin—~ARE""* mRNA in untreated cells was ca. 1.8 h (Fig.
8D and E, vector, —). In contrast, the half-life of B-globin—
ARE"P* mRNA in H,O,-treated cells increased twofold to ca.
4 h (Fig. 8D and E, vector, H,0,). However, H,O, treat-
ment in cells expressing MK2-K76R did not affect the half-
life of B-globin~ARE"** mRNA (Fig. 8D and E, K76R,
H,0,). These results suggest that enhanced cytoplasmic ac-
cumulation of HuR and stabilization of ARE"F*-containing
mRNAs in response to oxidative stress require the activity of
MK2.



7184 TRAN ET AL.

A HelLa MDA
N C N C

- - = HuR
w—— cyclin A
B e | 3-tubulin

antl-HuR DAPI

D

anti-hnRNP C DAPI

10J99A

33N

JOJO9A

EEWA/ )|

MoL. CELL. BIOL.

B MKi—EE

vec MK2-EE MK2-K76R
N C N C N C

— - - HuR
— ——— — hnRNP C
& W @ | p-tubulin

< 100
D

£ 80-
=

© 4
2 60
E 40
I

£ 20-
3

3 0 N G N C
(&)

\-—v—-l H—l
vector MK2-EE

FIG. 7. Overexpression of constitutively active MK2 induces cytoplasmic accumulation of HuR. (A) Subcellular localization of HuR in HeLa
and MDA-MB-231 cells. Nuclear (N) or cytoplasmic (C) extracts were subjected to Western blotting, and the same blot was sequentially stained
with antibodies against HuR, cyclin A, and B-tubulin. (B) Subcellular fractionation of HeLa Tet-off cells transfected as described in the legend to
Fig. 6A. Western blotting was performed as described in panel A, except that antibodies against HuR, hnRNP C, and B-tubulin were used. vec,
vector. (C) Indirect immunofluorescence in HeLa Tet-off-B-globin-ARE"P* cells grown on coverslips and transfected with 2 pg of pcDNA3
(vector) or pcDNA3-MK2-EE (MK2-EE) for 24 h. The cells were fixed, permeabilized, and stained using antibodies against HuR or hnRNP C

and Alexa*®®

-conjugated anti-mouse goat secondary antibodies. They were also treated with DAPI to visualize nuclei. Quantitation of HuR signals

from the cytoplasm or nucleus of transfected cells is shown on the right. Fifteen random fields were chosen through the microscope, and fluorescent
signals were assessed in 150 cells for each transfection condition. Data shown represent the means from two independent experiments; the error
bar indicates the standard error of the mean. (D) All cells transfected as in panel C and stained with hnRNP C antibodies show only nuclear signals.

DISCUSSION

In the present study, we have identified two proteins, HuR
and MK?2, involved in the regulation of uPA and uPAR mRNA
stability. We found that HuR bound directly to the AREs of
uPA and uPAR mRNAs and selectively stabilized RNA con-
taining these AREs in vitro and in vivo. The degree of ARE

mRNA stabilization by overexpression of HuR in our experi-
ments (2- to 2.5-fold) is in good agreement with previous
results (13, 20, 55) from experiments with different AREs and
mammalian cell lines. This suggests a common mechanism by
which HuR binds and stabilizes ARE-containing mRNAs. Our
results are also consistent with the results of the previous
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serum starved for 4 h before addition of H,O,. Western blotting was performed with a polyclonal antibody recognizing the phosphorylated Thr
334 of MK2. IP, immunoprecipitation; IB, immunoblotting. (B) HeLa Tet-off cells were transfected with pcDNA3 (vec) or pcDNA3-MK2-K76R
(K76R) for 24 h, serum starved for 4 h, treated with 20 uM rottlerin (Rott) for 1 h or left untreated, and then treated with 200 M H,O, for 2 h.
Preparation of nuclear (N) and cytoplasmic (C) lysates followed immediately after the treatments. WCE, whole-cell extract. Western blotting was
performed with antibodies against HuR, cyclin A, and B-tubulin. (C) Cell lysates prepared from cells treated as described in panel B were incubated
with radiolabeled ARE""* RNA, UV cross-linked (except for those in lanes 2 and 13), treated with RNases A and T,, and immunoprecipitated
with anti-HuR antibodies (except those in lanes 3 and 14). Cross-linked RNA-protein complexes were resolved by SDS-PAGE and analyzed by
autoradiography (upper panel). The most intense signal corresponded to a band migrating at ca. 36 kDa, indicated by an arrow and labeled HuR.
Before autoradiographic exposure, the gel was stained with Coomassie brilliant blue to assess the equivalence of inputs and anti-HuR immuno-
precipitates (lower panel). Data shown in panels A to C are representative of two independent experiments. Ig., immunoglobulin. (D) HeLa
Tet-off-B-globin~ARE"P* cells were transfected with 2 ug of pcDNA3 (vector) or 2 pg of pcDNA3-MK2-K76R (MK2-K76R) for 24 h. The cells
were left untreated (—) or treated with 200 uM H,O, for 2 h before the addition of 1 pg of doxycycline (Dox) per ml for the times indicated, and
total RNA was prepared. Northern blot analysis was performed to detect specific B-globin and GAPDH mRNA signals. (E) Quantitation of the
Northern blot mRNA signals described in panel D. Data shown represent the means and standard errors from three independent experiments.

report that described a role for MK2 as the main downstream
substrate and effector of p38 MAP kinase in stabilizing uPA
mRNA by a mechanism targeting the ARE""* (28). Impor-
tantly, we demonstrated here a novel link between the activa-
tion of MK2 and the increased cytoplasmic accumulation of
HuR.

Contrary to previous reports which showed that depletion of
HuR levels led to a decrease in p21, cyclin A, and cyclin Bl

mRNA stability (64, 66), we did not observe such effects on
uPA and uPAR mRNA stability. However, we did observe a
decrease in steady-state levels of uPA and uPAR mRNAs after
HuR depletion (Fig. 5). A decrease in the steady-state levels of
p21, cyclin A, and cyclin Bl mRNAs was also observed in
HuR-depleted cells (64, 66). The differences between our ob-
servation and that of others with respect to the effect of HuR
depletion on mRNA destabilization may lie in the method
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used for HuR depletion and/or the cell lines used, i.e., gener-
ation of human colorectal carcinoma (RKO) cell lines consti-
tutively expressing antisense HuR (64, 66) versus transfection
of siRNAs targeting HuR in breast cancer cell lines (Fig. 5). A
simpler explanation for our results is that HuR affects the
processing or export of uPA and uPAR pre-mRNAs; there-
fore, its depletion caused the observed reduction in steady-
state levels of uPA and uPAR mRNAs (Fig. 5) or, indeed, p21
and cyclin A/B1 mRNAs (64, 66). Furthermore, we cannot rule
out the possibility that the remaining HuR in our siHuR-
treated cells (ca. 20 to 30%) is sufficient to exert normal reg-
ulation on the stabilities of the reduced levels of uPA and
uPAR mRNAs in these cells. Further experiments are needed
to solve this issue.

Stabilization of ARE-containing mRNA by various stimuli
that activate stress-signaling pathways has been demonstrated
(2, 26, 40, 42, 45) and, on at least one occasion, was suggested
to be linked to the enhanced cytoplasmic localization of HuR
(66). We have provided evidence to support this idea by using
the constitutively active, stress-inducible kinase MK2. We
showed that HuR indeed accumulates in the cytoplasm, in
conjunction with an increase in the stability of ARE-containing
mRNAs, when cells transiently overexpress constitutively ac-
tive MK2 (Fig. 6 and 7) or when cells are subjected to oxidative
stress, which is known to activate p38 MAP kinase (47) and to
cause the phosphorylation and likely activation of MK2 (Fig.
8). Similarly, conditions of hypoxic stress are known to stabilize
ARE mRNAs (40) and to activate MK2 (32). How does acti-
vation of MK2 induce the cytoplasmic accumulation of HuR?
Direct cellular targets of MK2 include hsp27 (39) and hnRNP
A0 (57). Both these proteins have been implicated in MK2-
regulated ARE mRNA stabilization (39, 57). If and how they
may be involved in increasing the cytoplasmic concentration of
HuR is at present unclear. However, it is unlikely that HuR is
a direct cellular substrate of MK2 because (i) extensive analysis
of macrophage AUBPs revealed only two major phosphory-
lated substrates of MK2, hnRNP A0 and RBM7 (57), and (ii)
phosphorylated forms of HuR have not been found despite
some effort in looking for them (8).

The mechanisms that regulate the localization or function of
HuR are not fully understood, but recent studies have pro-
vided some important clues. It was shown that HuR associates
with four proteins in vivo, three of which (SET«, SETB, and
pp32) are inhibitors of protein phosphatase 2A (8). These four
proteins (including APRIL) interact with RRM3 and the hinge
region of HuR, domains that are important for the ability of
HuR to shuttle between the nucleus and cytoplasm (19). In-
terestingly, APRIL and pp32 are known phosphoproteins (61,
62). This is consistent with accumulating evidence that the
nuclear-cytoplasmic localization of HuR is modulated by signal
transduction pathways. For example, AMP-activated protein
kinase (AMPK), a metabolic stress sensor, was shown to re-
duce the cytoplasmic levels of HuR (65). However, stimulation
of glucose transport by AMP-activated protein kinase is medi-
ated through its activation of p38 MAP kinase (70). These two
independent observations are conflicting if, according to our
model, the p38 MAP kinase pathway is involved in the positive
regulation of cytoplasmic HuR. However, they raise the pos-
sibility that activation of p38 MAP kinase is not solely respon-
sible for the translocation of HuR to the cytoplasm. Presum-
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ably, the activation of MK2 may be sufficient, based on
speculation that it can target some ARE-binding proteins (36).
Our results partly support this hypothesis because inhibition of
p38 MAP kinase did not interfere with MK2-EE-induced
ARE-mRNA stabilization (Fig. 6B). This also suggests that the
specificity of p38 MAP kinase-mediated ARE"F*-mRNA sta-
bilization reported earlier (46) is carried out by its downstream
effector, MK2. Another possibility is that the extracellular cues
that lead to AMPK-mediated activation of p38 MAP kinase do
not impinge on the function of these kinases in the regulation
of cytoplasmic HuR. Recently, it was reported that HuR is
posttranslationally modified by methylation on arginine resi-
dues residing within the hinge region (41). Interestingly, HuR
methylation is increased in lipopolysaccharide-stimulated mac-
rophages leading to HuR-mediated stabilization of tumor ne-
crosis factor alpha mRNA (41). It is not yet clear whether this
modification can modulate the interaction of HuR with its
ligands, thus affecting its nucleocytoplasmic shuttling. What-
ever the mechanism, this result points to the possibility that
methylation and not phosphorylation of HuR may be the key
regulatory modification important for its cellular localization
(41). In this context, the kinase activity of MK2 may regulate
the activity of the protein-arginine methyltransferase CARMI,
which methylates HuR (41).

Two HuR ligands, APRIL and pp32, participate in the nu-
clear export of HuR mediated by the mammalian export re-
ceptor CRM1 specifically during heat shock (23). One major
response of cells to heat shock is the activation of stress-
signaling pathways, the most prominent of which is the p38
MAP kinase pathway (see reference 15 for a review). However,
on heat shock, HuR dissociates from cytoplasmic poly(A)™
RNA and associates with nuclear poly(A)* RNA, and a frac-
tion of it accumulates in discrete cytoplasmic foci (24). It was
postulated that increased association of HuR to nuclear
poly(A)" RNA was sufficient to produce the observed stabi-
lizing effect on ARE-mRNAs during this specific stress condi-
tion (24). Our findings show that the distribution of HuR in the
cytoplasm on transfection of constitutively active MK2 appears
to be uniform (Fig. 7C). Clearly, the effect of activated MK2 on
the cellular location of HuR after heat shock, if any, is occur-
ring through an alternative mechanism. One model for HuR
function suggests that HuR associates with ARE mRNAs in
the nucleus and during nuclear export to protect these mRNAs
from nuclear decay. This protection continues in the cyto-
plasm, and once the mRNAs have been translated, HuR is
recycled back to the nucleus to carry out another round of
ARE-binding protection (33). This model, which would pre-
sumably apply under normal cellular conditions or under a
variety of different stimuli, but not heat shock, is more in line
with our findings.

NF90 is a double-stranded RNA-binding protein that was
recently described as a novel AUBP (60), and we have ob-
served an RNA-dependent interaction between NF90, also
known as NFAR1 (58), and HuR (unpublished data). The
export of NF90 from the nucleus of activated T cells was shown
to be required for the stabilization of ARE-containing IL-2
mRNA (60). Furthermore, ARE mRNA stabilization during
amino acid starvation correlated with an increase in the cyto-
plasmic concentration of HuR (71). Notably, heat shock and
other cellular stresses can cause phosphorylation-dependent
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nuclear coexport of MK2 and p38 MAP kinase, suggesting
their role in the phosphorylation of cytoplasmic substrates (4,
16, 17). The data we have presented here indicate that the
kinase activity of MK2 is important for the nuclear export of
HuR. Just how MK2 can influence this event and whether it is
coexported with HuR (directly or indirectly) or can modulate
the function of HuR in the cytoplasm will be the focus of future
studies. Taken together, these results support the idea that stabi-
lization of labile ARE mRNAs in the cell requires the nuclear
export of several proteins, including HuR and possibly MK2.

Stabilization of some ARE-containing mRNAs has been
found previously in certain tumors (29, 48). Some of our ob-
servations have led us to propose that the altered distribution
of HuR, and possibly other proteins, contributes to (or is
important for) neoplastic transformation. HuR is abundant in
the cytoplasm of a highly metastatic breast cancer cell line,
MDA-MB-231 (Fig. 7A), and we have shown that constitu-
tively active p38 MAP kinase levels are high in these cells,
which coincidentally express an extremely stable uPA mRNA
(46). This observation provides a plausible scenario in which
the activated p38 MAP kinase pathway leads to elevated levels
of cytoplasmic HuR, which carries out its role in sustaining the
stability of uPA, uPAR, and other ARE-containing mRNAs in
MDA-MB-231 cells. We suggest that this model is a phenom-
enon relevant to many other metastatic cancer cells. In light of
the present finding that MK2 and HuR act downstream of p38
MAP kinase in the regulation of uPA and uPAR mRNA decay,
we postulate that inhibition or expression of dominant negative
forms of MK2 and HuR in MDA-MB-231 cells would affect
mRNA decay and cell invasiveness in a similar manner to p38
MAP kinase inhibition (46). Indeed, our preliminary, unpub-
lished observations using rottlerin (12), which effectively inhib-
its both MK2 and PRAK, a p38-regulated/activated protein
kinase (52), caused a significant decrease in the stability of
uPA mRNA in MDA-MB-231 cells, similar to the decreased
stability exerted by inhibition of p38 MAP kinase using
SB203580 (46). A distinct role for MK2 in cell migration was
recently described (38). Together with the data presented here
and knowledge of the established roles for the uPA-uPAR
system in cell adhesion and migration, we suggest an exciting
link between MK2 and the uPA-uPAR system in the regulation
of this essential cellular process.

In summary, the AREs of uPA and uPAR mRNAs have
been identified as new targets of the mRNA-stabilizing protein
HuR. We also showed that MK2 acts downstream of p38 MAP
kinase to specify stress-related, ARE mRNA-stabilizing sig-
nals, and we have linked activation of MK2 to the cytoplasmic
accumulation of HuR. It remains to be seen mechanistically
how stress-induced signals can cause the increased shuttling of
HuR (or other proteins) from the nucleus to cytoplasm to af-
fect the stability of labile ARE-containing mRNAs. This knowl-
edge is required to understand how changes in mRNA stability
could perpetuate or maintain certain pathological conditions.
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