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Calcium-Induced Stabilization of
AU-Rich Short-Lived mRNAs Is a
Common Default Response
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Department of Biochemistry and Microbiology, Kaplan Cancer Center, NYU Medical School,
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The AU-rich element (AUUUA),, found in the 3’ noncoding region of many short-lived cytokine and proto-
oncogene mRNAs, is sufficient to specifically target these mRNAs for rapid degradation in mammalian cells.
The mechanism by which the AU-rich element promotes rapid mRNA decay is not known. Previous studies
have shown that release of intracellular stored calcium by ionophore treatment of thymocytes and mast cells
inhibits the rapid turnover of AU-rich interleukin mRNAs. Increased cytoplasmic half-life of interleukin mRNAs
was linked to calcium-induced activation of the N-terminal c-Jun kinase. In this report we have characterized
the calcium-induced stabilization of AU-rich mRNAs. We show that calcium induces stabilization of mRNAs
with canonical AU-rich elements in all cell types tested. These results indicate that short-lived mRNA stabiliza-
tion by calcium is not unique to immune cells nor interleukin mRNAs, but is a widespread default response that
includes generic AU-rich mRNAs. Stabilization is shown to be rapid but transient, and to act without altering
nuclear transcription or cytoplasmic translation rates. These data support the view that calcium release likely
stabilizes short-lived mRNAs by altering trans-acting decay factors that promote AU-rich mRNA turnover.
Short-lived mRNAs

Calcium-induced stabilization AU-rich element

SHORT-LIVED proto-oncogene and cytokine also differentially regulated. In several murine mono-

mRNAs typically possess an AU-rich element (ARE)
in the 3" noncoding region (3’NCR) of the mRNA
(7), consisting of several closely spaced copies of the
pentanucleotide sequence AUUUA. Five contiguous
AUUUA copies in the 3'NCR of granulocyte macro-
phage-colony stimulating factor (GM-CSF) mRNA
are sufficient for rapid cytoplasmic degradation (38).
Chimeric, experimental mRNAs containing the GM-
CSF ARE are also rapidly degraded compared to
mRNAs containing a control element in which G and
C residues are interspersed in the ARE. The minimal
ARE core element of cytokine mRNAs has been es-
tablished as UUAUUUA(U/A)U/A) (24,46), al-
though proto-oncogene mRNAs utilize other ele-
ments in addition to the ARE [(8), reviewed in
(9,10)]. Proto-oncogene and cytokine mRNAs are

cyte-macrophage tumors obtained by random retrovi-
ral insertion, c-fos mRNAs were rapidly degraded
whereas GM-CSF mRNAs were stabilized, possibly
due to inactivation of trans-acting factors (36). Cells
that have lost the ability to degrade cytokine mRNAs
are generally more transformed, implicating the deg-
radation machinery as antioncogenic [e.g., (3,36)].
The mechanisms by which proto-oncogene and
cytokine AREs target an mRNA for selective degra-
dation are not well described, but include sequence-
specific trans-acting binding proteins. There are more
than 12 different proteins that have been identified as
AU-rich sequence binding proteins (AUBPs) by in
vitro UV cross-linking to labeled AUUUA sequences
[reviewed in (21)]. Some of the AUBPs are classic
components of mRNP complexes that participate in
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splicing, transport, or translation of mRNAs, but sev-
eral might stabilize or promote ARE mRNA turnover.
Of the various AUBPs, two appear to be involved in
regulating ARE mRNA turnover. Two members of
the elav family of proteins, shown to bind to ARE
and U-rich sequences in vitro, are the HuR protein
(27,30,31) and Hel-N1 (2). HuR is identical to the
nuclear AUBP of Vakalopoulou et al. (42). Binding
of HuR and Hel-N1 to AU-rich sequences is now
known to correlate with stabilization of an ARE
mRNA (14,22). Stabilization of ARE mRNAs was
also reported for a complex of three proteins (MW
3045 kDa) that cross-link in vitro to AUUUA se-
quences (16,28). One family of related AUBPs,
known as AUF1 or hnRNP D proteins, has been
strongly implicated as decay-promoting factors in the
control of ARE mRNA stability. AUF1 was identi-
fied biochemically in cytoplasmic extracts by Brewer
as an (AUUUA),-specific destabilizing complex of
proteins that are polysome enriched (5), based on
photo-UV cross-linking and cell-free decay extracts.
A number of reports support the conclusion that
AUF1 is a pivotal destabilizing complex of proteins
that promotes ARE mRNA decay. The AUF1 gene is
encoded by two loci located to human chromosome
4q21-23 and Xql2 (44). AUF1 consists of four iso-
form proteins derived by alternative splicing of a sin-
gle mRNA to produce a p37, p40, p42, and p45 pro-
tein (23,44). All four proteins share a common 200-
amino acid core region that contains two nonidentical
RNA recognition motifs (RRMs). The alternate forms
of AUF! contain a 19-amino acid N-terminal inser-
tion and/or a 49 amino acid C-terminal insertion (23,
44). The insertions are adjacent to the RRMs and
might alter the specificity and binding strength of the
different AUF1 isoforms for. ARE sequences (23).
Several lines of evidence support the conclusion that
AUF1 proteins promote ARE mRNA decay. (i)
Adherence of monocytes correlates with p37
AUF1 phosphorylation, decreased binding in vitro to
(AUUUA), elements, and stabilization of ARE
mRNAs (39). (ii) Cell lines and tissues with reduced
expression of p37 and p40 AUFI proteins only
slowly degrade ARE mRNAs compared to cell lines
that express higher levels (6,33). (iii) The instability
of ARE mRNAs correlates with the strength of
p37/p40 AUF1 binding to AREs in vitro (13). Thus,
correlative data implicate members of the AUF1 fam-
ily of proteins in promoting mRNA decay, particu-
larly ARE-containing mRNAs.

Although cytokine mRNAs with ARE sequences
are rapidly degraded in most cells, their transient sta-
bilization has been induced in T cells and mast cells
by a variety of stimuli that influence calcium release
and protein kinase activities. Studies found stabiliza-
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tion of ARE-containing mRNAs upon treatment of
these cells with calcium ionophores, lipopolysaccha-
rides, or activators of immunoglobulin receptors [e.g.
(4,18-20,26,40,45)]. More recently, two groups have
shown that stabilization of IL-2 and IL.-3 mRNAs by
calcium release in T cells and mast cells involves
stimulation of the c-Jun-N-terminal protein kinase
(INK) signaling pathway (11,29).

The studies presented here were undertaken to de-
termine whether the calcium-induced stabilization of
cytokine ARE mRNAs is ubiquitous, or is restricted
to specialized immune cells and interleukin mRNAs.
In addition, evidence has been presented that activa-
tion of JNK signaling does not correlate tightly with
stabilization of the IL-3 mRNA in mast cells (29),
in that inhibition of calcium-dependent calcineurin,
which is not known to be activated by JNK, also
blocks IL-3 mRNA stabilization by calcium. These
data indicate that calcium-induced pathways other
than those involving JNK also play a role in stabiliza-
tion of IL-3 mRNA. Here we show that calcium in-
duces stabilization of a reporter mRNA containing
the GM-CSF ARE in different tissue culture cell
lines. Calcium-induced stabilization of the reporter
ARE mRNA is shown to reach maximal levels by 30
min of treatment, and to be of short duration, lasting
from 60 to 90 min. ARE mRNA stabilization does
not involve new transcription, in that there is no de-
tectable change in the transcription rate of the ARE
reporter mRNAs, and it occurs without significantly
altering mRNA translation. These results demonstrate
that the transient stabilization of ARE mRNAs
against decay by calcium release is a ubiquitous de-
fault response in most cells that includes canonical
AU-rich elements and likely involves the direct ac-
tion of signal transduction pathways on the decay ma-
chinery.

MATERIALS AND METHODS
Reagents

Calcium ionophore A23187 and actinomycin D
were obtained from Sigma Chemical Company. Acti-
nomycin D was used at 5 pg/ml to block transcrip-
tion. A23187 was used at 10 uM for the times indi-
cated.

Constructs

All constructs were derived from plasmids pLSAT
and pLSGC as shown in Fig. 1 and described pre-
viously (1,12). Plasmids contain the adenovirus (Ad)
major late promoter (MLP), tripartite leader 5 non-
coding region, and hepatitis B virus surface antigen
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(ATTTA)5 plasmid pLSAT
or

(ATTGC)5 plasmid pLSGC

(AUUUA),
LSAT mRNA

(AUUGC),
LSGC mRNA

FIG. 1. Schematic diagram of plasmids and encoded chimeric mMRNAs. mRNAs are transcribed from the adenovirus major late promoter
(Ad MLP), express the hepatitis B virus S-antigen open reading frame (S-Ag ORF), and contain a 3' noncoding region (3'NCR) with either
the GM-CSF AU-rich sequence (AUUUA)5or a control sequence (AUUGC)5.

(S-antigen) open reading frame (ORF). pLSAT con-
tains the GM-CSF ARE, p-globin 3'NCR, and the
SV40 splice-polyadenylation signal (38). pLSGC
contains a mutated ARE sequence in which G and C
residues have been interspersed (38), constructed into
the same genetic background as pLSAT.

Cell Culture and DNA Transfections

All cell lines were maintained in Dulbecco modi-
fied Eagle’s medium containing 10% supplemented
calf serum, 2 mM L-glutamine, and 100 Jig/ml genta-
micin. Transfection of 10-cm plates of cells was per-
formed in triplicate by the calcium phosphate precipi-
tation technique using 3 jig reporter plasmid and 1
pg of a plasmid expressing P-galactosidase as a con-
trol for transfection efficiencies. Cells were harvested
after 48 h and transfection efficiencies determined by
P-galactosidase assay.

Analysis of Protein and mRNA Levels

Levels of S-antigen protein synthesis were deter-
mined in cells labeled with [&]methionine. Labeling
of cells, preparation of extracts, immunoprecipitation
of S-antigen, SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), and fluorography were carried out as
described previously (1). S10 cytoplasmic extracts
were prepared by lysis of cells with 0.5% NP40 in
50 mM KC1, 0 mM Tris-HCI, pH 7.5, 1 mM EDTA,
clarified by centrifugation at 10,000 xg for 5 min at
4°C. RNAs were isolated from cytoplasmic extracts
by guanidine-HCI extraction followed by centrifuga-
tion through a CsClI cushion or by phenol-chloroform
extraction (12). Northern blot analysis was performed
using equal amounts of whole cytoplasmic RNA in
formaldehyde-agarose gels, transferred to Nytran

membrane, and hybridized to 3P-labeled probes pre-
pared from the S-antigen or GAPDH coding region
by the random primer method (15). Levels of
mRNAs were normalized to the amount of GADPH
mRNA present. Quantitation was obtained by laser
densitometry of autoradiographs.

Transcription Run-On Analysis in Isolated Nuclei

Nuclei were isolated from cells 48 h after transfec-
tion as described (43). Nuclei were incubated for 30
min at 33°C in a transcription cocktail containing the
following final concentrations: 50 mM Tris-HCI, pH
8.3, 5 mM MgCI2 20% glycerol, 5 mM DTT, 1 mM
each of ATP, CTP, GTP, and 1 |itM UTP, 2 |Lig/ml a-
amanitin to inhibit pol Il transcription, and 100 juG
of [a-3PJUTP at 800 Ci/mmol. Labeled nuclear
RNAs were extracted (17). Slot-blot filters for hy-
bridization were prepared by binding 10 |ig of dena-
tured plasmid DNA containing the S-antigen gene to
membrane. Prehybridization and hybridization using
labeled RNAs were carried out using standard condi-
tions. Slots were excised and quantitated by liquid
scintillation counting.

RESULTS

Stabilization of ARE mRNA Calcium lonophore
A23187 Is a Common Cellular Response

Studies were carried out to determine whether the
stabilization of IL-2 and IL-3 mRNAs by calcium re-
lease is unique to interleukin MRNASs in immune
cells, or is a general response of most cells for most
ARE mRNAs. Plasmids were previously constructed
(1) that express reporter mRNAS containing the hepa-
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titis B virus S-antigen open reading frame (ORF) and
a 3'NCR with the minimal GM-CSF ARE (plasmid
pLSAT; LSAT mRNA), or a GC-control sequence
(plasmid pLSGC; LSGC mRNA) as shown in Fig. 1.
HelLa cells (a human cervical carcinoma cell line),
CHO cells (Chinese hamster ovary cells), 293 cells
(human embryonic kidney cells), and Cos cells (mon-
key kidney cells) were used for analysis. Cells were
transfected with plasmids for 48 h, then duplicate
plates were treated with 10 |iM A23187 for 3 h, an
optimal concentration for release of calcium (20,40).
Northern analysis of total cytoplasmic RNA (Fig. 2)
demonstrated that the normally unstable and non-
abundant LSAT reporter mRNA became as abundant
as the stable LSGC mRNA in all cell lines tested,
after 3-h treatment with A23187.

It was next determined whether the increased
abundance of the normally short-lived LSAT mRNA
was a result of increased mRNA half-life. HeLa cells
were transfected with plasmids pLSGC or pLSAT for
48 h, treated for 3 h with calcium ionophore A23187,
followed by 5 jiM actinomycin D for the times shown
to block new transcription. Half-lives of mRNAs
were determined by Northern analysis of total cyto-
plasmic RNA and densitometry (Fig. 3). The LSAT
mRNA, which contains the GM-CSF ARE, normally
degrades with a half-life of —25 min in HeLa cells,
compared to —10 h for the stable LSGC control
mRNA. Treatment of cells with A23187 for 3 h prior
to transcription inhibition resulted in complete stabi-
lization of the LSAT mRNA. Identical results were
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obtained in the other cell lines tested (data not
shown). These results indicate that induced release of
calcium stabilizes mRNAs containing the GM-CSF
ARE against rapid decay, implicating it as a general
default mechanism common to most cells.

Calcium Stabilization of ARE mRNAs Is
Posttranscriptional, Cytoplasmic, and Unrelated to
mRNA Translation

A number of studies have shown that translation
of ARE-containing mRNAs can activate or facilitate
their rapid decay (1,12,34,35). Calcium release can
also impair translation elongation through calmodu-
lin-kinase 1l phosphorylation of elongation factor
eEF2, particularly in neuronal cells [reviewed in
(32)], which could block mRNA decay. Alterna-
tively, calcium release can also stimulate translation
initiation rates by promoting initiation factor elF2 ac-
tivation through dephosphorylation [reviewed in
(32)]. Thus, calcium can have either no effect on
translation or opposing effects, or it can stimulate or
inhibit protein synthesis in different systems, which
might account for the effects on ARE mRNA turn-
over. The effect, if any, of calcium on reporter ARE
mRNA translation was assessed by comparing the
level of reporter S-antigen protein levels for the nor-
mally long-lived LSGC mRNAs. As shown in Fig.
2, treatment of Hela cells with calcium ionophore
A23187 did not alter the abundance of the control
LSGC mRNA. Any effect of calcium release on

Northern Analysis

HelLa cells CHO cells
A23187 A23187
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FIG. 2. Northern mRNA steady-state analysis of LSAT and LSGC mRNAs in different cell lines. Cells were transfected with pLSGC or
PLSAT plasmids, total cytoplasmic RNA was isolated, and equal amounts resolved by Northern analysis. S-antigen mMRNA was hybridized
to IP-labeled probes prepared from an S-antigen DNA fragment. Duplicate plates of cells were treated with 10 pM A23187 for 3 h prior

to cell lysis.
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A ARE-mRNA half-life in HelLa cells

LSAT

S-antigen
MRNA

GAPDH
MRNA

LSGC LSAT+A23187

0 2 4 hrs

B mRNA decay kinetics

Hours of actinomycin D chase

FIG. 3. Half-life of LSAT and LSGC mRNAs in HelLa cells treated with A23187. Cells were transfected with pLSGC or pLSAT plasmids,
treated with 5 pM actinomycin D for the times indicated to block transcription. A23187 (10 pM) was added with actinomycin D to deplete
plates of LSAT mRNA for 3 h. (A) Total cytoplasmic RNA was isolated, equal amounts resolved by Northern analysis and hybridized to
3IP-labeled probes specific to the S-antigen or GAPDH coding region. Data were derived by averaging the densitometric plots of two
independent trials. (B) Data are plotted relative to the untreated control mRNA (time 0), which was set to 1.0 for normalization.

mRNA translation can therefore be readily detected.
As shown in Fig. 4, S-antigen reporter translation
rates were measured by labeling cells with [#S]meth-
ionine during 3-h calcium release in transfected HelLa
and Cos cells. S-antigen was immunoprecipitated and
resolved by SDS-PAGE and fluorography. A23187-
induced calcium release stimulated S-antigen protein
synthesis only very slightly, consistent with previous
reports showing some increase in translation initia-
tion rates. These results therefore exclude inhibition
of translation by calcium release as a mechanism for
ARE mRNA stabilization.

The effect of calcium release on S-antigen reporter
mRNA transcription rate was determined by measur-
ing precommitted transcription elongation rates in nu-
clei isolated from transfected HelLa cells. Table 1
presents the results of nuclear run-on analysis. There
was no significant difference in transcription rates of
LSAT or LSGC mRNAs from untreated or A23187-
treated cells. These results therefore demonstrate that
the increased cytoplasmic abundance of the GM-CSF
ARE containing mRNA is a result of increased cyto-

LSGC mRNA translation

A231S7
o]
mock O £ O $
S-antigen
gp27
p24

1 2 3 4 5

FIG. 4. Effect of calcium ionophore A23187 on translation rates
of reporter LSGC S-antigen mRNAs. Transfected HeLa and Cos
cells, with and without 3-h treatment with 10 pM A23187, were
labeled during treatment with 50 pCi of [#S]methionine per millili-
ter. Lysates were prepared and S-antigen immunoprecipitated from
equal protein amounts and resolved by SDS-PAGE as described
previously (1). S-antigen polypeptides consist of a 24-kDa species
and a 27-kDa glycosylated form, as indicated.
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TABLE 1
NUCLEAR TRANSCRIPTION RATES

Nuclear
Construct Treatment Transcription Rate
pLSGC none 1.0
pLSAT none 11
pLSGC A23187 12
pLSAT A23187 12

Transcription rates were measured by run-on analysis us-
ing isolated nuclei obtained from transfected cells, with or
without 3-h treatment of 10 pM A23187. Rates were calcu-
lated by comparing values from liquid scintillation counting
of slot-blot filter bands. Untreated pLSGC values were nor-
malized to 1.0 and rates expressed as the ratio of the indi-
cated sample to normalized LSGC.

plasmic stability, not from changes in nuclear tran-
scription or cytoplasmic translation rates.

Calcium Induces Rapid But Short-Lived
Stabilization of ARE mRNAs

The kinetics of MRNA stabilization during cal-
cium release or the duration of stabilization have not
been previously addressed. This is an important
consideration in that it has already been noted that
the profile of calcium-dependent JNK activation may
not coincide with that of IL-2 or IL-3 mRNA stabili-
zation in T cells or mast cells. Thus, although inhibi-
tion of the MEKK1-JNK pathway blocks the stabili-

A stahilization kinetics
rp LSAT + A23187
v* 0 5 2 3 hrs

S-antigen
mRNA

GAPDH
MRNA
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zation of IL-2 or IL-3 mRNAs during calcium
release, it is likely that factors other than JNK are at
play.

HeLa cells were transfected with pLSGC or
pLSAT plasmids, treated with 10 pM A23187 for the
times indicated, and steady-state S-antigen mMRNA
levels examined by Northern analysis (Fig. 5A).
Maximum inhibition of ARE mRNA decay was
achieved within 30 min of treatment with A23187,
with no change during 3 more hours of treatment.
Finer kinetic analysis revealed that treatment of cells
with A23187 for 15 min was not sufficient, and only
slightly stabilized the reporter ARE mRNA (unpub-
lished results). To determine the duration of stabiliza-
tion of the ARE mRNA, transfected HelLa cells were
treated with A23187 for 30 min, medium was
changed, and A23187 was chased for the times indi-
cated (Fig. 5B). By 90 min following initial treat-
ment, LSAT mRNA levels were reduced to that of
untreated controls. These data therefore indicate that
the calcium-induced stabilization of a reporter
mRNA containing the GM-CSF ARE is short-lived,
with a half-life of about 45 min.

Calcium-Induced Stabilization of ARE mRNAs Does
Not Require New Transcription

Calcium activation of JNK can either act indi-
rectly to stabilize ARE mRNAs by stimulating new
transcription, by generating the Jun component of the
Fos/Jun transcription factor AP-1, or by directly

B stabilization duration
LSAT
A23187 (30 min)
*

V>0 0 60 90 min chase

S-antigen
MRNA

GAPDH

MRNA

1 2 3 4 5

FIG. 5. Kinetics and duration of LSAT mRNA stabilization by ionophore treatment of cells. HeLa cells were transfected with pLSGC or
pLSAT plasmids. (A) Cells were treated with 10 pM A23187 for the times indicated. (B) Cells were treated with 10 pM A23187 for 30
min followed by a chase of new medium without A23187 for the times indicated. Total cytoplasmic RNA was purified, equal amounts
resolved by Northern analysis and hybridized to probes for S-antigen or GAPDH mRNAs.
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phosphorylating and altering the activity of proteins
involved in ARE mRNA decay. Experiments were
therefore carried out to determine whether calcium-
induced stabilization of ARE mRNAs involves new
transcription. Previous studies demonstrating cal-
cium-induced stabilization of IL-2 and IL-3 mRNAs
did not directly address this issue (11,29). HelLa cells
were transfected with pLSGC or pLSAT plasmids,
then transcription was blocked by addition of actino-
mycin D for 15 min prior to addition of A23187 to
release calcium. If new transcription is required to
stabilize the ARE reporter mRNA, then addition of
actinomycin D should prevent stabilization. How-
ever, if no new transcription is required for stabiliza-
tion, then the progressive depletion of the ARE
MmRNA should be halted upon addition of the calcium
ionophore, resulting in maintenance of the lower
level of ARE mRNA. Northern mRNA analysis of
total cytoplasmic mRNA (Fig. 6) showed that there
was an expected 50% decrease in LSAT mRNA level
following 15-min actinomycin D treatment (compare
lanes 2 and 3), which was stabilized at this level fol-
lowing treatment with A23187. These results indicate

LSAT mRNA
A23187
actin D
5 1 2

S-antigen
MRNA

GAPDH
mMRNA

1 2 3 4 5 6 7

FIG. 6. Stabilization of LSAT mRNA by A23187 does not involve
new transcription. HeLa cells were transfected with pLSGC or
pLSAT plasmids, treated with 5 pM actinomycin D for 30 min to
block new transcription, then treated with 10 [iM A23187 for the
times indicated (lanes 1-6). In lane 7, transcription was blocked
for 1 h with actinomycin D without A23187 treatment. Total cyto-
plasmic RNA was purified, equal amounts resolved by Northern
analysis and hybridized to probes for S-antigen or GAPDH.
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that calcium stabilization of the reporter ARE mRNA
does not require new transcription.

DISCUSSION

In this study we have used model reporter mMRNAS
containing the GM-CSF ARE or a control sequence
to characterize the effects of calcium release on short-
lived ARE mRNA stability. As observed by others
for IL-2, IL-3, and GM-CSF mRNAs in immune cells
(11,20,29,40), the chimeric ARE reporter mRNA
used in our study was fully stabilized against rapid
decay by calcium ionophore treatment of different
cell lines (Fig. 2). Increased abundance of the re-
porter ARE mRNA was shown to be a result of in-
creased cytoplasmic stability (Fig. 3), and not due
to changes in mRNA translation rates (Fig. 4),
which can influence mRNA stability. Nuclear trans-
cription rates were also not detectably altered by
calcium release (Table 1). Thus, calcium-induced
stabilization of normally short-lived ARE mRNAs is
a widespread default response common to most cells
and ARE mRNAs, rather than a specialized function
of certain cytokine mRNAs in immune cells.
Moreover, the minimal Cis-acting element required
to confer calcium-induced stabilization is the ARE.
In two previous reports, one study found that the
ARE was sufficient to confer mRNA stabilization
in response to calcium release (29), whereas another
found that additional 5'NCR sequences were also re-
quired (11). It is possible that in the latter study that
calcium-induced specific translational inhibition of
the IL-2 mRNA, which might explain the require-
ment fort 5' sequences in stabilization. The results
of our study are in agreement with those of Ming
et al. (29), and argue for a single cis-acting mecha-
nism.

The mechanism of calcium stabilization of ARE
mMRNAs is not known. Although inhibition of the
MEKK1-JNK signaling pathway blocks calcium-in-
duced stabilization of ARE mRNAs, the kinetics of
JNK activation are not always consistent with those
of mRNA stabilization (29). In our study, it was clear
that ARE mRNA stabilization required 30 min of
continuous calcium ionophore treatment (Fig. 5),
whereas JNK activation typically occurs within
minutes of treatment (41). In addition, it has been
reported that calcium release mediated by iono-
phore A23187, or other agents, stimulates JNK in
thymocytes but not in HeLa cells and many epithelial
and fibroblast cell lines (25,37,41). Therefore,
whereas JNK activation appears to play a role in
ARE mRNA stabilization in certain cells, it is likely
that there are distinct but redundant calcium-depen-
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dent pathways to mRNA stabilization independent of
JNK. .

Of the two families of ARE binding proteins in-
volved in regulating mRNA turnover, there is evi-
dence for phosphorylation-dependent decay involv-
ing the AUF1 proteins. Studies have shown that the
AUF1 isoforms are phosphorylated, and have linked
stronger ARE binding to AUF1 phosphorylation, as
well as to accelerated turnover of ARE mRNAs (39).
It is not known whether phosphorylation of HuR, the
other ARE binding protein associated with ARE
mRNA stabilization when overexpressed, plays a role
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in its activity. It is clear, however, that studies now
need to direct attention to identification of trans-act-
ing protein factors involved in mRNA decay, and
their regulation by phosphorylation.
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