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AUF1 is an AU-rich element (ARE)-binding protein that recruits translation initiation factors, molecular
chaperones, and mRNA degradation enzymes to the ARE for mRNA destruction. We recently found chaperone
Hsp27 to be an AUF1-associated ARE-binding protein required for tumor necrosis factor alpha (TNF-�)
mRNA degradation in monocytes. Hsp27 is a multifunctional protein that participates in ubiquitination of
proteins for their degradation by proteasomes. A variety of extracellular stimuli promote Hsp27 phosphory-
lation on three serine residues—Ser15, Ser78, and Ser82—by a number of kinases, including the mitogen-
activated protein (MAP) pathway kinases p38 and MK2. Activating either kinase stabilizes ARE mRNAs.
Likewise, ectopic expression of phosphomimetic mutant forms of Hsp27 stabilizes reporter ARE mRNAs. Here,
we continued to examine the contributions of Hsp27 to mRNA degradation. As AUF1 is ubiquitinated and
degraded by proteasomes, we addressed the hypothesis that Hsp27 phosphorylation controls AUF1 levels to
modulate ARE mRNA degradation. Indeed, selected phosphomimetic mutants of Hsp27 promote proteolysis of
AUF1 in a proteasome-dependent fashion and render ARE mRNAs more stable. Our results suggest that the
p38 MAP kinase (MAPK)-MK2-Hsp27 signaling axis may target AUF1 destruction by proteasomes, thereby
promoting ARE mRNA stabilization.

AU-rich elements (AREs) target degradation or transla-
tional suppression of many mRNAs encoding oncoproteins,
cytokines, cell cycle regulators, and signaling proteins. This is
achieved via the association of AREs with one or more ARE-
binding proteins and, in some cases, microRNAs (7, 33). The
AUF1/hnRNP D family of ARE-binding proteins promotes
degradation of mRNAs encoding cytokines, such as tumor
necrosis factor alpha (TNF-�) and interleukin 1� (IL-1�), and
cell cycle regulators, such as p16INK4a, p21WAF1/CIP1, and cy-
clin D1. AUF1 consists of four isoforms of 37, 40, 42, and 45
kDa generated by alternative pre-mRNA splicing of a single
pre-mRNA. They associate with heat shock proteins Hsc70-
Hsp70 and Hsp27, translation initiation factor eIF4G, poly(A)-
binding protein (PABP), and other unidentified proteins to
form a multisubunit complex we refer to as AUF1- and signal
transduction-regulated complex (ASTRC) (15, 27). This com-
plex recruits messenger ribonucleases to degrade ARE
mRNAs. RNA interference (RNAi)-mediated knockdown of
either AUF1 or Hsp27 stabilizes TNF-� ARE mRNA, indicat-

ing that both proteins are essential for ARE-mediated mRNA
degradation (AMD) (27).

Hsp27 is a ubiquitously expressed, multifunctional protein
involved in molecular chaperoning, actin polymerization, and
protection from oxidative stress (9). It also participates in ubiq-
uitination of proteins to promote their degradation by protea-
somes (21, 22). A variety of extracellular stimuli promote
phosphorylation on three serine residues—Ser15, Ser78, and
Ser82—by a number of kinases, including p38 mitogen-acti-
vated protein (MAP) kinase (MAPK), MAP kinase-acti-
vated protein kinase 2 (MK2), Akt, and protein kinase C (2,
6, 14, 17, 23, 38). p38 MAP kinase and MK2 are particularly
relevant for mRNA degradation, as activating either kinase
stabilizes ARE mRNAs (5, 34). For example, ectopic ex-
pression of phosphomimetic mutant forms of Hsp27 stabi-
lizes a reporter mRNA containing a 123-nucleotide (nt)
fragment of the cyclooxygenase 2 (COX2) ARE mRNA; this
ARE fragment also binds AUF1 (19).

In this work, we continued our examination of the contribu-
tions of Hsp27 to mRNA degradation. As AUF1 is ubiquiti-
nated and degraded by proteasomes (15, 16), we addressed the
hypothesis that Hsp27 phosphorylation may control AUF1
abundance, thereby controlling ARE mRNA degradation. We
created Hsp27 phosphomimetic mutants by replacing Ser15,
Ser78, and Ser82 with aspartic acid. This triple substitution does
indeed promote proteolysis of AUF1 in a proteasome-depen-
dent fashion and renders ARE mRNAs more stable. Upon
further screening of individual phosphomimetic mutants, we
found that Ser15 phosphorylation of Hsp27 is sufficient to de-
stabilize the AUF1 protein and promote mRNA stabilization.
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Thus, the p38 MAP kinase-MK2-Hsp27 signaling axis may
target AUF1 destruction by proteasomes to reduce its abun-
dance, thereby promoting ARE mRNA stabilization.

MATERIALS AND METHODS

Materials. The human promonocytic leukemia cell line THP-1 was provided by
Charles McCall (Wake Forest University School of Medicine). Anti-FLAG M2 and
anti-�-tubulin monoclonal antibodies were from Sigma. Hsp27 and Hsp70 antibod-
ies were from Stressgen. Anti-AUF1 antibody was prepared by immunization of
rabbits with purified His6-p37AUF1 protein by Pocono Rabbit Farms, PA. Horse-
radish peroxidase-conjugated secondary antibodies were from Promega Corpora-
tion. All primers were synthesized by IDT Technologies (Coralville, IA). Restriction
enzymes were purchased from New England BioLabs or Promega Corporation.

Cloning of FLAG-Hsp27. The FLAG-tagged coding region of Hsp27 was
amplified by PCR from plasmid pCMVtag2B-FLAG-Hsp27 (19) with the fol-
lowing primers: 5�-GCACGTTTAAACGCCACCATGGATTACAAGGAT-3�
(forward) and 5�-CCCGGGTTACTTGGCGGCAGTCTCATC-3� (reverse).
The forward primer contains a PmeI site, and the reverse primer contains a SmaI
site (underlined). The amplicon was subsequently inserted into plasmid pGEM-T
Easy (Promega) for further modifications. The wild-type and modified FLAG-
Hsp27 coding regions were removed from the pGEM-T Easy plasmids with PmeI
and EcoRI (the 5� and 3� ends, respectively). They were ligated into plasmid
pEF3, which contains a truncated human EF1A promoter (25). The pEF3 vector
was prepared for ligation of FLAG-Hsp27 cDNAs by KpnI digestion, blunting
with Klenow enzyme (Promega), and subsequent digestion with EcoRI.

Mutation of Hsp27. Known phosphorylation sites of Hsp27, Ser15, Ser78, and
Ser82, were mutated to either alanine (the Ser codon AGC was replaced with the
Ala codon GCC [underlined]) or aspartate (the Ser codon AGC was replaced
with the Asp codon GAC [underlined]) with the QuikChange kit (Stratagene)
according to the manufacturer’s directions. Deoxyoligonucleotides with the fol-
lowing sequences were designed with the QuikChange Primer Design tool (Strat-
agene): S15A (codon AGC to codon GCC), 5�-TGCGGGGCCCCGCCTGGG
ACCCCT-3�; S78A (codon AGC to codon GCC), 5�-AGCCGCGCGCTCGCC
CGGCAACTCAG-3�; S82A (codon AGC to codon GCC), 5�-CAGCCGGCA
ACTCGCCAGCGGGGTCTCG-3�; S15D, 5�-CTGCGGGGCCCCGACTGGG
ACCCCTT-3�; S78D, 5�-GACCCGCGCGCTCGACCGGCAACTCAGC-3�;
S82D, 5�-CAGCCGGCAACTCGACAGCGGGGTCTCG-3�. All mutations
were verified by DNA sequencing.

Cell culture and stable transfections. THP-1 cells were cultured in RPMI 1640
medium (Cellgro Mediatech, Herndon, VA) supplemented with 10% defined,
endotoxin-free fetal bovine serum (HyClone, Logan, UT) and 1� penicillin-
streptomycin-glutamine (Gibco) at 37°C in 5% (vol/vol) CO2. Stable transfec-
tions were performed as follows: 2 � 107 THP-1 cells were harvested and
resuspended in 500 �l RPMI 1640 supplemented with fetal bovine serum without
antibiotics. The cells were transferred to 0.4-cm electroporation cuvettes (Bio-
Rad Laboratories, Hercules, CA), and 5 �g linearized plasmid containing a
FLAG-Hsp27 mutant was added. After incubation on ice for 10 min, electropo-
ration was performed at 360 V and 500 �F with a GenePulser (Bio-Rad). The
electroporated cells were then resuspended in 10 ml warm, serum-supplemented
RPMI 1640 medium without antibiotics. After 72 h, the transfected cells were
transferred to RPMI medium with penicillin/streptomycin. Selection of stably
transfected cells was achieved by culturing them with 500 �g/ml Geneticin
(Gibco) for 3 weeks.

Immunoprecipitations. All immunoprecipitations were performed by utilizing
the Catch and Release kit v2.0 (Millipore) according to the manufacturer’s recom-
mendations. Briefly, the cells were either left untreated, treated with vehicle (di-
methyl sulfoxide [DMSO]; J. T. Baker), or treated with 10 nM tetradecanoyl phorbol
acetate (TPA) (Sigma) for 1 h. Twenty to 40 million cells were lysed in modified
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 50 mM Tris-HCl,
pH 7.5) and protease inhibitors (10 �g/ml leupeptin, 10 �g/ml pepstatin A, 1 mM
phenylmethylsulfonyl fluoride) at 4°C for 20 min. The lysates were centrifuged at
13,000 � g for 10 min at 4°C, and the supernatants (cytoplasms) were collected. The
cytoplasmic lysates were treated with 4 �g/�l (final concentration) RNase A for 15
min at 30°C. Complexes were immunopurified with anti-AUF1 or preimmune rabbit
serum (final dilution, 1:500) and resolved by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Proteins were transferred to nitrocellulose
membranes and analyzed by Western blotting with the SuperSignal West Chemilu-
minescent Substrate kit (Pierce) according to the manufacturer’s protocol. The
antibodies used and their dilutions were as follows: AUF1, 1:10,000; Hsp27, 1:3,000;
Hsp70, 1:30,000; �-tubulin, 1:8,000.

Plasmid construction, transfections, and spectrum deconvolutions for live-cell

fluorescence resonance energy transfer (FRET) analyses. Previously, enhanced
cyan fluorescent protein (ECFP) and enhanced yellow fluorescent protein
(EYFP) cDNAs were fused to the 5� end of wild-type Hsp27 and to the 3� end
of p37AUF1 cDNA (27). Each fluorescent protein carries an A206K mutation,
which limits their autodimerization (36). For the experiments described in this
report, two additional sets of plasmid pairs were created. First, the ECFP and
EYFP cDNAs were fused to the 3� end of p40AUF1 cDNA exactly as described
for p37AUF1 (27). Second, the ECFP and EYFP cDNAs were fused to the 5� ends
of Hsp27-S15,78,82A, Hsp27-S15,78,82D, and Hsp27-S15D cDNAs exactly as
described for wild-type Hsp27 (27). All fusion constructs were cloned into plas-
mid pEF3.

To test the expression of fusion proteins, 10 million K562 cells were electro-
porated with 10 �g of each ECFP or EYFP plasmid in RPMI 1640 medium
supplemented with 10% fetal calf serum in the absence of antibiotics. After 48 to
72 h, whole-cell lysates of cells were prepared in 1� SDS loading buffer for
Western blot analyses of fusion protein expression with anti-Hsp27 or anti-AUF1
antibody.

For live-cell FRET assays, 1 million THP-1 cells were transiently cotransfected
with the desired ECFP and EYFP plasmid pairs with Effectene reagent (Qiagen)
according to the manufacturer’s protocol. Twenty-four hours after transfection,
cells were harvested, washed with phosphate-buffered saline (PBS), and water
mounted onto coverslips. Protein-protein interactions were determined by con-
focal microscopy coupled with fluorescence spectroscopy, as described previously
(11, 12). FRET experiments were performed, and the data were deconvolved
with a previously described algorithm (27), slightly modified here (see below) to
ensure more accurate calculation of FRET efficiency. The efficiency of energy
transfer, EFRET, was calculated from the amounts of donor fluorescence (FDA)
and acceptor florescence (FAD) present in the deconvolved spectrum by the fol-
lowing equation: EFRET � FAD/(FAD � FDA�A), in which �A is the quantum yield
of acceptor fluorescence emission; �A is 0.61 for EYFP. The distance between the
two proteins (R) was estimated by the following equation: R � Ro[(1 	 EFRET)/
EFRET)]1/6, in which Ro is the Förster distance, defined as the radius between freely
rotating donor and acceptor molecules, that yields an EFRET value of 0.5; Ro � 49.2
Å for the ECFP-EYFP pair.

After deconvolving emission spectra into ECFP fluorescence, EYFP fluores-
cence, and endogenous cellular fluorescence, a plot of acceptor fluorescence
upon donor excitation versus acceptor fluorescence upon acceptor excitation
revealed that a diagonal minimum within the data scatter exists, increasing from
lower to higher acceptor fluorescence. Since the acceptor is excited by the
442-nm laser (albeit inefficiently), direct excitation effects in the deconvolutions
were corrected by subtracting a fraction of the acceptor fluorescence seen upon
excitation with the 488-nm laser. This fraction was chosen so that the few data
points closest to the diagonal contained effectively no remaining EYFP fluores-
cence. As expected, when we applied this new correction to our previously
published results (27), average EFRET values for p37AUF1-p37AUF1 and p37AUF1-
Hsp27 interactions decreased slightly but remained significant for each pair.
Photobleaching controls were also performed as described previously (27). The
data were analyzed statistically for comparison among plasmid pairs with Stu-
dent’s t test. P values of 
0.05 were considered significantly different.

Determination of mRNA half-life. For each cell culture, Actinomycin D (Cal-
biochem) was added to a final concentration of 5 �g/ml to inhibit transcription.
Cells were harvested at each time point and processed with the QIAshredder kit
(Qiagen). Total RNA was purified with the RNeasy kit (Qiagen). A population
of cDNA from total RNA was prepared with the High-Capacity cDNA reverse
transcription kit (Applied Biosystems). TaqMan MGB probes to TNF-�
(Hs00174128_m1; 5�-6-carboxyfluorescein [FAM] reporter dye and 3� nonfluo-
rescent quencher), IL-1� (Hs00174097_m1; 5� FAM and 3� nonfluorescent
quencher), and primer-limited GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) (4326317E; 5� VIC reporter dye and 3� nonfluorescent quencher)
mRNA were obtained from Applied Biosystems. Real-time quantitative reverse
transcription (RT)-PCR (qPCR) was performed with the Stratagene MX3005P
qPCR system and TaqMan Gene Expression Assay Master Mix (Applied Bio-
systems). In some experiments, the SYBR green procedure was employed for
quantitative RT-PCR. mRNA levels were normalized to GAPDH mRNA and
plotted as a percentage of the value at time zero (set at 100%). The data were
analyzed by nonlinear regression, and mRNA half-lives (t1/2) were determined
from first-order decay constants (k) utilizing PRISM software as previously
described (27, 35). When appropriate, comparisons were performed between
mRNA decay constants using the unpaired two-tailed t test, with differences
yielding P values of 
0.05 considered significant.

Determination of protein half-life. Cells were cultured with 100 �g/ml cyclo-
heximide (Sigma-Aldrich) to inhibit translation, 10 �M Lactacystin (Sigma-
Aldrich) to block proteasome activity, or both drugs simultaneously. Cells were
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harvested at each time point and lysed in SDS sample buffer (0.05 M Tris-HCl
[pH 6.8], 1% SDS, 5% glycerol, 0.005% bromophenol blue, 10 mM dithiothreitol
[DTT]), and 3 � 105 cell equivalents of proteins were resolved by 10% SDS-
PAGE. Proteins were detected by Western blot analyses as described above.
Image quantification was performed with ImageJ software (http://rsb.info.nih
.gov/ij/). The data were analyzed by nonlinear regression to determine first-order
decay constants, k, and to calculate half-lives as described above for the mRNA
half-life. The standard error about the regression solution is linear about k and
therefore hyperbolic about the protein half-life: t1/2 � ln2/k. Assignment of
cellular half-lives to very stable proteins is difficult, since the hyperbolic nature of
t1/2 relative to the first-order decay constant inflates errors in t1/2 when k ap-
proaches zero. Thus, there is no meaningful difference between “no decay” and
a long half-life, such as 20 h, in these analyses.

RNA-binding assays. The Hsp27 coding region devoid of the FLAG tag was
amplified from plasmid pCMVtag2B-FLAG-Hsp27 and inserted into plasmid
pBAD/HisB (Invitrogen, Carlsbad, CA). Recombinant His6-Hsp27 and His6-
Hsp27-TriD (where TriD refers to Ser15Asp, Ser78Asp, and Ser82Asp replace-
ment of serine with aspartate) were prepared from Escherichia coli TOP10 cells
transformed with either pBAD/HisB-Hsp27 or pBAD/HisB-Hsp27-TriD as pre-
viously described (32). RNA oligonucleotides containing a 38-nt core ARE from
TNF-� mRNA or a similar-size fragment from rabbit �-globin (R�) mRNA were
synthesized by Dharmacon (Lafayette, CO) as previously described (31). For
electrophoretic mobility shift assays (EMSA), TNF-� or R� RNA was 5� labeled
with [�-32P]ATP and T4 polynucleotide kinase. Experiments were performed
with His6-Hsp27 and His6-Hsp27-TriD as described previously (31). Gels were
analyzed with a Typhoon 9410 PhosphorImager (Molecular Dynamics, Amer-
sham Biosciences).

RESULTS

Phosphomimetic mutant forms of Hsp27 alter AUF1 expres-
sion. Our previous studies showed that posttranslational mod-
ifications of AUF1 and Hsp27 within ASTRC occur in re-
sponse to activation of protein kinase C in THP-1 cells (27, 30).
Likewise, activation of the p38 signaling pathway in HeLa cells
promotes phosphorylation of Hsp27 and stabilization of ARE
reporter mRNA (19). To examine the effects of Hsp27 phos-
phorylation on AUF1 and AMD, several phosphomimetic mu-
tants and phosphorylation-resistant mutants were created by
individually replacing the critical serines with aspartates
(S15D, S78D, or S82D) or alanines (S15A, S78A, or S82A),
respectively. Since phosphorylation at one site may not be
sufficient to evoke a change in protein function, double muta-
tions were constructed in which Ser78 and Ser82 were replaced
with either aspartate (referred to as Hsp27-DblD) or alanine
(referred to as Hsp27-DblA). Triple mutations were con-
structed, as well, with all three serines changed to aspartate
(referred to as Hsp27-TriD) or alanine (referred to as Hsp27-
TriA). These expression plasmids were stably transfected into
THP-1 cells; the FLAG epitope shifts protein mobility to dis-
tinguish the mutants from endogenous Hsp27 on Western
blots. Each cell line stably expressed the respective mutant
protein (data not shown). FLAG-tagged wild-type Hsp27
served as a control in subsequent experiments.

Since triple-phosphomimetic Hsp27 confers a significant sta-
bilizing effect upon an ARE mRNA (19), initial experiments
focused on THP-1 cells expressing the Hsp27-TriA or -TriD
mutant compared to wild-type FLAG-Hsp27. THP-1 cells ex-
press all four AUF1 isoforms. Isoform p37AUF1 is the least
abundant; p40AUF1/p42AUF1 comigrate on gels but are easily
separated from p45AUF1 (30). Isoforms p40AUF1/p42AUF1 and
p45AUF1 were readily observed in whole-cell lysates of cells
expressing wild-type Hsp27 (Fig. 1, top, lane 1); their levels
were unaffected by expression of Hsp27-TriA (data not
shown). By contrast, expression of Hsp27-TriD reduced total

AUF1 abundance, though a form with higher mobility was
apparent (Fig. 1, top, compare lane 2 with lane 1). Since AUF1
isoforms are subject to posttranslational modifications that
alter their electrophoretic mobilities, including phosphoryla-
tion (4, 30, 37) and ubiquitination (15, 16), it is not clear if this
faster-migrating band represents p37AUF1 or another isoform
without modifications (see Discussion). Nonetheless, these re-
sults suggest that expression of the triple phosphomimetic
Hsp27 mutant reduces total AUF1 abundance in THP-1 cells.
Hsp27-TriD appeared to reduce the abundance of cellu-
lar Hsp27, as well (Fig. 1, middle, compare lane 2 with lane 1).
Since AUF1 is normally subject to ubiquitination (15, 16) and
Hsp27 directs ubiquitinated proteins to the proteasome for
degradation (21, 22), we next examined the effects of Hsp27
mutants on AUF1 protein decay rates.

Hsp27-TriD promotes proteasome-dependent degradation
of the AUF1 family of proteins. To determine whether the
reduced abundance of AUF1 proteins in THP-1/Hsp27-TriD
cells is caused in part by their accelerated degradation, we
analyzed protein stability. Cells were cultured with cyclohexi-
mide to halt protein synthesis. Cells were harvested and lysed
at each time point, and the proteins were resolved by SDS-
PAGE and analyzed by Western blotting. Graphs of the per-
centage of protein remaining versus time were analyzed by
nonlinear regression to determine the first-order decay con-
stant, k, and protein half-lives. While p37AUF1 is not visible in
these exposures, THP-1/Hsp27 and THP-1/Hsp27-TriA cells
presented little or no discernible degradation of AUF1 pro-
teins (Fig. 2A, B, and E) during the 7-h time course. We note
that this result contrasts with the measurements of Laroia and
Schneider, who demonstrated AUF1 isoform half-lives ranging
from 60 min for p40/42AUF1 to �8 h for p45AUF1 (16). How-
ever, their studies were performed with HeLa cells, while we
utilized THP-1 monocytes; thus, there may be cell-type-specific
differences in decay rates. Nonetheless, total AUF1 proteins
decayed with a half-life of 3.7 h in THP-1/Hsp27-TriD cells
(Fig. 2C and E). Likewise, FLAG-tagged Hsp27-TriD decayed
with a half-life of 2.2 h (Fig. 2C and F), while FLAG-tagged
wild-type and Hsp27-TriA both exhibited little or no decay
(Fig. 2A, B, and F).

To determine whether the Hsp27-TriD mutant enhanced

FIG. 1. Stable expression of Hsp27 phosphomimetic in THP-1 cells
alters AUF1 protein levels. Shown are representative Western blots of
whole-cell lysates from THP-1 cells overexpressing the indicated
FLAG-Hsp27 phosphomimetic mutants and probed with antibody to
AUF1 (top), Hsp27 (middle), or Hsp70 (bottom, as a loading control).
Each lane contains 105 cell equivalents of protein. Endo, endogenous
Hsp27; FLAG, FLAG-tagged Hsp27. Arrowheads denote the FLAG-
tagged and endogenous Hsp27 proteins.
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degradation of AUF1 proteins via the proteasome pathway,
both protein synthesis and proteasome-mediated protein deg-
radation were inhibited by concurrent treatment of cells with
cycloheximide and the proteasome inhibitor lactacystin.
Lactacystin blocked degradation of AUF1 proteins and Hsp27-
TriD (compare Fig. 2D to C; see quantitations in Fig. 2E and
F). These results suggest that proteasomes accelerate degra-
dation of the AUF1 protein family, as well as Hsp27-TriD, in
THP-1/Hsp27-TriD cells (see Discussion).

Posttranslational modification of Hsp27 affects AUF1-
Hsp27 protein-protein interactions. We previously observed
AUF1-Hsp27 association by coimmunoprecipitation of Hsp27
in cell lysates with AUF1 antibody and by live-cell FRET (27).
The importance of AUF1-Hsp27 protein-protein interactions
is underscored by two additional observations: both proteins
are required for AMD, as knockdown of either stabilizes
TNF-� mRNA, and both proteins bind the TNF-� ARE with
high affinity (Kd [dissociation constant] � 0.8 for AUF1 and 1.6
nM for Hsp27, measured by fluorescence anisotropy).

The aforementioned immunoprecipitation experiments
were performed with a 130,000 � g pellet fraction (P130) of
cytoplasmic extracts. This P130 fraction contains ribosome/
polyribosome-associated mRNAs, mRNA degradation en-
zymes, Hsp27, and AUF1. Notably, AUF1-Hsp27 interactions

are also observed in the 130,000 � g supernatant fraction
(S130) (unpublished observations). Thus, AUF1-Hsp27 inter-
actions can be readily detected in cytoplasmic extracts without
the 130,000 � g fractionation step, and consequently, they were
utilized for immunoprecipitations. Since activation of protein
kinase C with phorbol ester 12-O-tetradecanoylphorbol-13-
acetate (TPA) can affect the association of Hsp27 with the
AUF1 complex of proteins (27), AUF1 immunoprecipitations
were compared using lysates from untreated and TPA-treated
cells. While FLAG-tagged wild-type Hsp27 and Hsp27-TriA
both coimmunoprecipitated with AUF1 from lysates regard-
less of TPA treatment, Hsp27-TriD did not coimmunoprecipi-
tate with AUF1, either with or without TPA treatment. Even
highly prolonged exposures of immunoblots did not reveal any
coimmunoprecipitation (Fig. 3A, compare lanes 7 and 8 with
lanes 3 to 6). As expected, Hsp27 was undetectable in immu-
noprecipitations with preimmune serum (Fig. 3A, lanes 1 and 2).

Two controls were performed to ensure fidelity of the im-
munoprecipitations. First, immunoprecipitations were done
with antibody to AUF1, followed by Western blot detection of

FIG. 2. Hsp27-TriD expression destabilizes the AUF1 protein.
Cells were cultured with cycloheximide for the indicated times. AUF1
and FLAG-Hsp27 protein levels were assessed by Western blot anal-
yses of whole-cell lysates (3 � 105 cell equivalents/lane) with antibodies
to AUF1 and FLAG. �-Tubulin was used as an internal control.
(A) THP-1/Hsp27 cells. (B) THP-1/Hsp27-TriA cells. (C) THP-1/
Hsp27-TriD cells. (D) THP-1/Hsp27-TriD cells were cocultured with
10 �M lactacystin to inhibit proteasome activity. (E and F) AUF1
(E) and Hsp27 (F) levels were quantified and normalized to �-tubulin
in the indicated cell lines and further analyzed with nonlinear regres-
sion to determine the protein half-life. 	 Lact, cells cultured without
lactacystin; � Lact, cells cultured with lactacystin; WT, wild type.

FIG. 3. Coimmunoprecipitation analyses of Hsp27-TriA and
Hsp27-TriD with AUF1. (A) Antibody to AUF1 or preimmune (Pre
im) serum was utilized for immunoprecipitations (IP) with equal cell
equivalents of cytoplasmic lysates from nonactived (	TPA) or acti-
vated (�TPA; 10 nM for 1 h) cells expressing the FLAG-tagged Hsp27
proteins indicated at the top. The immunoprecipitates were then an-
alyzed by Western blotting (WB) with antibody to the FLAG epitope.
A darker exposure of the blot is also shown to detect low levels of
Hsp27-TriD in immunoprecipitates. (B) Western blots of the indicated
immunoprecipitates were probed with anti-AUF1 antibody. (C) The
indicated cytoplasmic lysates were immunoprecipitated with nonim-
mune antibody or antibody to the FLAG epitope. The immunopre-
cipitates were then analyzed by Western blotting with antibody to the
FLAG epitope. Cyt, cytoplasmic lysate; Nuc, nuclear lysate (to com-
pare Hsp27 levels).
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AUF1 in pellets. AUF1 was detected in immunoprecipitates of
lysates from cells expressing the wild type, Hsp27-TriA, and
Hsp27-TriD (Fig. 3B, lanes 3 in the respective panels). Thus,
the inability to detect Hsp27-TriD in immunoprecipitates was
not due simply to failure of AUF1 to immunoprecipitate. For
the second control, all three lysates were immunoprecipitated
with antibody to the FLAG epitope and examined for the
presence of each FLAG-tagged Hsp27 protein by Western
blotting. FLAG-tagged wild-type, -TriA, and -TriD proteins
were readily observed (Fig. 3C, lanes 4 in the respective pan-
els), demonstrating that they are soluble and themselves read-
ily immunoprecipitable. We thus conclude that the Hsp27-
TriD mutant specifically fails to stably coimmunoprecipitate
with AUF1. However, as coimmunoprecipitation infers only
protein-protein interactions that survive cell rupture and ex-
tensive protein dilution, we wished to examine AUF1-Hsp27
interactions with an independent live-cell method.

Analyses of AUF1-Hsp27 interactions by live-cell FRET. We
previously utilized a strategy that combined confocal micros-
copy and fluorescence spectroscopy with FRET as a biosensor
to demonstrate p37AUF1-p37AUF1 and p37AUF1-Hsp27 inter-
actions in live cells (27). We thus examined protein-protein
interactions in live THP-1 cells expressing p37AUF1 fused at its
C terminus with ECFP or EYFP, together with wild-type
Hsp27, Hsp27-TriA, or Hsp27-TriD fused at its N terminus
with ECFP or EYFP. These fusion protein configurations were
chosen based upon previous observations (e.g., ECFP and
EYFP fused to p37AUF1 at its N terminus were exclusively
nuclear, unlike endogenous p37AUF1). For each tested protein
pair, ECFP is the fluorescence donor and EYFP is the fluo-
rescence acceptor. Analyses of Western blots of lysates from
transfected cells confirmed that all fusion proteins have the
expected apparent molecular weights (data not shown).

As in our previous work, we employed a 2-fold strategy.
First, spectral scans of a random section of the cytoplasm
(where mRNA decay takes place) were performed across the
450- to 650-nm spectral range for a number of cells. ECFP and
EYFP fluorescence was corrected by deconvolving spectra to
remove contributions of intrinsic fluorescent components (e.g.,
nicotinamide and riboflavin derivatives). This permitted calcu-
lation of more accurate FRET efficiencies (EFRET). Second,
FRET efficiencies were calculated for each cell to permit ra-
tional refinement of the obtained data, averaging, and statis-
tical comparisons among different protein pairs.

Figure 4A shows a single transfected THP-1 cell exposed to
the different lasers. As observed by confocal microscopy cou-
pled with fluorescence spectroscopy, excitation of p37AUF1-
ECFP at 442 nm led to emission peaking at 475 nm (Fig. 4A,
left); it also led to emission of EYFP-Hsp27-TriA peaking at
527 nm (Fig. 4A, right). The latter emission is indicative of a
FRET signature and suggested p37AUF1-ECFP interaction
with EYFP-Hsp27-TriA. Direct excitation of EYFP-Hsp27-
TriA at 488 nm led to emission at 527 nm, as expected (Fig. 4A,
middle). Figure 4B shows the spectral deconvolution of one
selected region of the cytoplasm in the THP-1 cell shown in
Fig. 4A. As observed in the deconvolved spectrum, excitation
of ECFP at 442 nm produced a peak at 475 nm indicative of
p37AUF1-ECFP expression (Fig. 4B, left); excitation of EYFP
at 488 nm produced a peak at 527 nm, indicative of EYFP-
Hsp27-TriA expression (Fig. 4B, right). These data indicate

that p37AUF1-ECFP and EYFP-TriA were indeed coexpressed
in the cell. Excitation of p37AUF1-ECFP at 442 nm in this cell
also produced a peak of yellow emission at 527 nm, consistent
with a FRET signature (Fig. 4B, left, arrow). The calculated
EFRET from the deconvolved spectrum was 0.24 for this par-
ticular cell. Analyses of several cells resulted in an average
EFRET of 0.34  0.03 for the transfected population (Fig. 4C)
to yield a mean distance of �55 Å between the proteins. This
EFRET value is not statistically different from that for the
p37AUF1-ECFP and EYFP-Hsp27 (wild-type) protein pair,
0.42  0.03 (R � 51 Å) (Fig. 4C; P � 0.0526). These results are
consistent with the immunoprecipitation data, demonstrating
comparable interactions between AUF1 and both wild-type
Hsp27 and Hsp27-TriA.

By contrast, association of Hsp27-TriD was not observed by
AUF1 immunoprecipitation (Fig. 3A). However, there are
precedents for loss of protein-protein interactions during dis-
ruption of cells. For example, in the case of the gamma inter-
feron receptor complex, preassembly of receptor subunits was
not detected by immunoprecipitation in the absence of ligands
but was observed with live-cell FRET experiments (1, 8, 10,
12). Accordingly, FRET experiments were performed to inves-
tigate potential interaction between p37AUF1 and Hsp27-TriD
in live cells. Cells were cotransfected with plasmids encoding
p37AUF1-ECFP and EYFP-Hsp27-TriD. Coexpression of
p37AUF1-ECFP (Fig. 5A, left) and EYFP-Hsp27-TriD (Fig.
5A, middle) resulted in a FRET signal (Fig. 5A, right), sug-
gesting an interaction between the proteins in the cell. A spec-
tral scan from 450 to 650 nm at a selected point within the
cytoplasm of the cell and data deconvolution produced the
expected 475-nm peak indicative of p37AUF1-ECFP (Fig. 5B,
left); excitation of EYFP at 488 nm resulted in a peak at 527
nm, corresponding to EYFP-Hsp27-TriD expression (Fig. 5B,
right). A peak at 527 nm was also observed upon excitation at
442 nm, indicative of a FRET signature (Fig. 5B left, arrow).
The calculated EFRET for this specific cell was 0.30. Examina-
tion of multiple cells resulted in a mean EFRET of 0.21  0.03
for the transfected population (Fig. 5C) to yield an average
distance of �61 Å between the proteins (compared to 51 Å for
the p37AUF1-Hsp27 wild-type pair; P 
 0.0001).

To ensure the mathematical treatment of spectra accurately
estimated FRET between the donor and acceptor protein,
selective photobleaching of EYFP-Hsp27-TriD was performed
in cells coexpressing p37AUF1-ECFP. As expected, the photo-
bleached regions exhibited more ECFP fluorescence than they
did prior to photobleaching (Fig. 6A) (3,888 versus 3,270 flu-
orescence units, respectively; compare Fig. 6A right and left,
green lines). This demonstrates that EYFP emission upon
442-nm (ECFP) excitation was due to FRET (i.e., true protein-
protein interactions) and not direct excitation of EYFP. Three
independent cells yielded similar outcomes (data not shown).
Similar photobleaching results were obtained with the
p37AUF1–Hsp27-TriA pair (Fig. 6B) (4,869 versus 3,706 fluo-
rescence units, respectively; compare Fig. 6B right and left,
green lines). Taken together, the results in Fig. 4 to 6 demon-
strate that serine-to-aspartate phosphomimetic substitutions of
Hsp27 alter, but do not abolish, the association of Hsp27 with
p37AUF1 in live cells, in contrast to the immunoprecipitation
results (Fig. 3A).

We next expanded our live-cell FRET experiments to in-
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clude p40AUF1 for two reasons: first, p40AUF1 and p37AUF1 are
the predominant cytoplasmic isoforms in THP-1 monocytes
(29, 30). Second, it appears that all AUF1 proteins are subject
to degradation in cells expressing Hsp27-TriD (Fig. 2). This
suggests that Hsp27 may associate with p40AUF1, just as it does
with p37AUF1, since all three of these proteins are cytoplasmic.
Indeed, live-cell FRET experiments revealed comparable
EFRET values between p40AUF1-Hsp27 wild-type pairs and
p40AUF1–Hsp27-TriA pairs (Fig. 7A) (P � 0.0540). However,
the interaction of p40AUF1 with Hsp27-TriD was reduced
somewhat compared to its interaction with wild-type Hsp27
(Fig. 7A) (P � 0.0328). Nonetheless, this still represents an
appreciable association of the proteins, in contrast to the im-
munoprecipitation results (Fig. 3). Like p37AUF1, the p40AUF1-
p40AUF1 homodimer-like association was also readily observed

in cells by live-cell FRET, as were p37AUF1-p40AUF1 het-
erodimer-like interactions (Fig. 7B). Experiments by Sarkar
and colleagues suggest that p37AUF1 and p40AUF1 can associ-
ate with p42AUF1 and p45AUF1, as well, permitting the two
smaller isoforms to shuttle the two larger isoforms from the
cytoplasm to the nucleus (24). These heterocomplex arrange-
ments may ensure degradation of all AUF1 isoforms regardless
of their intracellular distribution.

Differential phosphomimetic substitution of Hsp27 influ-
ences its association with ASTRC. We next examined the con-
tributions of individual Hsp27 phosphorylation sites to associ-
ation with AUF1 complexes. To this end, cytoplasmic extracts
from THP-1 cell lines expressing a panel of FLAG-tagged
Hsp27 mutants were screened to find mutants that coimmu-
noprecipitate with AUF1. Hsp27 was detected by Western

FIG. 4. Analyses of p37AUF1–Hsp27-TriA interactions in live cells by FRET. (A) Confocal fluorescence imaging of a THP-1 cell coexpressing
p37AUF1-ECFP and EYFP–Hsp27-TriA. Shown are emission of p37AUF1-ECFP upon excitation at 442 nm (left), emission of EYFP–Hsp27-TriA
upon excitation at 488 nm (middle), and emission of EYFP–Hsp27-TriA upon excitation of p37AUF1-ECFP at 442 nm (right), indicative of a FRET
signature. (B) Deconvolutions of fluorescence emission spectra of the cell in panel A. (Left) The cell was irradiated with 442-nm light, and the
spectrum was deconvolved into its major components. After the raw spectrum (black line) was transformed so that it possessed even wavelength
intervals (red line), it was separated into the following components: ECFP (i.e., p37AUF1-ECFP expression, green line), EYFP (FRET signature
from EYFP-Hsp27-TriA, yellow line and arrow), nicotinamide background at 500 nm (navy blue line), and fiboflavin background at 550 nm (pink
line). Addition of the four components (light-blue line) closely approximated the observed spectrum. From this spectrum, the EFRET was 0.24, with
a calculated distance of 59 Å between the two fluorescence-tagged proteins. (Right) Deconvolved spectrum of the same cell upon direct EYFP
excitation at 488 nm. The yellow line represents EYFP-Hsp27-TriA expression. For both spectra and all deconvolutions shown in subsequent
figures, fluorescence units are listed for ECFP, EYFP, and the cell at 550 nm (cell550); these were determined by integration of the curves at the
respective emission wavelength maxima  10 nm (the band pass width of the filters). (C) Statistical analyses of the p37AUF1-ECFP–EYFP-Hsp27
(wild-type) interaction and the p37AUF1-ECFP–EYFP-Hsp27-TriA interaction. Scatter plots of deconvolved spectra of the indicated cells were
derived from FRET analyses. Each point represents EFRET calculated from one deconvolved spectrum. P was equal to 0.0526 for this comparison.
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blotting with anti-FLAG antibody. Only Hsp27-TriD and
Hsp27-S15D mutants did not stably associate with AUF1 (Fig.
8). This observation suggests that phosphorylation of Ser15 is
sufficient to modify Hsp27 association with AUF1 complexes,
since both Hsp27-S15D and Hsp27-TriD proteins have this
mutation in common. Even so, live-cell FRET experiments
with the p37AUF1-ECFP–YFP-Hsp27-S15D pair and the
p40AUF1-ECFP–YFP-Hsp27-S15D pair revealed their associa-
tion in cells (Fig. 7C). Similar to Hsp27-TriD, we speculate that
the S15D modification may reduce the stability of the Hsp27-
AUF1 association, at least in immunoprecipitation reactions.

Since Hsp27-TriD affects the abundance of the AUF1 family
of proteins, as well as their degradation (Fig. 1 and 2C, respec-
tively), we examined the effects of Hsp27-S15D on AUF1 ex-
pression in whole-cell lysates. Like Hsp27-TriD, expression of
Hsp27-S15D altered the abundance or migration of AUF1
isoforms. The p45AUF1 isoform was no longer apparent (Fig. 1,
lane 3), while the fastest-migrating band increased relative to
cells expressing wild-type Hsp27 (Fig. 1, compare lane 3 to lane
1). As we noted above, since AUF1 isoforms are subject to

posttranslational modifications that alter their electrophoretic
mobilities, we cannot be sure if the fastest-migrating band is
p37AUF1 or larger, unmodified isoforms (see Discussion).
Hsp27-S15D appeared to reduce the abundance of cellular
Hsp27, as well (Fig. 1, middle, compare lane 3 with lane 1,).

Since Hsp27-S15D seems to exert effects on AUF1 and
Hsp27 expression similar to those of Hsp27-TriD, we examined
its effects on protein turnover with cycloheximide chase assays.
While AUF1 did not detectably decay in cells ectopically ex-
pressing wild-type Hsp27, expression of Hsp27-S15D reduced
the AUF1 half-life to 4.9 h (Fig. 9A and C). The proteasome
contributes to degradation, as its inhibition extended the
AUF1 half-life to 10 h (Fig. 9B and C). Like the Hsp27-TriD
mutant, Hsp27-S15D was unstable (half-life, 3.1 h) (Fig. 9A
and D), and proteasome inhibition completely stabilized it
(Fig. 9B and D). Together, these experiments indicate that
Hsp27 phosphorylation on Ser15 may be sufficient to promote
degradation of AUF1 and Hsp27 proteins.

Phosphomimetic mutants of Hsp27 affect ARE mRNA decay
kinetics. As noted above, Hsp27 binds the TNF-� ARE with

FIG. 5. Analyses of p37AUF1–Hsp27-TriD interactions in live cells by FRET. (A) Confocal fluorescence imaging of a THP-1 cell coexpressing
p37AUF1-ECFP and EYFP–Hsp27-TriD. Shown are emission of p37AUF1-ECFP upon excitation at 442 nm (left), emission of EYFP–Hsp27-TriD
upon excitation at 488 nm (middle), and emission of EYFP–Hsp27-TriD upon excitation of p37AUF1-ECFP at 442 nm (right), indicative of a FRET
signature. (B) Deconvolutions of fluorescence emission spectra from the cell in panel A. (Left) The cell was irradiated with 442-nm light, and the
spectrum was deconvolved into its major components as described in the legend to Fig. 4B (FRET signature from EYFP–Hsp27-TriD, yellow line
and arrow). For this cell, EFRET was 0.30, with a distance of 56 Å between the two fluorescence-tagged proteins. (Right) Deconvolved spectrum
of the same cell upon direct EYFP excitation at 488 nm. The yellow line represents EYFP-Hsp27-TriD expression. (C) Statistical analyses of the
p37AUF1-ECFP–EYFP-Hsp27-TriA interaction (from Fig. 4C, for comparison) and the p37AUF1-ECFP–EYFP-Hsp27-TriD interaction, as de-
scribed in the legend to Fig. 4C. P was 
0.0001 for this comparison.
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high affinity, and knockdown of Hsp27 in THP-1 cells stabilizes
the mRNA (27). Phosphomimetic mutants of Hsp27 alter
AUF1 expression and reduce the abundance of Hsp27 (Fig. 1).
To determine whether these mutants affect ARE mRNA sta-
bility, we examined the decay kinetics of TNF-� and IL-1�
mRNAs in cells expressing wild-type Hsp27, Hsp27-TriA,
Hsp27-TriD, or Hsp27-S15D. Cells were treated with actino-
mycin D to block transcription; RNA was isolated from the
cells at various times and analyzed by qRT-PCR, with GAPDH
mRNA serving as an internal control. Nonlinear regression
analyses of the percent mRNA remaining versus time yields
the first-order decay constant, k, from which the mRNA half-
life is calculated. TNF-� mRNA half-lives were 20 min and 14
min in cells expressing wild-type or Hsp27-TriA, respectively
(Fig. 10A); these differences were not statistically significant
(P � 0.05). These values are also comparable to that observed
with untransfected cells (21 min) (reference 27 and data not
shown). By contrast, expression of either Hsp27-TriD or
Hsp27-S15D extended the TNF-� mRNA half-life to 70 min
and 100 min, respectively. These Hsp27 phosphomimetic mu-

tants also extended the half-life of the IL-1� ARE mRNA to
over 5 h, compared to a 2-h half-life in cells expressing either
wild-type Hsp27 or Hsp27-TriA (Fig. 10B). Thus, posttransla-
tional modification of Hsp27 slows TNF-� and IL-1� mRNA
decay kinetics, just as it does for cyclooxygenase 2 (COX2)
mRNA (19).

Phosphomimetic substitution of Hsp27 does not reduce
ARE-binding affinity. To determine if the increased stability of
TNF-� mRNA in THP-1 cells expressing phosphomimetic mu-
tants of Hsp27 might be due in part to their impaired ARE-
binding activity, EMSA were performed. Recombinant His6-
Hsp27 proteins and a 38-nt RNA oligonucleotide with the core
TNF-� ARE were utilized for the assays. Increasing amounts
of His6-Hsp27 supported the formation of a ribonucleoprotein
complex in vitro with the TNF-� ARE (Fig. 11, left), and
comparable results were obtained with His6-Hsp27-TriD (Fig.
11, right). The apparent dissociation constants, Kd, defined as
50% of input RNA being bound (3), were 400 nM versus 300
nM for wild-type Hsp27 and Hsp27-TriD, respectively. This
result indicates that aspartate substitutions in Hsp27 do not

FIG. 6. Control photobleaching experiments for interactions of p37AUF1 with Hsp27-TriD and Hsp27-TriA. Shown are deconvolution analyses
of a THP-1 cell coexpressing p37AUF1-ECFP and EYFP–Hsp27-TriD (A) and p37AUF1-ECFP and EYFP-Hsp27-TriA (B). The spectra on the left
are before photobleaching of EYFP, and those on the right are after photobleaching of EYFP. An increase in ECFP fluorescence after
photobleaching in both cases is indicative of a true FRET signature. Three cells were analyzed for each protein pair with comparable results.
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impair its ARE-binding affinity in this assay. Thus, putative
differences in ARE-binding affinities likely cannot account for
the stabilization of ARE mRNA in cells expressing Hsp27-
TriD (see Discussion).

DISCUSSION

Our earlier work identified Hsp27 as a subunit of the AUF1
complex of proteins. Hsp27 is an ARE-binding protein that is
essential for AMD, as RNAi-mediated reduction of Hsp27
abundance stabilized TNF-� ARE mRNA in the human
monocyte cell line THP-1. Additional work has also estab-
lished a role for Hsp27 in AMD. (i) Shchors and colleagues
found that AUF1 and Hsp27 associate with cell death-inhibit-

ing RNA (CDIR), a U-rich transcript derived from the 3�
untranslated region (UTR) of a gene with unknown function
(26). Binding of the AUF1-Hsp27 complex to CDIR was as-
sociated with reduced AMD and an antiapoptotic phenotype.
(ii) Sommer and colleagues showed that overexpression of
Hsp27 reduced the levels of ARE mRNA encoding the c-Yes
oncoprotein (28). (iii) Lasa and colleagues showed that acti-
vation of the p38 MAPK pathway stabilized an ARE reporter
mRNA (19). This was due to subsequent p38-dependent acti-
vation of MK2, which in turn phosphorylates Hsp27. Indeed,
ectopic expression of an Hsp27 phosphomimetic (glutamic acid
substitutions at Ser15, Ser78, and Ser82), but not the wild-type
protein, was sufficient to stabilize a COX2-ARE reporter tran-
script in the absence of p38 MAPK activation.

Based upon this and other work, we sought a molecular basis
for links between phosphomimetic mutants of Hsp27 and sta-
bilization of at least some ARE mRNAs. We initially found
that expression of Hsp27 with replacement of Ser15, Ser78, and
Ser82 by aspartates, but not alanines, led to increased turnover
of AUF1 and Hsp27 proteins by proteasomes, as a proteasome
inhibitor fully stabilized the proteins (Fig. 2). Expression of
this phosphomimetic Hsp27 mutant also led to stabilization of
TNF-� and IL-1� mRNAs (Fig. 10). We subsequently found
that replacement of Ser15 alone with aspartate was sufficient to
accelerate the turnover of the AUF1 and Hsp27 proteins.
However, in this case, the proteasome inhibitor only partially
stabilized AUF1, suggesting that additional, unknown pro-
teases may contribute to AUF1 turnover, as well (Fig. 9).
Nonetheless, since Hsp27 phosphomimetics conferred ARE
mRNA stabilization, signaling events may act in part to alter
AUF1 and/or Hsp27 expression, thereby stabilizing selected
cytokine mRNAs.

As noted above, it is not clear exactly which AUF1 isoforms
are present in cells expressing the Hsp27 phosphomimetic mu-
tants compared to normal THP-1 cells. Western blots of
whole-cell lysates of THP-1 cells expressing wild-type Hsp27
revealed bands with mobilities consistent with p40AUF1/
p42AUF1 (which are difficult to resolve) and p45AUF1 (Fig. 1);
p37AUF1 is least abundant in THP-1 cells and can be observed
by Western blotting only under conditions that overexpose the
other isoforms. Expression of either Hsp27-TriD or Hsp27-
S15D alters the distribution of bands observed on Western
blots (Fig. 1) and leads to a fast-migrating polypeptide that
may or may not be p37AUF1. As AUF1 isoforms undergo post-
translational modifications that alter their electrophoretic mo-
bilities (16, 37), this band potentially represents an unmodified,
larger AUF1 isoform. Also, various isoforms may undergo
proteolytic-processing events that produce smaller polypep-
tides. For example, the single-strand DNA-binding protein
UP2 is approximately 6 kDa smaller than p37AUF1; cDNA
cloning and sequence comparisons revealed that it contains
sequence derived from p40AUF1 (reference 13 and our unpub-
lished observations). Regardless of the ultimate identities of
the AUF1 isoforms, or putative processing products thereof, it
is important to note that the Hsp27 phosphomimetics clearly
accelerate turnover of all expressed AUF1 proteins (Fig. 2 and
9). Further work will be required to establish how Hsp27 phos-
phorylation controls the expression of individual AUF1 iso-
forms and/or their posttranslational modification(s).

We showed previously by coimmunoprecipitation experi-

FIG. 7. Analyses of additional AUF1-AUF1 and AUF1-Hsp27 in-
teractions in live cells by FRET. (A, B, and C) Cells expressing the
indicated fusion protein pairs were analyzed for EFRET and plotted as
described in the legend to Fig. 4C. Where relevant, statistical analyses
between protein pairs are shown.
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ments that Hsp27 is a subunit within the AUF1 complex of
proteins (27). Also, live-cell FRET experiments revealed an
average intermolecular distance of �49 Å between Hsp27 and
p37AUF1 in the cytoplasm. Based upon these observations and
the role of Hsp27 in ubiquitination/degradation, we predicted
that the Ser15- and Ser15-Ser78-Ser82-Hsp27 phosphomimetics,
which accelerate AUF1 and Hsp27 turnover, would likely pres-
ent increased association with the AUF1 complex of proteins.
However, we found these two mutants did not detectably co-
immunoprecipitate with AUF1 (Fig. 3 and 8), even in cells in
which proteasomes were inhibited with lactacystin (data not
shown). However, FRET experiments indicated close associa-
tion of these proteins in live cells. We interpret these results to
mean that the phosphomimetic substitutions may reduce the
affinity of Hsp27-AUF1 association. Indeed, we have observed

other low-affinity, protein-protein interactions by live-cell
FRET (10, 12) that were refractory to coimmunoprecipitation,
e.g., gamma interferon receptor chains in the absence of li-
gands (1, 8). Perhaps proteasome subunits or an E3 ubiquitin
ligase directed by Hsp27 to AUF1 may alter protein-protein
affinities within the AUF1 complex of proteins. Clearly, more
work will be required to address the molecular basis for sub-
unit remodeling promoted by posttranslational modification of
Hsp27.

The finding of a physical interaction between AUF1 and
phosphomimetic Hsp27 in cells by FRET presents a simple
model by which these proteins undergo codegradation by pro-
teasomes and perhaps other proteases. One rationale for their
codegradation is that, since both AUF1 and Hsp27 are subject
to signaling-induced changes in the phosphorylation state,

FIG. 8. Different phosphomimetic substitutions in Hsp27 affects its coimmunoprecipitation with AUF1. AUF1-associated Hsp27 mutants were
immunoprecipitated from cytoplasmic lysates. THP-1 cells were stably transfected with plasmids expressing the indicated FLAG-Hsp27 mutants.
AUF1 protein complexes were immunopurified from equal cell equivalents of cytoplasmic cell lysates utilizing antibody to AUF1 and resolved by
10% SDS-PAGE. The blots were probed with an antibody against FLAG epitope.

FIG. 9. Degradation of AUF1 protein is significantly accelerated in THP-1/Hsp27-S15D cells. Cells were cultured with cycloheximide for the
indicated times. AUF1 and FLAG-Hsp27 protein levels were assessed by Western blotting of whole-cell lysates of 3 � 105 cells/lane with �AUF1
and �FLAG antibodies, respectively. Tubulin blots were performed to internally control for the total protein content. (A) AUF1 and Hsp27-S15D
protein levels without proteasome inhibition. (B) AUF1 and Hsp27-S15D protein levels in cells with concurrent proteasome inhibition (10 �M
lactacystin for the indicated times). (C and D) Protein levels were quantified and normalized to those of tubulin and then analyzed by nonlinear
regression to determine the protein half-life for AUF1 (C) and Hsp27-S15D (D). 	 Lact, sample without proteasome inhibition; � Lact, sample
with proteasome inhibitor.
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their codegradation may act to limit the duration of the sig-
naling stimulus on mRNA decay. Codegradation of proteins is
certainly not without precedent. For example, degradation of a
protein associated with a ubiquitin-dependent target protein is
exemplified by degradation of the c-Fos oncoprotein during
targeted degradation of c-Jun by proteasomes (20). Interest-
ingly, phosphorylation of c-Jun impedes c-Fos degradation.
This raises the possibility that differential phosphorylation of
Hsp27 or AUF1 within Hsp27-AUF1 complexes might affect
the degradation of one or both proteins. Further work will be
required to fully address this, however.

While phosphomimetic substitutions in Hsp27 accelerate

Hsp27 and AUF1 turnover, their expression also stabilizes
TNF-� and IL-1� mRNAs (Fig. 10). What effect does this have
on mRNA abundance? We find that long-term expression of
these mutants in stably transfected THP-1 cells reduces steady-
state TNF-� and IL-1� mRNA abundance by 80 to 90%; we
observed a similar effect upon long-term knockdown of either
AUF1 or Hsp27 by stable expression of short hairpin RNAs
(shRNAs) (unpublished observations). These results indicate
that the Hsp27 phosphomimetics recapitulate the effects of
Hsp27 or AUF1 knockdown. Thus, what is the biological rel-
evance of mRNA stabilization upon expression of phosphory-
lated Hsp27? Normally, phosphorylation of Hsp27 is an acute

FIG. 10. Expression of Hsp27-TriD or Hsp27-S15D stabilizes TNF-� and IL-1� mRNAs. THP-1 cells stably expressing wild-type Hsp27,
Hsp27-TriA, Hsp27-TriD, or Hsp27-S15D were cultured with actinomycin D (ActD) to block transcription. Total RNA was purified at the
indicated time points. mRNAs were quantified by real-time RT-PCR and analyzed with nonlinear regression to determine mRNA half-lives for
TNF-� (A) and IL-1� (B) mRNAs. Due to the higher decay rate of TNF-� mRNA, its half-lives are shown in minutes, while those of IL-1� are
shown in hours.

FIG. 11. Wild-type and Hsp27-TriD bind the TNF-� ARE with comparable affinities. Electrophoretic mobility shift assays were performed with
32P-labeled TNF-� ARE and the indicated concentrations of His6-Hsp27 (left) and His6-Hsp27-TriD (right). The reaction mixtures were
fractionated by native gel electrophoresis. Free RNA is indicated, and the positions of the protein-RNA complexes are indicated by the
arrowheads.
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response to activation of the p38 MAPK pathway, for example,
by exposure of cells to IL-1�, as was shown previously (18). As
such, our results allow the prediction that under conditions of
acute activation of p38, Hsp27 phosphorylation serves to tran-
siently stabilize cytokine ARE mRNAs to increase their abun-
dance. In cell lines stably expressing phosphomimetic Hsp27
mutants, we observe the effects of long-term Hsp27 phosphor-
ylation. Future work will expand upon the biological ramifica-
tions of signaling-induced Hsp27 phosphorylation, AUF1 iso-
form expression/stability, and cytokine mRNA stabilization
and abundance.

What is the mechanism by which phosphomimetic Hsp27
stabilizes TNF-� and IL-1� mRNAs? The binding affinity of
recombinant Hsp27-TriD to TNF-� ARE RNA is similar to
that of wild-type Hsp27 (Fig. 11). We attempted to perform
mRNA RNP (mRNP) immunoprecipitations for FLAG-
Hsp27 or AUF1 to examine mRNA-protein affinities in the
native cellular context. However, these experiments were un-
successful. We believe the problem is due in part to the van-
ishingly small amounts of TNF-� and IL-1� mRNAs in non-
activated THP-1 cells (30). On top of this, expression of the
Hsp27 phosphomimetics reduces TNF-� and IL-1� mRNA
levels 80 to 90%, as noted above, and they reduce total Hsp27
abundance. Thus, interpretable results from these experiments
have proven elusive so far. Nonetheless, at least we know that
the recombinant proteins bind the TNF-� ARE with similar
affinities in vitro. This observation appears to refute the hy-
pothesis that differential binding affinities are responsible for
the differences in mRNA decay kinetics conferred by these two
proteins. Rather, the simplest explanation for the mRNA sta-
bilization effects conferred by the Hsp27 phosphomimetics is
their ability to reduce total Hsp27 abundance compared to
ectopically expressed, wild-type Hsp27; this in itself is sufficient
to stabilize ARE mRNA (27). Clearly, further work will be
required to elucidate the exact mechanisms (RNA binding or
something else) through which Hsp27 controls mRNA decay.

In conclusion, we have demonstrated that specific phospho-
mimetic substitutions in Hsp27 can promote turnover of AUF1
by proteasomes to reduce or alter its expression and thereby
stabilize ARE mRNAs. This may provide a molecular basis for
earlier observations by Lasa et al. (19), who showed that acti-
vation of the p38 MAPK-MK2-Hsp27 signaling axis stabilizes
an ARE reporter mRNA. Future work will both address mo-
lecular mechanisms by which Hsp27 promotes AUF1 turnover
and search for additional signaling pathways that may converge
upon Hsp27 to affect degradation of AUF1 and ARE mRNAs.
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