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Posttranscriptional regulation of IL-13 in T cells: Role of
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Background: IL-13, a critical cytokine in allergy, is regulated by
as-yet-elusive mechanisms.
Objective: We investigated IL-13 posttranscriptional regulation
by HuR, a protein associating with adenylate-uridylate-rich
elements in the 39 untranslated regions (UTRs) of mRNA,
promoting mRNA stability and translation.
Methods: IL-13 mRNA decay was monitored in human TH2-
skewed cells by using the transcriptional inhibitor actinomycin
D. The IL-13 39UTR was subcloned into an inducible b-globin
reporter transiently expressed in H2 cells in the absence or
presence of overexpressed HuR. Association of HuR with IL-13
mRNA was detected by means of immunoprecipitation of
ribonucleoprotein complexes and a biotin pull-down assay. The
effects of HuR transient overexpression and silencing on IL-13
expression were investigated.
Results: IL-13 mRNA half-life increased significantly in
restimulated TH2-skewed cells compared with baseline values.
Decay of b-globin mRNA was significantly faster in H2 cells
transfected with the IL-13 39UTR-containing plasmid than in
those carrying a control vector. HuR overexpression increased
the b-globin IL-13 39UTR reporter half-life. Significant
enrichment of IL-13 mRNA was produced by means of
immunoprecipitation of Jurkat cell ribonucleoprotein
complexes with anti-HuR. HuR binding to the IL-13 39UTR was
confirmed by means of pull-down assay of biotin-labeled RNA
probes spanning the IL-13 39UTR. Two-dimensional Western
blot analysis showed stimulus-induced posttranslational
modification of HuR. In Jurkat cells mitogen-induced IL-13
mRNA was significantly affected by HuR overexpression and
silencing.
Conclusions: Mitogen-induced IL-13 expression involves
changes in transcript turnover and a change in phosphorylation
of HuR and its association with the mRNA 39UTR. (J Allergy
Clin Immunol nnnn;nnn:nnn-nnn.)
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Clinical and experimental studies have clearly established that
IL-13 is a key player in the pathophysiology of allergic diseases,
in particular of asthma.1

IL-13 is primarily secreted on antigen-mediated stimulation
of TH2 lymphocytes and controls a vast array of pathogenic
immune and inflammatory processes, such as IgE production,
tissue eosinophil recruitment, mucus secretion, airway hyperre-
activity, and airway wall remodeling, among others. Therefore
identification of the molecular pathways leading to IL-13 over-
expression might uncover primary immunomodulatory thera-
peutic targets.

Studies on the regulation of IL-13 expression in T cells have
thus far focused on transcriptional activation and the associated
signaling.2,3 However, growing knowledge indicates a key role of
posttranscriptional gene regulation after T-cell activation. Essen-
tial T-cell costimulatory signals, mediated by CD28 and leukocyte
function-associated antigen-1 (LFA-1), critically modulate T
cell–derived cytokine expression through changes in mRNA sta-
bility.4,5 Earlier genome-wide studies in human T cells indicated
that rapid and significant changes in mRNA stability occur for
hundreds of early-response genes after mitogenic stimulation.6

A recent array-based comparative analysis of nuclear gene tran-
scription versus total mRNA expression revealed that mRNA turn-
over accounts for as much as 50% of the mitogen-induced changes
in gene expression in the Jurkat T-cell line.7

Despite increasing knowledge of the molecular regulation of
mRNA stability of other T-cell products, such as IL-2, IL-4, and
CD40 ligand,8-11 almost no information is available on posttrans-
criptional regulation of IL-13 expression. Butler et al12 report that
in activated T cells from the TH2-biased mouse strain DBA/2,
increased expression of IL-4 and IL-13 over that seen in the
TH1-biased C56BL/6 strain was coupled with increased stabiliza-
tion of their transcripts. These data indicate that the regulation of
TH2 cytokine mRNA stability could also act as an important novel
mechanism contributing to the relative prevalence of a TH1- or
TH2-driven immune response.

Messenger RNA decay and translation are regulated through
binding to elements present in the 59 and 39 untranslated regions
(UTRs), as well as in the coding regions, of mature cytoplasmic
mRNA. The adenylate-uridylate–rich elements (AREs) present
in the 39UTR of many early-response and inflammatory genes
are the most conserved and best characterized sequences
regulating mRNA turnover and translation. Several proteins
exert posttranscriptional control through high-affinity binding
1
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FIG 1. Increase of IL-13 steady-state levels and mRNA stabilization in

restimulated T cells. IL-13 mRNA detected by means of real-time PCR in

TH2-skewed cultures (n 5 3) at time 0 after the indicated treatment (A; *P <

.05 vs unstimulated cells) or after treatment with actinomycin D (Act D; B) is

shown. Shown in parentheses in Figs 1 to 3 is the mRNA half-life (in hours).

**P < .001 and *P < .05 versus unstimulated cells.
to such regions in the context of specific RNA secondary
structures.13

HuR is the ubiquitous member of the Hu protein family of
RNA-binding proteins.14 It is functionally characterized as a pos-
itive regulator of mRNA stability, translation, or both, acting in
balance with ARE-binding factors that mediate acceleration of
mRNA decay, such as tristetraprolin, adenylate-urydilate–bind-
ing factor 1, and KH-type splicing regulatory protein,15 although
its activity is pleiotropic.16 Involvement of HuR is increasingly
recognized in T-cell gene regulation.9,17,18 T-cell activation trig-
gers shuttling of HuR to the cytoplasm, an event deemed neces-
sary for its regulatory functions.9,18-20 HuR binds to ARE in
mRNAs encoding key regulators of proliferation and stress
responsiveness,21,22 transcription factors,23 and a growing num-
ber of immune and inflammatory genes, such as IL-2, TNF-a,
IL-3, and many more.18,19,24-29

The aim of this study was to investigate the contribution of
mRNA turnover to IL-13 expression in activated human T cells
and to examine the involvement of HuR in this process. Our data
indicate that in human T cells mitogen-induced increase in
steady-state levels is paralleled by significant stabilization of
IL-13 mRNA. We demonstrate that HuR associates with the
39UTR of IL-13 mRNA and present evidence of a functional role
for HuR in regulating IL-13 mRNA levels in this cell type.
METHODS

Cell cultures, plasmid constructs, small interfering

RNA, and transfection protocols
Blood was drawn from healthy subjects under a protocol approved by a

Johns Hopkins Medicine Institutional Review Board. T cells were cultured

under TH2-skewing conditions, as described in the Methods section of the

Online Repository, which is available at www.jacionline.org.30 Intracellular

staining for IL-13, IL-4, and IFN-g in these cultures30 is described in the

Methods section of the Online Repository, and the results are shown therein

as Fig E1 (available at www.jacionline.org).

The human Jurkat T-cell line was cultured in RPMI, 10% FBS, 2 mmol/L

L-glutamine (Invitrogen, Carlsbad, Calif), and 100 mg/mL gentamicin (Quality

Biological, Gaithersburg, Md). The H2 cell line is a clone of the human cell

line H1299, a non–small cell lung carcinoma stably transfected with the

pTet-Off plasmid (Clontech, Mountain View, Calif),31 and was cultured in

Dulbecco’s modified Eagle’s medium (Invitrogen), 10% FBS, and penicillin

(100 U/mL)/streptomycin (100 mg/mL).

Description of the plasmid constructs, small interfering RNA (siRNA), and

the protocol for transient transfections can be found in the Methods section of

the Online Repository.
RNA isolation and analysis
Total RNA was extracted with TRIzol (Invitrogen).32 Cytoplasmic RNA

was isolated and DNase treated with the RNAeasy kit (Qiagen, Valencia,

Calif). RNA was reverse-transcribed with the Gene Amp Kit (Perkin Elmer

Life Sciences, Boston, Mass) and PCR amplified with the SYBR Green rea-

gent Kit (Perkin Elmer). Northern blot analysis was carried out as previously

described.29 The DNA probe was a cDNA encompassing the full-length

coding region of rabbit b-globin.33 In the Methods section of the Online

Repository are listed the primers for IL-13, glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), enhanced green fluorescent protein (EGFP), and

b-globin, as well as the methods for the amplification, data collection, and

analysis of the PCR results29,34 and the protocol for Northern blot analysis.
In vitro biotin pull-down assay
Biotinylated transcripts were generated by means of RT-PCR of Jurkat

RNA by using specific primers (listed in the Methods section of the Online

Repository). PCR products were purified from agarose gels, as previously

described,21 and used as templates for the synthesis of biotinylated RNAs by

using T7 RNA polymerase and biotin-conjugated cytidine 59-triphosphate.

After an established protocol,35 cytoplasmic fractions of unstimulated Jurkat

cells (40 mg) were incubated for 1 hour at room temperature with 1 mg of bio-

tinylated transcripts, and then ribonucleoprotein complexes were isolated with

streptavidin-conjugated Dynabeads (Invitrogen). The presence of HuR in the

pull-down pellet was verified by means of Western blot analysis with the

mouse monoclonal anti-HuR antibody 3A2 (Santa Cruz Biotechnology, Santa

Cruz, Calif)36 and the enhanced chemiluminescence protocol (GE Healthcare,

Piscataway, NJ), as previously described.29
Immunoprecipitation of endogenous messenger

ribonucleoprotein complexes
We used a modification29 of an established protocol37 described in detail

in the Methods section of the Online Repository for immunoprecipitation

(IP) of endogenous messenger ribonucleoprotein complexes (mRNPs).

http://www.jacionline.org
http://www.jacionline.org


FIG 2. The 39UTR of IL-13 mRNA mediates changes in the stability of a b-globin mRNA reporter. A, The

39UTR of the human IL-13 mRNA. AU-rich elements are bolded. Underlined are additional putative HuR rec-

ognition sites. Representative Northern blot (B) and densitometric analysis (C; means 6 SEMs of n 5 6) of

b-globin mRNA expression in H2 cells transfected with the indicated plasmids is shown. *P < .01 compared

with pTet-BBB-transfectants.
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Two-dimensional Western blot analysis
This assay was performed by using IPG strips (11 cm, pH 7-10; Bio-Rad,

Hercules, Calif) for isoelectric focusing (IEF) in the first dimension followed

by electrophoresis in SDS-containing gels (4% to 15% acrylamide) in the

second dimension, as previously reported38 and described in detail in the

Methods section of the Online Repository.
Statistical analysis
Data were analyzed by using the repeated-measures ANOVA test with

post-hoc analysis.
RESULTS
To test the hypothesis that IL-13 expression can be regulated at

the level of mRNA turnover, we studied the decay of IL-13 mRNA
after T-cell activation. IL-4–primed primary CD41 T cells, hence-
forth referred to as TH2-skewed cells, were left untreated or
restimulated with phorbol 12-myristate 13-acetate (PMA;
50 ng/mL) and the Ca21 ionophore A23187 (250 ng/mL) alone
or in combination for 3 hours. Cells were then either harvested
(as time 0) without any additional treatment or further cultured
in the presence of the transcriptional inhibitor actinomycin D
(3 mg/mL) for 1, 3, or 5 hours. Steady-state levels of IL-13
mRNA were detectable by means of real-time PCR at baseline
(cycle threshold [CT] 5 27.4 6 0.4) and increased significantly af-
ter cell challenge with PMA (fold over control, 46.04 6 6.8), the
Ca21 ionophore A23187 (17.1 6 2.3), and their combination
(234.1 6 67), as expected (Fig 1, A). Treatment with actinomycin
D revealed that in unstimulated T cells IL-13 mRNA has a rela-
tively fast turnover; in fact, only 22% of IL-13 mRNAwas detect-
able within 1 hour from transcriptional termination (Fig 1, B). In
contrast, more than 50% of the IL-13 mRNAwas still detectable at
the same time point after treatment with PMA or A23187. More
strikingly, in cells treated with both stimuli, the levels of IL-13
mRNA after 1 hour were still virtually unchanged compared
with those at time 0, indicating a rapid and significant stimulus-
dependent stabilization of the IL-13 mRNA (P < .002, ANOVA).
Accordingly, analysis of the decay curve revealed that half-life of
IL-13 mRNA, calculated for each condition as the time (in hours)
required for the transcript to decrease to 50% of its initial abun-
dance, was 1.6 hours in unstimulated cells, became longer after
either stimulation (3.7 hours after PMA and 3.0 hours after



FIG 3. Overexpression of HuR increases the stability of the IL-13 39UTR-

bearing b-globin reporter. Representative end point PCR (A) and densito-

metric analysis (B; means 6 SEMs of n 5 6) of b-globin (upper panels)

and GFP (lower panels) mRNA in H2 cells transfected with the indicated

plasmids after transduction with Ad-HuR (HuR) or Ad-empty vector (EV)

is shown. *P < .001, b-globin mRNA in pTet-BBB-IL13UTR-transfectants

compared with pTet-BBB-transfectants; §P < .05, pTet-BBB-IL13UTR plus

Ad-HuR cotransfectants compared with Ad-EV cotransfectants. C, Western

Blot of HuR and b-actin levels in transfected H2.
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A23187), and was significantly prolonged after combined stimu-
lation (6.3 hours) over unstimulated cells.

The 39UTR of IL-13 mRNA displays AREs with a class
1 configuration,39 with 4 scattered AUUUA sequences embedded
in an A- and U-rich milieu, indicating potential regulation of
mRNA turnover by ARE-binding proteins (Fig 2, A). We used
an established model31 for the isolated study of the cis-element
(the ARE) and the transfactor (HuR) potentially involved in
IL-13 mRNA turnover. We generated the construct pTet-BBB-
IL13UTR by subcloning the full-length IL-13 39UTR in pTet-
BBB, which expresses the ARE-less rabbit b-globin reporter
under the control of a Tet-off promoter.40 The 2 constructs were
transiently transfected in parallel in H2 cells, together with a green
fluorescent protein (GFP) expression vector for normalization
(Fig 2, B). H2 cells31 were used in place of Tet-off Jurkat cells be-
cause the latter lack the adenovirus receptor. In Fig 2, C, densito-
metric analysis of the Northern blot, performed with cytoplasmic
RNA extracted from H2 after transcriptional shutoff, shows that
the insertion of the IL-13 39UTR significantly accelerated the
slow turnover of the ARE-less chimeric b-globin mRNA,40 dis-
playing a half-life of 2.1 hours compared with 11.4 hours in cells
transfected with pTet-BBB (n 5 6). The fast turnover of the chi-
meric transcript resembles the decay of the IL-13 mRNA in unsti-
mulated TH2-skewed cells, suggesting that the IL-13 39UTR does
contain functional regulatory elements of mRNA turnover.

When HuR was transiently overexpressed in H2 cells (Fig 3,
C), it induced a profound stabilization of the labile chimeric
b-globin mRNA only in cells cotransfected with pTet-BBB-
IL13UTR (Fig 3, A, right). In these cells this can be appreciated
by comparing cells transfected with the empty vector with those
transfected with HuR, especially at the 3- and 5-hour data points
(P < .02, ANOVA). Densitometric analysis indicates a 10-fold
increase in reporter mRNA half-life over mock-transduced cells
(22.7 vs 2.8 hours, respectively; Fig 3, B). These results, con-
firmed by means of densitometry of Northern blot analysis (see
Fig E2 in the Online Repository at www.jacionline.org), suggest
that HuR is involved in transcript stabilization mediated by the
39UTR of IL-13 mRNA.

To verify the occurrence of a stimulus-dependent association of
HuR with the endogenous IL-13 mRNA and to validate in a
physiologically relevant model the mechanisms identified in the
reporter system, we performed IP of mRNPs obtained from Jurkat
cells stimulated with or without PMA and A23187 for 3 hours
using a monoclonal anti-HuR (3A2) or an isotype-matched
antibody. The specificity of the IP with anti-HuR was confirmed
by Western blotting to monitor HuR presence in the mRNPs (data
not shown). The immunoprecipitated mRNA pools were then
assayed for the presence of IL-13 mRNA by using real-time PCR.
IL-13 mRNA was barely detectable in the IP samples of
unstimulated cells (data not shown). Conversely, after cell
activation, we found a consistent enrichment of IL-13 mRNA in
the samples obtained by means of IP with anti-HuR over the
background mRNA levels in the control antibody immunopre-
cipitates. In Jurkat cells the difference of 6 cycles in the CT value
for IL-13 detection between the HuR and the mock IP (DCT)
indicated a 2-(-6) 5 64-fold enrichment in IL-13 mRNA in the
HuR IP. Importantly, selective association of IL-13 mRNA with
HuR was also confirmed in TH2-skewed cells (Fig 4, A, right
panel), where the DCT for IL-13 (6.6 cycles) indicated a 2-(-6.6)

5 97.7-fold enrichment in IL-13 mRNA in the HuR IP. In both
cases detection of GAPDH mRNA, used as a negative control
because it is known not to be a target of HuR, showed no differ-
ence between the 2 IP conditions, indicating a lack of specific
enrichment despite the more abundant message, as indicated by
the lower CT number.

We then confirmed the interaction of HuR with the 39UTR of
IL-13 mRNA by using the biotin pull-down assay (Fig 4, B).
Cytoplasmic proteins from Jurkat cells were incubated with bio-
tinylated transcripts spanning the coding region or the full-length
39UTR of IL-13 or the full-length 39UTR of GAPDH as a negative
control. The presence of HuR in the pulled-down pellets isolated
with streptavidin-coated beads was detected by means of Western
blotting. Only residual binding was detected in the IP samples
pulled down with the transcript encompassing the coding region,
which was comparable with that obtained by using the ARE-less
39UTR of GAPDH. In contrast, substantial amounts of HuR were
associated with the IL-13 39UTR, which is in line with the
mRNA-stabilizing effects of overexpressed HuR in our IL-13
39UTR-bearing b-globin reporter model (Fig 3).

Levels of endogenous HuR did not change after cell stimulation
(data not shown). Therefore to assess whether mitogens trigger
posttranslational modification of HuR, 2-dimensional Western
blot analysis of HuR was performed by using lysates from Jurkat
cells unstimulated or treated with PMA and A23187. After
stimulation up to 1 hour, the HuR signal shifted rightward,
indicating a loss in negative charge (n 5 4; Fig 4, C). Treatment
with calf intestinal phosphatase of unstimulated samples also pro-
duced a rightward shift, although less marked than that observed
after mitogen treatment, suggesting that the latter posttransla-
tional change of HuR could be due, at least in part, to a loss of
phosphorylation.

We then explored the functional role for HuR association by
transiently modulating HuR levels in Jurkat cells. The level and
specificity of transient overexpression and silencing of HuR was
verified by means of Western blotting (Fig 5, left panels). Trans-
fected cells were stimulated with or without PMA and ionomycin

http://www.jacionline.org


FIG 4. Association of HuR with IL-13 mRNA and posttranslational changes of HuR. A, Representative real-

time PCR amplification plot of fluorescence intensity over background (Delta Rn) against PCR cycle (CT) of

IL-13 and GAPDH mRNA in stimulated Jurkat (n 5 3) and TH2-skewed cells (n 5 2) subjected to IP with the

anti-HuR antibody (solid symbols) or with control antibody (open symbols). In the bar graph inserts the IL-13

datasets are expressed as the means 6 SEMs CT of the IP with anti-HuR (black bars) or the control antibody

(white bars). B, Western blot of HuR after biotin pull-down assay (representative of n 5 3). C, Detection of

HuR by means of 2-dimensional Western blot analysis (representative of n 5 4) in Jurkat cells unstimulated

(Ctrl) or treated for the indicated times. Lysates from unstimulated cells were run in the absence or presence

of treatment with calf intestinal phosphatase (CIP) before separation in the first dimension.
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and harvested for analysis of IL-13 mRNA. Results were normal-
ized to GAPDH mRNA expression, the negative control also used
for the experiments of IP and the biotin pull-down assay, which
was not altered by changes in HuR levels (data not shown). Mito-
gen-induced levels of IL-13 mRNA were significantly increased
in cells overexpressing HuR (12.5 6 3.3–fold over mock-
transfected cells, P < .05). Accordingly, IL-13 levels decreased
by 41% when HuR expression was suppressed with a specific
siRNA (Fig 5, left panels).
FIG 5. Changes in HuR levels affect IL-13 mRNA expression. Left panels,

Western blot of HuR and b-tubulin after transfection of Jurkat cells with

an HuR expression vector or an empty vector (EV; A) and HuR-specific

siRNA or a scrambled siRNA (Ctrl; B). Numbers below the blots represent

the normalized densitometric readings. Right panels, Mitogen-induced

IL-13 mRNA in transfected Jurkat cells (Fig 5, A: n 5 3; Fig 5, B, n 5 5;

P < .05).
DISCUSSION
Our studies provide evidence for a thus far undescribed

regulatory component of IL-13 expression in T cells that involves
modulation of mRNA turnover. In resting human primary T cells,
the low steady-state levels of IL-13 mRNA displayed a relatively
short half-life. After cell restimulation, the expected increase in
IL-13 mRNA levels was paralleled by a profound prolongation of
the transcript’s half-life. These findings demonstrate that on cell
activation, mRNA stabilization occurs in conjunction with the
increase in IL-13 mRNA steady-state levels, which is in agree-
ment with previous studies recognizing the process of stabiliza-
tion of cytokine mRNAs as a central regulatory mechanism of
T-cell activation.5,6 Signaling cascades activated by proinflamma-
tory stimuli that regulate transcription also control downstream
regulatory events at the level of mRNA transport, stability, and
translation.41 Therefore the observed changes in mRNA turnover
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are likely to be integrated with transcriptional events to produce
the robust increase in steady-state levels of IL-13 that occurs after
T-cell activation in vitro.

Our data indicate that the 39UTR plays an important role in
determining the turnover rate of the IL-13 mRNA. Subcloning of
this region significantly accelerated the slow decay of the ARE-
less b-globin mRNA but also mediated transcript stabilization
after HuR overexpression. Changes in mRNA turnover rates and
translation of ARE-bearing genes are modulated by complex
remodeling of ribonucleoprotein complexes, which provides a
tight control of the timing and magnitude of their expression
through the promotion of sequential transient increases in mRNA
stabilization and accelerated decay. It is possible that in resting
conditions the more rapid decay seen in both the endogenous IL-
13 mRNA and in the chimeric reporter could be under the control
of decay-promoting RNA-binding proteins, such as tristetrapro-
lin, as shown for the control of IL-2 mRNA decay in human T
cells.42 In activated cells such a pattern of rapid decay could be
changed by the activation of HuR, which would determine an
increase in IL-13 levels by increasing mRNA stabilization. In sup-
port of this view, in addition to mRNA stabilization, we also show
that mitogen stimulation promotes association of HuR with the
endogenous IL-13 mRNA. A functional role for this ribonucleo-
protein complex in IL-13 transcript turnover is further supported
by the strong stabilization of the chimeric mRNA bearing the IL-
13 39UTR after overexpression of HuR and by the significant
changes in IL-13 mRNA levels after overexpression or silencing
of HuR.

The putative AREs that bind HuR show a high degree of
heterogeneity in both human subjects and mice.35 Recently, novel
binding regions for HuR have been described within the coding
regions of IL-4 and CD83.9,10 In addition to class 1 AREs, the
IL-13 39UTR contains 2 additional putative HuR-binding sites
identified through computational analysis.35 In our study we dem-
onstrate, by means of mRNP IP and biotin pull-down assay, that
HuR is bound to the 39UTR and not to the coding region of the
IL-13 mRNA. Further deletional and mutational analysis of the
IL-13 39UTR will clarify the role of the discrete sequences con-
trolling the observed changes in mRNA turnover and will help
identify more specific recognition sites for HuR.

HuR-mediated functions are dependent on the increase in its
cytoplasmic levels after cell activation. Increased nucleocyto-
plasmic shuttling of HuR has been documented in human and
mouse T cells after activation through the T-cell receptor by
costimulatory molecules (eg, CD28 and LFA-1), by IL-4, and by
PMA.5,9,18,20,43 This process is increasingly viewed as a central
feature of T-cell activation, granting an important mechanistic
insight into the regulation of T-cell responses. Because only a
small percentage of HuR shuttles to the cytoplasm, this process
can be best appreciated in the thin cytoplasm of activated T cells
by using confocal microscopy.5,18 Although because of technical
limitations we did not document a stimulus-induced increase in
cytoplasmic levels of HuR in our system, we observed that the
total levels of HuR were not changed by cell treatment in Jurkat
and TH2-skewed cells (data not shown), suggesting that activation
of HuR, rather than increased synthesis, is involved in IL-13
mRNA turnover. Posttranslational modifications of HuR, such
as methylation or phosphorylation, have been shown to be medi-
ated by multiple pathways38-45 and have been linked to either
stimulus-dependent nucleocytoplasmic shuttling or to the
mRNA-stabilizing function of HuR. The loss of negative charge
induced in HuR by mitogen treatment is reproduced, at least in
part, by phosphatase treatment of unstimulated samples. These
results suggest that a loss in phosphorylation might be involved
in mitogen-mediated posttranslational changes of HuR, either
through inhibition of kinases38,45 or activation of as-yet-unidenti-
fied phosphatases. Further studies are warranted to characterize
these pathways and their role in the effect of HuR on IL-13
mRNA stability.

The functions of HuR in T cells appear to be pleiotropic,
accounting for either increased stabilization, cytoplasmic accu-
mulation, or translation of T-cell transcripts.9,10,17,18,25,46 In our
study the significant changes in IL-13 mRNA levels subsequent
to transient changes in HuR levels provide additional support
for the proposed role of HuR as a positive regulator of IL-13
mRNA stability. Also in support of this hypothesis, IL-13 and
IL-4 mRNA displayed increased stability, along with higher
levels of expression, in activated T cells in a TH2-biased mouse
strain in comparison with those observed in cells from a TH1-
biased background.12 Importantly, HuR has been recently identi-
fied as a mediator of IL-4 mRNA stabilization in mouse CD41 T
cells.9

Strikingly, HuR has been thus far reported to mediate mRNA
stabilization of the majority of the cytokine genes clustered on
chromosome 5q: IL-3, IL-4, GM-CSF, and, in the present study,
IL-13.9,19,25,47,48 On this basis, we propose that in T cells HuR
could be exerting a critical role by regulating posttranscription-
ally the coordinate expression of this cytokine cluster. This is in
line with the current view of the control of cytoplasmic mRNA
by RNA-binding proteins as a key regulatory mechanism for
the coordinate expression of functionally related genes.49 It is
also interesting to note that HuR is encoded in chromosome
19p13.2,50 a region known to include candidate genes in asthma
and other atopic disorders.51

Taken together, our data indicate that posttranscriptional
regulation critically affects the expression of IL-13 in T cells
and support the hypothesis that HuR is an important amplifier of
inflammatory and allergic responses. By binding to ARE-bearing
and functionally related transcripts after T-cell activation, HuR
could coordinate their cytoplasmic fate and ultimately sustain
their increased production in response to inflammatory stimuli.
Identification of the molecular pathways of HuR activation and
function will further our knowledge of how inflammation works
and will likely identify valuable targets for therapeutic
intervention.

We thank Dr Ann-Bin Shyu for kindly providing the pTet-BBB construct.

Clinical implications: Posttranscriptional events are critical in
T-cell gene regulation and potentially targetable for therapy.
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METHODS

T-cell culture and assessment of TH2 skewing
PBMCs were isolated with a Ficoll-Hypaque density gradient (GE Life

Sciences, Piscataway, NJ), and naive TH cells (CD41CD45RA1) were en-

riched to 95% to 99% by means of negative selection with the StemSep Human

Naive CD41 T Cell Enrichment Cocktail (StemCell Technologies, Vancouver,

British Columbia, Canada) and LS MACS columns (Miltenyi Biotec, Auburn,

Calif). Cells were cultured for 7 to 21 days in RPMI (Invitrogen) containing

10% FBS (Hyclone, Logan, Utah), 40 IU/mL rIL-2 (BRB Preclinical Reposi-

tory, NCI, Frederick, Md), 1% Glutamax (Invitrogen), and 0.1 mg/mL Primocin

(Amaxa Biosystems, Gaithersburg, Md) with anti-CD3– and anti-CD28–coated

beads (0.5 beads/cell; Dynabeads CD3/CD28 T Cell Expander, Invitrogen) un-

der TH2-skewing conditions, consisting of 50 ng/mL rIL-4 (R&D, Minneapolis,

Minn) and 10 mg/mL anti-IFN-g (clone NIB42; eBioscience, San Diego, Calif).

For single-cell cytokine detection, TH2 cells (n 5 3) were stimulated with me-

dium or ionomycin (0.5 mg/mL) and PMA (20 ng/mL) for 5 hours, the last 4 in

the presence of 1 mL/1.5 3 106 cells of a monensin-containing solution (Golgi-

stop; BD PharMingen, San Diego, Calif). Cells were stained with anti-IFN-g–

phycoerythrin (B27; Caltag, Carlsbad, Calif), anti-IL-4-APC (11B11), and

anti-IL-13–phycoerythrin (eBioscience) on fixation in 2% paraformaldehyde

and permeabilization with 0.08% Triton X-100. Cells were then loaded on a

FACSCalibur flow cytometer (BD PharMingen), and the results (Fig E1) were

analyzed with FACS Express 3.0 (De Novo Software, Thornhill, Ontario,

Canada).

Plasmid constructs, siRNA, and

transfection protocols
The pTetBBB-IL13UTR construct was generated by means of amplifica-

tion from a Jurkat genomic template of the AU-rich region of the IL-13 39UTR

from 1455 to 11214 (accession no. NM_002188) and subsequent cloning

into the unique BglII site of pTetBBB.E1 Transient transfection of H2 cells was

effected in 6-well plates at approximately 50% to 60% confluence, using 3 mL

of FuGene (Roche Applied Science, Indianapolis, Ind) per microgram of DNA

in serum-free Opti-MEM (Invitrogen). Efficiency was greater than 50%, as

monitored through cotransfection with pEGFP/C1 (Clontech), coding for

EGFP. Cells were allowed to express EGFP, b-globin, or the chimeric

mRNA for 48 hours. Transcription was stopped by the addition of doxicycline

(1 mg/mL), and mRNA decay was measured by means of Northern blotting or

real-time PCR of samples isolated from cells harvested at different times from

the addition of doxicycline.

HuR was overexpressed in H2 cells (n 5 6 independent transfections) by

infection with an adenoviral vector (Ad CMV-HuR; ViraQuest, Inc, North

Liberty, Iowa). Infections were carried out in parallel with an empty vector

(Ad-EV) in serum-free Dulbecco’s modified Eagle’s medium at 80% conflu-

ency. HuR levels were determined by using Western blotting 48 hours after

infection. Significant upregulation of HuR levels was achieved with 12.5 plaque-

forming units/cell.

For HuR overexpression in Jurkat cells, 106 cells (n 5 3 independent trans-

fections) were loaded with 1 mg/mL of a CMV promoter-driven, G10 epitope–

tagged HuR vector,E2 and 200 ng of CMV-EGFP in serum-free Opti-MEM

(Invitrogen) electroporated with a 300-V pulse by using a Cellject Pro

(Thermo Electron, Waltham, Mass) and, 48 hours later, stimulated for an ad-

ditional 3 or 24 hours with PMA (50 ng/mL) and the Ca21 ionophore A23187

(250 ng/mL). Transfection efficiency, assessed by means of flow cytometry for

EGFP-positive cells, was greater than 20%. For HuR silencing, 107 Jurkat

cells were elecroporated at 400 V with 400 nmol each of a previously de-

scribed siRNA (59-aaGAGUGAAGGAGUUGAAACU-39) or a scrambled

control (59-GCCAAUUCAUCAGCAAUGG; both by Qiagen). HuR levels

were determined by means of Western blotting 48 hours after transfection

(n 5 5 independent transfections).

RNA isolation and analysis
The PCR primers (forward/reverse) for detection of IL-13 were 59-CCAGA

AGGCTCCGCTCTGCAA-39/59-GTGCGGGCAGAATCCGCTCA-39; those

for GAPDH were 59-GAAGGTGAAGGTCGGAGTC-39/59-GAAGATGGTG

ATGGGATTTC-39; those for EGFP were 59-AGGAGCGCACCATCTTCTT-

39/59-CACCTTGATGCCGTTCTTC-39; and those for b-globin were 59-ACA

CTTGCTTTTGACACAAC-39/59-GAGGAGTGAATTCTTTGCC-39. The

conditions for IL-13 and GAPDH mRNA amplification by means of real-

time PCR are 508C for 2 minutes for UNG activation and then 958C for 10

minutes (1 cycle each, hot-start to activate the Taq polymerase) and 958C for 15

seconds followed by 638C for 1 minute for 40 cycles. For GFP, the conditions

are 958C for 10 minutes; then 958C for 30 seconds, 598C for 30 seconds, and

728C for 30 seconds for 30 cycles; and 728C for 10 minutes. The conditions for

the b-globin mRNA amplification are 958C for 10 minutes; then 958C for 45

seconds, 508C for 45 seconds, and 728C for 45 seconds for 28 cycles; and 728C

for 10 minutes. All samples were run in triplicate for real-time fluorimetric

determination in an ABI 7700 sequence detector (Perkin Elmer) and quantified

by using the comparative CT methodE2,E3 by using GAPDH mRNA expression,

which was unchanged by cell treatments (data not shown), for normalization.

Northern blot analysis
Aliquots of 10 mg of cytoplasmic mRNA from H2 cells were separated by

means of electrophoresis on a 1% agarose/6% formaldehyde gel and then

blotted onto a Genescreen Plus nylon membrane (Perkin Elmer Life Sciences).

The membrane was prehybridized and subsequently hybridized in PerfectHyb

Plus solution (Sigma, St Louis, Mo) with 1 3 106 cpm/mL cDNA probes and

labeled with [a-32P] deoxyadenosine triphosphate by random priming (Prom-

ega, Madison, Wis). After stringent washing, membranes were visualized by

means of autoradiography. The intensity of bands in developed X-ray films

was recorded by using a BioRad Documentation and Analysis System and

subjected to densitometric analysis by using the QuantityOne software (Bio-

Rad, Inc, Hercules, Calif). No blots subjected to densitometric measurement

showed saturated pixels by using the imaging system.

In vitro biotin pull-down assay
Biotinylated transcripts were generated by means of RT-PCR of Jurkat

RNAwith the following primers (please note that all 59 primers were preceded

by a T7 tag): 59-(T7)CATCCGCTCCTCAATCCTCTCC-39 and 59-ATGCTT

TGGAAGTTTCAGTTGAACTGTCC-39 for the IL-13 coding region

(NM_002188, nucleotide position 17-469); 59-(T7)CGAAAGCATCATTATT

TGCAGAGAC-39 and 59-ATCTGTCACCAACTTTATTTCTGGCTTCAG-

39 for the IL-13 39UTR (460-1272); and 59-(T7)CTCAACGACCACTTTGTC

AAGC-39 and 59-CACAGGGTACTTTATTGATGGTACAT-39 for the GAP

DH 39UTR (981-1276).

IP of endogenous mRNPs
Jurkat or TH2 cells (3 3 107) were harvested, pelleted, and resuspended in

approximately 2 cell-pellet volumes of polysome lysis buffer (100 mmol/L

KCl, 5 mmol/L MgCl2, 10 mmol/L Hepes [pH 7.0], 0.5% Nonidet P-40

with 1 mmol/L dithiothreitol (DTT), 100 U/mL RNaseOUT [Gibco BRL,

Carlsbad, Calif], 0.2% vanadyl-ribonucleoside complex [Gibco BRL], 0.2

mmol/L phenylmethylsulfonyl fluoride, 1 mg/mL pepstatin A, 5 mg/mL bes-

tatin, and 20 mg/mL leupeptin added fresh immediately before use). Cell ly-

sates were then centrifuged at 16,000g for 10 minutes at 48C. The mRNP cell

lysate contained approximately 30 mg/mL total protein. For IP, Protein-A Se-

pharose beads (Sigma) were swollen 1:1 vol/vol in NT2 buffer (50 mmol/L

Tris [pH 7.4], 150 mmol/L NaCl, and 1 mmol/L MgCl2/0.05% Nonidet

P40) supplemented with 5% BSA. A 100-mL aliquot of the preswollen pro-

tein-A bead slurry was used for IP reaction and incubated for 4 hours at

room temperature with excess immunoprecipitating antibody (30 mg) by using

the 3A2 anti-HuR antibody or an IgG1 isotype control antibody (BD Biosci-

ence, San Jose, Calif). The antibody-coated beads were washed with ice-cold

NT2 buffer and resuspended in 900 mL of NT2 buffer supplemented with 100

U/mL RNaseOUT, 0.2% vanadyl-ribonucleoside complex, 1 mmol/L DTT,

and 20 mmol/L EDTA. The beads were vortexed briefly, and 100 mL of the

mRNP cell lysate was added and immediately centrifuged. The IP reactions

were tumbled at room temperature for 2 hours to ensure maximal antibody en-

richment and then washed 6 times with ice-cold NT2 buffer. Washed beads
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were resuspended in 100 mL of NT2 buffer supplemented with 0.1% SDS and

30 mg of proteinase K, incubated for 30 minutes at 558C, and then extracted

with phenol-chlorophorm-isoamylalcohol and precipitated in ethanol.

Two-dimensional Western blot analysis
This assay was performed by using IPG strips (11 cm, pH 7-10; Bio-Rad)

for IEF in the first dimension, followed by electrophoresis in SDS-containing

gels (4% to 15% acrylamide) in the second dimension. Before loading for

separation in the first dimension (according to isoelectric point), unstimu-

lated samples were either left untreated or incubated for alkaline phosphatase

(calf intestinal phosphatase) for 1 hour at 378C. Briefly, the IPG strips were

rehydrated in the presence of 50 mg of whole-cell lysates in rehydration

buffer (8 mol/L urea, 2% CHAPS, 50 mmol/L DTT, and 0.2% carrier

ampholytes pH 7-10; Bio-Rad). IEF was carried out in a Protean IEF cell

(Bio-Rad), and the IEF the strips were immediately equilibrated with

equilibration buffer 1 (6 mol/L urea, 2% SDS, 375 mmol/L Tris-HCl [pH

8.8], 20% glycerol, and 2% [wt/vol] DTT) for 15 minutes and equilibration

buffer 2 (6 mol/L urea, 2% SDS, 375 mmol/L Tris-HCl [pH 8.8], 20%

glycerol, and 2.5% [wt/vol] iodoacetamide) for 15 minutes. The strips were

placed in the IPG well of SDS-PAGE gels (4% to 15% acrylamide;

Bio-Rad), and the proteins were size fractionated and transferred onto

polyvinylidene difluoride membranes (Millipore, Temecula, Calif). All

subsequent steps were as described for standard Western blot analysis by

using anti-HuR mouse mAb (1:1000; Santa Cruz Biotechnology) and

secondary, horseradish peroxidase–conjugated anti-mouse IgG (Sigma).

Signals of the 2-dimensional Western blots were developed by using ECL-

Plus reagent.
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FIG E1. In vitro skewing of human TH naive precursors. CD41CD45RA1 T cells were isolated from peripheral

blood by means of negative selection, as specified in the Methods section. Cells were stimulated with anti-

CD3/anti-CD8 beads (0.5 beads per cell) and cultured for 7 to 21 days under TH1- or TH2-skewing conditions,

consisting, respectively, of 5 ng/mL IL-12 and 2 mg/mL anti-IL-4 and 50 ng/mL IL-4 and 10 mg/mL anti-IFN-g.

A, Shown is a typical experiment in which 7-day TH1- and TH2-skewed cultures were restimulated for 5 hours

with PMA (10 ng/mL) and ionomycin (1 mg/mL) in the presence of monensin and then fixed and permeabi-

lized for single-cell detection of IFN-g, IL-4, and Il-13. B, Mean 6 SEM percentages (n 5 3) of IFN-g–, IL-4–,

and IL-13–producing cells in the 7-day preparations used in this study.
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FIG E2. Overexpression of HuR increases the stability of the IL-13 39UTR-

bearing b-globin reporter. A, Northern blot analysis of the expression of

b-globin mRNA confirming the result shown by using a real-time PCR ap-

proach in Fig 3, A, performed in H2 cells transfected with the indicated plas-

mids after transduction with the Ad-HuR vector (HuR) or the Ad-empty

vector (EV). Lower panel, Ethidium gel staining of the Northern blot as a

loading control. B, Densitometric analysis of the Northern blot.
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