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We previously observed that nitric oxide (NO) exposure increases the stability of mRNAs encoding heme
oxygenase 1 (HO-1) and TIEG-1 in human and mouse fibroblasts. Here, we have used microarrays to look broadly
for changes in mRNA stability in response to NO treatment. Using human IMR-90 and mouse NIH 3T3 fibroblasts
treated with actinomycin D to block de novo transcription, microarray analysis suggested that the stability of the
majority of mRNAs was unaffected. Among the mRNAs that were stabilized by NO treatment, seven transcripts were
found in both IMR-90 and NIH 3T3 cells (CHIC2, GADD45B, HO-1, PTGS2, RGS2, TIEG, and ID3) and were
chosen for further analysis. All seven mRNAs showed at least one hit of a signature motif for the stabilizing
RNA-binding protein (RBP) HuR; accordingly, ribonucleoprotein immunoprecipitation analysis revealed that all
seven mRNAs associated with HuR. In keeping with a functional role of HuR in the response to NO, a measurable
fraction of HuR increased in the cytoplasm following NO treatment. However, among the seven transcripts, only
HO-1 mRNA showed a robust increase in the level of its association with HuR following NO treatment. In turn,
HO-1 mRNA and protein levels were significantly reduced when HuR levels were silenced in IMR-90 cells, and they
were elevated when HuR was overexpressed. In sum, our results indicate that NO stabilizes mRNA subsets in
fibroblasts, identify HuR as an RBP implicated in the NO response, reveal that HuR alone is insufficient for
stabilizing several mRNAs by NO, and show that HO-1 induction by NO is regulated by HuR.

Nitric oxide (NO) is a diatomic free-radical gas generated by
NO synthases with the conversion of the substrate L-arginine to
citrulline. Exposure to NO from exogenous sources such as air
pollution and tobacco smoke can also occur (4, 21, 44). NO
participates in a wide variety of pathological and physiological
processes (6, 19, 39). At high concentrations, NO can react
with other oxidants to form reactive secondary products such
as peroxynitrite and dinitrogen trioxide (12). The ability of
these species to oxidize cysteine and tyrosine residues, lipids,
and DNA may play a role in the etiology of diseases such as
Parkinson’s disease, Alzheimer’s disease, and cancer (7, 48, 57,
58). At lower concentrations, NO reacts with cellular targets
such as the iron present in both heme- and non-heme-contain-
ing proteins, zinc finger proteins, and sulfhydryl groups and
participates in a large number of normal physiological pro-
cesses including vasodilation, respiration, and synaptic trans-
mission (20, 36, 43). NO can also affect signaling molecules
such as mitogen-activated protein kinases (MAPKs) by directly
activating upstream kinases such as p21Ras and regulates gene
expression through the action of MAPKs on downstream tran-
scription factors (30, 31, 52).

We and others previously reported that NO induces the

expression of heme oxygenase 1 (HO-1), encoded by HMOX1
mRNA (hereafter HO-1 mRNA) (8, 10, 34), a protein involved
in the cellular response to numerous damaging agents (55).
Our studies showed that NO exposure dramatically increases
the half-life of HO-1 mRNA in certain cell types (8, 34, 38).
Although the process of mRNA turnover is complex and is not
yet fully understood, several critical mechanisms have been
described (3, 5, 15, 18, 37, 42, 56). mRNA is usually degraded
by the action of several exoribonucleases and endoribonucle-
ases (49). Several mRNA sequences, generally residing in the
3�-untranslated regions (3�UTRs), have been implicated in
controlling mRNA stability. Such turnover regulatory se-
quences include adenosine/uracil-rich elements, GU-rich ele-
ments, and various other sequences that modulate mRNA
degradation (11, 46, 47, 51, 59).

Two main classes of trans-binding factors interact with RNA
turnover elements and influence mRNA half-life: microRNAs
(miRNAs) and RNA-binding proteins (RBPs). While informa-
tion about the role of miRNAs in mRNA decay is still emerg-
ing (50), the role of RBPs in this process is understood in
significant detail (1, 23, 56). Decay-promoting RBPs include
AUF1, KSRP, BRF1, CUG-BP1, and tristetraprolin (1).
Stability-promoting RBPs include NF90, �CP1, nucleolin,
RNPC1, CUG-BP2, PAIP2, and members of the Hu/elav fam-
ily (comprising the ubiquitous HuR and the primarily neuronal
HuB, HuC, and HuD) (1, 9).

In the present study, we used Affymetrix arrays to examine
the regulation of mRNA stability in primary human lung
IMR-90 fibroblasts and in mouse NIH 3T3 fibroblasts. This
analysis revealed that a small fraction of mRNAs was signifi-
cantly stabilized following NO treatment; in addition, seven
mRNAs shared in both study groups were found to be HuR
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targets. HuR cytoplasmic abundance increased following NO
treatment, but only the HuR interaction with HO-1 mRNA
was robustly increased in NO-treated cells. Accordingly, HuR
was required for elevating HO-1 mRNA half-life and steady-
state levels; in addition, HuR contributed to elevating HO-1
translation and HO-1 protein levels after NO treatment.

MATERIALS AND METHODS

Cell culture and treatment. IMR-90 and NIH 3T3 cells were acquired from the
American Type Culture Collection (Manassas, VA) and were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, Carlsbad, CA) sup-
plemented with 10% (vol/vol) bovine calf serum (HyClone, Logan, UT), 50
�g/ml streptomycin and penicillin, and 40 �M glutamine in a 10% CO2 incuba-
tor. Both cell lines were routinely passaged every 3 days, and IMR-90 cells were
used between passages 7 and 9 for all experiments. All experiments were carried
out at 80 to 90% confluence.

IMR-90 and NIH 3T3 cells were seeded at a density of 3 � 105 and 3 � 106

cells, respectively, and allowed to reach 80 to 90% confluence prior to the start
of the experiments. IMR-90 and NIH 3T3 cells were treated with 0.5 mM of
the NO donor (Z)-1-{N-[3-aminopropyl]-N-[4-(3-aminopropylammonio)butyl]-
amino}-diazen-1-ium-1,2-diolate] (SperNO) (Alexis Biochemicals, Carlsbad,
CA) for 1 h. The media were then removed and replaced with conditioned media
containing the transcriptional inhibitor actinomycin D (Act D) (Sigma, St. Louis,
MO). At the times indicated following the addition of Act D, cells were lysed,
and RNA was extracted from cells using RNeasy minikits for microarray analysis
(Qiagen Inc., Valencia, CA) or Trizol (Invitrogen) for the analysis of individual
mRNAs by reverse transcription (RT) followed by real-time, quantitative PCR
(qPCR).

For silencing of HuR expression, Oligofectamine (Invitrogen) was used to
transfect IMR-90 cells with small interfering RNAs (siRNAs). The control
siRNA used was TTCTCCGAACGTGT; siRNAs (20 nM each) targeting HuR
consisted of a mixture of AATCTTAAGTTTCGTAAGTTA (HuR U1), TTCG
TAAGTTATTTCCTTTAA (HuR U3), and AAGTGCAAAGGGTTTGG
CTTT (HuR H4). A plasmid vector used to overexpress HuR (pHuR-TAP) as
well as the corresponding control vector (pTAP) were previously reported (28).
Plasmids were transfected using Lipofectamine 2000 (Invitrogen).

Microarray analysis. At the indicated time points, cells were harvested, and
total RNA was extracted from either IMR-90 or NIH 3T3 cells. The mRNA
expression patterns were studied using human U133 (for IMR-90 cells) and
mouse 430A 2.0 (for NIH 3T3 cells) Affymetrix cDNA arrays, according to
Affymetrix (Santa Clara, CA) protocols (see Data Sets S1 and S2 in the supple-
mental material). Samples were processed at the Bauer Center for Genomic
Research at Harvard University. Each experiment was repeated in its entirety
three times.

DNA-chip analyzer (dChip) software was used to perform the microarray
analysis. Microarray data were first normalized using the invariant-set method to
allow for comparisons between different arrays. The data were then filtered using
the following criteria: (i) variation across samples after pooling replicates 0.5 �
standard error of the mean � 10 and (ii) a Wilcoxon signed-rank test for
hybridization specificity for all the arrays used.

Analysis of individual mRNAs. To measure HO-1 mRNA levels by Northern
blot analysis, RNA (10-�g aliquots) was separated on 1% agarose gels. RNA was
transferred onto nylon membranes by vertical capillary transfer, UV cross-linked,
and hybridized with 32P-labeled oligonucleotide probes for HO-1 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) mRNA using standard method-
ologies (38). Northern blots were imaged using either film or a PhosphorImager
(Storm 840; Amersham Biosciences Inc., Piscataway, NJ). HO-1 mRNA levels
were quantified by densitometry and normalized to GAPDH mRNA band in-
tensities to control for loading differences.

To measure the levels of CHIC2, GADD45B, HO-1, PTGS2, RGS2, TIEG,
ID3, MKP-1, ATF3, BCL-2, GAPDH, and inducible NO synthase mRNAs as
well as those of 18S rRNA, RT reactions were followed by qPCR amplification
using specific primer pairs: TCCGATGGGTCCTTACACTC and TAAGGAA
GCCAGCCAAGAGA for HO-1, ACTTTGTGGCTGCCTTTGTT and TCAG
TCTCCAATGCAAGCAC for CHIC2, TCGGATTTTGCAATTTCTCC and
GACTCGTACACCCCCACTGT for GADD45B, TGAGCATCTACGGTTT
GCTG and TGCTTGTCTGGAACAACTGC for PTGS2, CAACTGCCCAGA
AAAGGGTA and ATGGCAGGTCACAGTCCTTC for RGS2, AAAGTTCC
CATCTGAAGGCCCA and GGTTGGAGGTAGAGCAATGTCA for TIEG,
GGAGCTTTTGCCACTGACTC and TTCAGGCCACAAGTTCACAG for
ID3, CAAGTGCATCTTTGCCTCAA and CCACCCGAGGTACAGACACT

for ATF3, ACATCAAGAAGGTGGTGAAGCAGG and CCAGCAAGGATA
CTGAGAGCAAGAG for GAPDH, ATTTGGGTCGCGGTTCTTG and TGC
CTTGACATTCTCGATGGT for UBC, and CCCTATCAACTTTCGATGGT
AGTCG and CCAATGGATCCTCGTTAAAG GATTT for 18S. The primer
pairs used to amplify MKP-1 and BCL-2 were described previously (24, 26).

To measure the relative mRNA stabilities in either untreated or NO-treated
IMR-90 cells, cultures were treated with Act D (2 �g/ml) for the times shown. At
subsequent time points after the addition of Act D, mRNA levels were measured
by RT-qPCR, normalized to 18S rRNA levels, and plotted on a semilogarithmic
scale to calculate the time required for each mRNA to reach one-half of its initial
abundance (50%).

Immunofluorescence. After IMR-90 cells were treated with NO (0.5 mM for
4 h) or CGP74514A (2 �M for 2 h as a positive control for HuR translocation to
the cytoplasm) (24), cells were washed with ice-cold phosphate-buffered saline
(PBS) and fixed for 10 min using 2% formaldehyde in PBS. Cells were perme-
abilized using 0.1% Triton X-100 in PBS for 5 min, washed with ice-cold PBS,
and blocked with 5% bovine serum albumin in PBS for 1 h at 25°C. Following
incubation with anti-HuR antibody (in 5% bovine serum albumin for 16 h at 4°C)
and additional washes with ice-cold PBS, the cell preparations were incubated
with a secondary antibody (Alexa 488), washed with PBS, and incubated with a
solution of DAPI (4�,6�-diamidino-2-phenylindole) for 10 min. After washing
thoroughly, the preparations were embedded using Prolong Gold antifade re-
agent (Invitrogen); 24 h later, photographs were taken using a fluorescence
microscope (Zeiss Axiovert 35).

Western blot analysis. Whole-cell, cytoplasmic, and nuclear extracts were
prepared as described previously (26). Proteins were resolved by 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred onto
polyvinylidene difluoride membranes. HO-1 was detected using a polyclonal
antibody from Santa Cruz Biotechnology. Monoclonal antibodies recognizing
HuR and �-tubulin as well as polyclonal antibodies recognizing hnRNPC1/C2,
AUF1, TIA-1, and TIAR were obtained from Santa Cruz Biotechnology; a
monoclonal antibody against NF90 was obtained from BD Biosciences; a �-actin
antibody was obtained from Abcam. After secondary-antibody incubations, sig-
nals were detected by enhanced chemiluminescence (Amersham Biosciences).
HuR was also tested by Western blot analysis after immunoprecipitation (IP)
with anti-HuR and immunoglobulin G (IgG) antibodies.

Ribonucleoprotein (RNP) IP assays. For IP of endogenous RNA-protein
complexes from whole-cell (1 mg) extracts, reactions were carried out for 2 h at
4°C with protein A-Sepharose beads (Sigma) that had been precoated with 30 �g
of either mouse IgG1 (BD Biosciences), goat IgG (Santa Cruz Biotechnology),
or antibodies recognizing HuR, TIA-1, TIAR, AUF1, or NF90. Beads were
washed with NT2 buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl2, 1 mM
MgCl2, and 0.05% Nonidet P-40), incubated with 20 U of RNase-free DNase I
(15 min at 30°C), and further incubated in 100 �l NT2 buffer containing 0.1%
SDS and 0.5 mg/ml proteinase K (30 min at 55°C).

The RNA isolated from the IP material was reverse transcribed using random
hexamers and SSII reverse transcriptase (Invitrogen). Transcript abundance was
assayed by amplification of the cDNA using gene-specific primer pairs and either
conventional PCR (22 to 29 cycles, as indicated) or real-time qPCR employing
SYBR green PCR master mix (Applied Biosystems). PCR primers for the de-
tection of specific mRNAs are described above.

Biotin pull-down analysis. For in vitro synthesis of biotinylated transcripts,
cDNA from IMR-90 was used as a template for PCRs whereby the T7 RNA
polymerase promoter sequence [CCAAGCTTCTAATACGACTCACTATAGG
GAGA(T7)] was added to the 5� end of all fragments. Primers used for the
amplification of sequences of the GAPDH 3�UTR were previously described
(26). Primers used for the preparation of biotinylated transcripts spanning the
HO-1 mRNA (GenBank accession number NM_002133) were as follows: (T7)
ATGGAGCGTCCGCAACCCGACA and TCACATGGCATAAAGCCC
TACA for the coding region of HO-1 and (T7)ATGCAGGCATGCTGGCTC
CCAG and CAGACAATGTTGTTTATTATTTCACAC for the 3�UTR of
HO-1. PCR-amplified products were used as templates for the synthesis of the
corresponding biotinylated RNAs using T7 RNA polymerase and biotin-CTP.
Whole-cell lysates (40 �g per sample) were incubated with 3 �g of purified
biotinylated transcripts for 1 h at room temperature. Complexes were isolated
with paramagnetic streptavidin-conjugated Dynabeads (Dynal), and bound pro-
teins in the pull-down material were assayed by Western blotting using antibod-
ies recognizing AUF1, HuR, NF90, TIA-1, or TIAR, as described above.

Analysis of translation: polysome gradients and nascent translation assay.
For polysome analysis, 48 h after transfection of control siRNA or HuR siRNA,
untreated or NO-treated IMR-90 cells were incubated with 0.1 mg/ml cyclohex-
imide for 10 min. Cytoplasmic extracts (1 mg each) were prepared and fraction-
ated through a linear sucrose gradient (10 to 50% [wt/vol]), as previously re-
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ported (26). Ten fractions were collected using a fraction collector (Brandel) and
monitored by optical density measurements (A254). The RNA in each fraction
was isolated with Trizol LS (Invitrogen). Following RT, qPCR analysis was
performed using primer pairs for HO-1 or for GAPDH (above).

The levels of nascent (de novo-translated) HO-1 and GAPDH were measured
by incubating IMR-90 cells briefly (20 min) with 1 mCi L-[35S]methionine and
L-[35S]cysteine (Easy Tag Express; NEN, Perkin-Elmer, Boston, MA) per 60-mm
plate, as described previously (26). Cells were lysed in radioimmunoprecipitation
buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.1%
SDS, and 1 mM dithiothreitol), and the IP reactions were carried out using 1 ml
TNN buffer (50 mM Tris-HCl [pH 7.5], 250 mM NaCl, 5 mM EDTA, 0.5%
NP-40) for 16 h at 4°C using anti-HO-1 (Santa Cruz Biotechnology), IgG1 (BD
Pharmingen), or anti-GAPDH (Santa Cruz Biotechnology) antibody. Following
extensive washes in TNN buffer, the IP samples were resolved by SDS-poly-
acrylamide gel electrophoresis, transferred onto polyvinylidene difluoride filters,

and visualized and quantified using a PhosphorImager apparatus (Molecular
Dynamics).

RESULTS

Exposure to NO broadly affects mRNA stability. Our labo-
ratory previously reported that exposure to pure NO gas (34)
or to NO generated from SperNO (as described in Materials
and Methods) increases the half-life of HO-1 mRNA from 2 to
�10 h in both IMR-90 and NIH 3T3 fibroblasts (8, 32, 34).
Using the protocol outlined in Fig. 1A, we monitored the
posttranscriptional stabilization of collections of mRNAs using

FIG. 1. (A) Experimental design. (B) IMR-90 and NIH 3T3 cells were treated with DMEM or DMEM supplemented with 0.5 mM NO for 1 h.
HO-1 mRNA levels were determined at 0 and 7.5 h following the addition of Act D using Northern blot analysis. (C) HO-1 mRNA levels were
normalized to GAPDH mRNA levels to control for differences in loading and expressed as the percent mRNA remaining at 7.5 h versus 0 h after
Act D treatment (n � 4; P � 0.01). Ctrl, control. (D) Population-wide changes in mRNA stability following NO treatment in IMR-90 (a and c)
and NIH 3T3 (b and d) cells. The change in mRNA levels between 0 and 7.5 h after Act D treatment for each gene in the filtered gene set was
calculated in both untreated and NO-treated cells.
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Affymetrix arrays (see Data Sets S1 and S2 in the supplemental
material). As shown in Fig. 1B, treatment with NO significantly
increased HO-1 mRNA levels in both IMR-90 and NIH 3T3
cells (n � 4; P � 0.01), as expected. That this induction was
mediated, at least in part, by increased HO-1 mRNA stability
was evidenced by the fact that treatment with Act D (an in-
hibitor of RNA polymerase II) only modestly reduced HO-1
mRNA levels in NO-treated cells (80 to 90%) compared to
untreated cells (10 to 20%) (Fig. 1C).

RNA extracted from similarly treated cells was used to
hybridize human U133A and mouse 430A 2.0 Affymetrix
arrays containing 22,283 and 22,690 probe sets, respectively
(representing approximately 14,500 well-characterized
genes). The array data were processed as described in Ma-
terials and Methods. Because some transcripts (such as
HO-1 mRNA) may also be transcriptionally induced by NO
exposure, we examined whether treatment with NO caused
broad changes in mRNA stability by comparing the change
in mRNA levels for each gene in Act D-treated cells using a
parameter which we called the “mRNA decay ratio”: log(ex-
pression level0 h after Act D/expression level7.5 h after Act D) �
remaining mRNA ratio. We then compared the slopes for
this value when plotted between control and NO-treated
cells for each gene. A slope of 1 would represent no change
in stability, as the values in both the numerator and denom-
inator of the equation above would be the same. As shown

in Fig. 1Da and b, the slopes of fitted trend lines were 0.37
and 0.02 in IMR-90 and NIH 3T3 cells, respectively. When
we removed genes in which we observed at least a threefold
increase in the mRNA decay ratio between NO treatment
and controls, the slopes increased to 1.00 and 0.74 for
IMR-90 and NIH 3T3 cells, respectively (Fig. 1Dc and d).
Interestingly, this marked shift was achieved by removing
only less than 10% of the total transcripts according to the
above-described criterion. These results are consistent with
the notion that NO treatment does not cause broad changes
in mRNA stability by generally disrupting the cell’s mRNA
degradation machinery. Moreover, in both IMR-90 and NIH
3T3 cells, at least 70% of the mRNAs in the filtered set had
mRNA decay ratios smaller then 2, which indicated minimal
changes in mRNA stability between control and NO-treated
cells (Fig. 2). This approach therefore provided a useful
method to identify a subset of mRNAs that were strongly
stabilized in NO-treated cells.

As noted above, we previously observed that NO treatment
caused both the transcriptional induction and the stabilization
of HO-1 mRNA (8). In the present experiments, we found that
levels of most mRNAs were not dramatically elevated after
NO treatment; instead, their levels were increased 1.1- to
2-fold above the levels in control cells (see Data Sets S1 and S2
in the supplemental material). However, 63 transcripts in
IMR-90 fibroblasts (	8% of array signals) and 191 transcripts

FIG. 2. (A) List of mRNAs upregulated in the presence of Act D when IMR-90 and NIH 3T3 cells were treated with NO (0.5 mM for 1 h).
Indicated are the functions of the encoded proteins as well as the relative mRNA abundances on microarrays by 7.5 h after Act D treatment in
the NO-treated relative to the untreated cell populations. (B) Relative mRNA levels in IMR-90 cells following NO treatment (0.5 mM for 4 h),
as calculated by RT followed by qPCR analysis. Data are shown as the means 
 standard deviations (SD) from three independent experiments.
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in NIH 3T3 fibroblasts (	9% of array signals) showed �3-fold-
higher mRNA levels after the addition of Act D in the NO
group than in the untreated group. These findings suggest that
a distinct group of mRNAs was stabilized by NO treatment.
Through this analysis, we further identified a subset of seven
mRNAs that were NO stabilized in both cell types (Fig. 2A).
This group includes mRNAs that we previously observed to be
stabilized by NO, such as HO-1 and TIEG (8, 38), as well as
mRNAs encoding GADD45B and PTGS2 (also known as cy-
clooxygenase-2), whose stabilities are known to be regulated by
genotoxic and inflammatory agents (13, 16, 22).

Validation of microarray results. To validate the microarray
results, we first quantified differences in the steady-state levels
of the above-mentioned seven mRNAs as a function of NO
exposure. As shown in Fig. 2B (left), the levels of these
mRNAs (except ID3 mRNA) increased after NO treatment, as
measured by RT followed by real-time qPCR analysis; addi-
tional NO-inducible mRNAs were also included in this analysis
(Fig. 2B, right). To study if the NO-triggered elevations were
due to increases in mRNA stability, we measured the half-lives
of the mRNAs listed in Fig. 2A directly. Following NO treat-
ment, IMR-90 cells were treated with Act D, and the time
necessary to reduce a given mRNA to one-half of its initial
abundance (its half-life) was measured by RT-qPCR analysis.
As shown in Fig. 3A, the half-lives of all seven transcripts
(CHIC2, GADD45B, HO-1, PTGS2, RGS2, TIEG1, and ID3
mRNAs) were higher in the NO-treated groups. The half-life
of the housekeeping GAPDH mRNA (a highly stable tran-
script that was included as a negative control in this analysis)
showed no difference in stability within the time period stud-
ied. Several mRNAs (BCL-2, ATF3, and MKP-1) that showed
increased stability in IMR-90 cells were also analyzed, reveal-
ing similarly elevated half-lives after NO treatment (Fig. 3B).
Collectively, these findings indicate that microarray analysis
using Act D is a suitable method to identify mRNA subsets
that are stabilized in response to a stimulus such as NO.

Analysis of HuR in NO-treated cells. Given the stability-
promoting influence of the RNA-binding protein HuR, we
postulated that HuR might contribute to the NO-triggered
stabilization of at least some mRNAs. A 17- to 20-base-long
U-rich signature motif in HuR target mRNAs was previously
described (33); this signature motif was used to successfully
identify additional HuR target mRNAs in silico. As shown in
Fig. 4A, all seven transcripts listed in Fig. 2A contained at least
one hit of the HuR motif in their 3�UTRs; in the case of
PTGS2 and TIEG, we identified a striking eight and six puta-
tive HuR motif hits, respectively.

To test if HuR associated with these mRNAs, we performed
RNP IP assays. Following HuR IP and parallel control IgG IP
reactions (which showed efficient IP of HuR, a 	37-kDa RBP)
(Fig. 4B), RNA was extracted from the IP materials, and the
abundance of each mRNA of interest was measured by RT-
qPCR analysis (Fig. 4C). The level of each mRNA in HuR IPs
was compared to that in IgG IPs and was represented as the
relative association in both IP groups; it was not represented as
an absolute “number of transcripts” since RNP IP assays min-
imize mRNA degradation and rearrangement of mRNAs
bound to HuR by reducing the time (2 h) and temperature
(4°C) of the IP reaction. Accordingly, only a small fraction of
HuR and associated mRNA is immunoprecipitated; for this

reason, all of the steps are performed using parallel IgG IP
samples, and the final results are shown as enrichment in HuR
IP relative to IgG IP. The levels of GAPDH mRNA, a house-
keeping mRNA which does not associate with HuR and is a
nonspecific background contaminant in all IP samples, were
also measured and used to account for any differences in sam-
ple input (i.e., it served as a normalization control). As shown,
all of the mRNAs were found to be enriched by twofold or
higher in the HuR IP, indicating that HuR did associate with
this subset of mRNAs (Fig. 4C, main graph).

HuR has been shown to increase binding to some target
mRNAs following exposure to various stimuli (54). We thus
hypothesized that the abundance of HuR-mRNA complexes
would increase following NO treatment. However, against our
expectation, NO treatment did not generally lead to an in-
crease in the level of the HuR association with these mRNAs,
as shown in the inset graph of Fig. 4C, wherein the same data
from the main graph are plotted as the difference in the asso-
ciation of HuR with each mRNA after NO treatment relative
to that of untreated cells (the latter being defined as 1). In fact,
only the GADD45B and HO-1 mRNAs associated more ex-
tensively with HuR following NO treatment, and this effect was
most pronounced for HO-1 mRNA (Fig. 4C). The enrichment
of each mRNA in each IP sample was also visualized by RT
followed by conventional PCR (Fig. 4D; see Fig. S1 in the
supplemental material).

HuR function has been extensively linked to its translocation
from the nucleus to the cytoplasm, where HuR is thought to
stabilize target mRNAs; in some instances, HuR also modu-
lates their translation (1). As reported previously for other
stimuli (stress causing, mitogenic, and inflammatory), NO
treatment of IMR-90 led to an increase in the cytoplasmic
HuR pool. This increase was first studied by Western blot
analysis of HuR abundance in fractionated nuclear and cyto-
plasmic lysates (Fig. 5A). The levels of �-tubulin and hnRNP
C1/C2 were examined to monitor the purity of the sample
preparation, while �-actin was included as a loading control. It
should be noted that HuR levels in whole-cell lysates were also
slightly elevated. Although whole-cell HuR levels are not gen-
erally found to increase in response to most treatments, they
did increase in response to NO, together with the elevated
HuR concentration in the cytoplasm. Nuclear HuR levels were
not detectably changed following NO treatment (Fig. 5A and
data not shown), as previously reported for a variety of stresses
(54). The lack of a concomitant decrease in nuclear HuR levels
when the level of cytoplasmic HuR increases is likely a conse-
quence of the far-greater abundance of HuR in the nucleus
than in the cytoplasm. Given this difference in relative levels,
cytoplasmic HuR levels can increase severalfold without visibly
depleting the levels of nuclear HuR. In addition, we cannot
exclude the formal possibility that HuR de novo translation,
and, hence, cytoplasmic accumulation, increases after NO
treatment. Immunofluorescence analysis verified the cytoplas-
mic increase in HuR levels in IMR-90 cells (Fig. 5B) and NIH
3T3 cells (see Fig. S2 in the supplemental material).

Selective influence of HuR on HO-1 expression after NO
treatment. To test if HuR broadly modulated target mRNA
expression levels, HuR was silenced in IMR-90 cells using
siRNA (Fig. 6A). At 48 h after siRNA transfection, the levels
of HuR target mRNAs were measured and normalized to the
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levels of 18S rRNA. Although HuR silencing lowered the lev-
els of most mRNAs in NO-treated cells (CHIC2, GADD45B,
HO-1, PGST2, and TIEG), these reductions were generally
small; for ID3 mRNA levels, there was actually a slight in-
crease in HuR-silenced cells. Only levels of CHIC2 and HO-1
mRNAs were substantially reduced (�25%) in the NO-treated
group when HuR was silenced (Fig. 6B). These observations

are in agreement with the strong association of HuR to CHIC2
and HO-1 mRNAs seen after NO treatment (Fig. 4C). The
levels of housekeeping GAPDH mRNA were unchanged by
these interventions. Testing of other HuR target mRNAs
(ATF3, MKP-1, and inducible NO synthase) revealed various
degrees of NO effects and HuR-dependent changes in mRNA
levels (Fig. 6C).

FIG. 3. (A) Stabilities of the mRNAs shown in Fig. 2A. Following NO treatment (0.5 mM for 1 h), IMR-90 cells were incubated with Act D
(2 �g/�l) for the times indicated. After RNA extraction and RT, the levels of the indicated mRNAs were measured by RT-qPCR, normalized to
18S rRNA values, and plotted as a function of the levels of that mRNA at time zero. The half-lives of each mRNA were calculated by regression
analysis. The data reflect the means 
 SD from three independent experiments. (B) mRNA stabilities were calculated as described for A for
transcripts that were predicted to be specifically stabilized in IMR-90 cells.
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Of the array-identified, HuR-regulated transcripts (CHIC2
and HO-1), very little is known about CHIC2; therefore, we
sought to study the interaction of HuR with HO-1 mRNA in
greater detail. Among several RBPs that stabilize target

mRNAs, HuR and NF90 showed increased levels of associa-
tion with HO-1 mRNA following NO treatment, while AUF1
did not show marked differences in binding. These associations
were studied by RNP IP analysis followed by measurements of

FIG. 4. (A) Predicted hits for a signature HuR motif. The numbers and locations within of HuR motif hits within the 3�UTR for each
transcripts are indicated. (B) Western blot analysis of HuR levels in lysates from untreated and NO-treated cells before IP (Input) (10 �g per lane)
and after IP (from 100-�g aliquots) with IgG and with an anti-HuR antibody (25% of IP material loaded). (C) Relative association of HuR with
the transcripts shown in IMR-90 cells that were either left untreated or treated with NO (0.5 mM for 2.5 h). Following HuR IP (and parallel control
IgG IP), RNA isolation, RT-qPCR analysis, and normalization to GAPDH mRNA levels in each IP sample, the abundance of each mRNA in HuR
IP compared with that in IgG IP was calculated. Data (means 
 SD from three independent experiments) are plotted as relative enrichment in
HuR IP versus IgG IP (main graph) and also as the levels of enrichment in NO relative to untreated populations (inset graph). (D) The enrichment
of each mRNA in each IP sample was also visualized by RT followed by PCR amplification for 22 cycles for all mRNAs except for GAPDH, which
was amplified for 28 cycles; PCR products were visualized in ethidium bromide-stained agarose gels.
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the levels of HO-1 mRNA (as well as housekeeping GAPDH
mRNA for sample normalization) using RT-qPCR (Fig. 7A);
they were also visualized using RT followed by conventional
PCR analysis (Fig. 7B). In response to NO treatment, TIAR
and TIA-1 (which repress the translation of some target
mRNAs) showed different patterns of association with the
HO-1 mRNA (Fig. 7A).

To gain further support for the putative interaction between
HuR and HO-1 mRNA (Fig. 4C) and to find out if HuR
associated with the HO-1 3�UTR, we analyzed these com-
plexes in vitro using biotinylated transcripts that spanned the
HO-1 coding region and 3�UTR (with the latter containing the
two predicted HuR motif hits) (Fig. 7C). Incubation of
equimolar quantities of the biotinylated transcripts (Fig. 7D)
with whole-cell lysates from untreated and NO-treated cells
revealed extensive binding by HuR and NF90 but little or no
specific binding by the other RBPs; a biotinylated GAPDH
3�UTR transcript was included as a negative control (Fig. 7D
and E). While NF90, TIAR, and TIA-1 associated with the
endogenous HO-1 mRNA (Fig. 7A), little or no association
was seen in the biotin pull-down assay (Fig. 7E). It should be
noted that each of these two assays provides distinct informa-
tion on the interaction on an RBP and a target mRNA and do
not always yield identical results. As observed here, TIAR and
TIA-1 show associations with HO-1 mRNA by the RNP IP

assay but not by the pull-down assay, while NF90 showed a
strong interaction by RNP IP analysis but not by the biotin
pull-down test. While these discrepancies were not analyzed in
depth, TIAR and TIA-1 are not easily studied by the biotin
pull-down assay, which typically requires a larger amount of
lysate than that used here (our unpublished observations). For
NF90, the antibody appears to work efficiently in RNP IP
assays (Fig. 7A), while NF90 appears to bind biotinylated RNA
weakly in vitro, may actually bind the 5�UTR (which was not
included in these experiments), and/or is relatively less effi-
ciently detected by Western blot analysis (Fig. 7E), requiring
larger amounts of lysate. Additionally, NF90 is a larger protein
(90 kDa) and, thus, is better visualized after Western transfers
optimized for larger proteins; here, the Western transfer was
optimized for 30- to 50-kDa proteins. In conclusion, both by
RNP IP and by biotin pull-down analyses, HuR was found to
associate with HO-1 mRNA, and this interaction increased in
response to NO treatment.

HuR promotes HO-1 mRNA stabilization and enhances
HO-1 translation. The influence of HuR upon HO-1 expres-
sion was further tested by modulating HuR levels and measur-
ing HO-1 mRNA and protein levels. HO-1 mRNA stability was
tested after NO treatment of IMR-90 cells that contained
normal (control siRNA) or silenced (HuR siRNA) HuR levels.
As shown in Fig. 8A, the NO-dependent stabilization of HO-1

FIG. 5. (A) IMR-90 cells were treated with NO for the times shown, whereupon whole-cell, cytoplasmic, and nuclear lysates (2.5, 5.0, and 7.5 h)
were prepared and the levels of HuR, the cytoplasmic marker �-tubulin, the nuclear marker hnRNP C1/C2, and the loading control �-actin were
determined. (B) Immunofluorescence analysis of HuR. HuR signals (green) in either untreated (Unt.) or NO-treated (0.5 mM for 4 h) IMR-90
cells were studied. Green, HuR fluorescence; blue, DAPI staining to visualize nuclei; merge, overlap of the two signals. Treatment of IMR-90 cells
with CGP74514A (2 �M for 2 h), which induces HuR translocation to the cytoplasm, was included as a positive control.
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mRNA was markedly lower in the HuR-silenced group. Con-
versely, when HuR was overexpressed as a tandem affinity
purification (TAP)-tagged protein, the populations expressing
higher HuR levels also expressed higher HO-1 mRNA levels,
as measured by RT-qPCR (Fig. 8B). Importantly, the HuR-
regulated changes in HO-1 mRNA levels led to changes in
HO-1 protein levels, as determined by Western blot analysis
(Fig. 8C). HuR silencing reduced HO-1 protein levels, while
HuR overexpression enhanced HO-1 protein levels.

As the magnitude of NO-triggered changes in HO-1 protein
levels appeared to exceed the changes in HO-1 mRNA abun-

dance, we sought to test if NO additionally increased HO-1
translation. To this end, we performed two types of assays.
First, we tested the rate of nascent (“de novo”) HO-1 transla-
tion by incubating cells briefly (for 20 min) with the 35S-labeled
amino acids methionine and cysteine, whereupon cells were
lysed and the newly synthesized HO-1 was visualized by IP
using anti-HO-1 antibody. The short 35S-amino acid incorpo-
ration period ensured that any NO-triggered changes in HO-1
protein stability would be negligible, and hence, the radiola-
beled signals would reflect the levels of newly translated HO-1.
As shown in Fig. 8D, the level of HO-1 nascent translation

FIG. 6. (A) Western blot analysis of levels of HuR and loading control �-actin by 48 h after transfecting IMR-90 cells with either control siRNA
or HuR siRNA. (B and C) The levels of the mRNAs, including the mRNAs listed in Fig. 4A (B), the GAPDH mRNA (B), and HuR target mRNAs
(C), were calculated for untreated (�) or NO-treated (0.5 mM for 4 h) IMR-90 cells expressing either normal (control [Ctrl] siRNA) or reduced
(HuR siRNA) levels. mRNA data were quantified by RT-qPCR normalized to the levels of 18S rRNA (also measured by RT-qPCR and shown
as the means 
 SD from three independent experiments).
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FIG. 7. (A) Association of HO-1 mRNA with the RBPs shown (HuR, AUF1, TIAR, TIA-1, and NF90) was monitored by RNP IP (Materials and Methods)
of IMR-90 cells that were either left untreated or treated with NO (0.5 mM for 2.5 h). Following IP of the RBPs indicated (alongside control mouse [m] or goat
[g] IgG IPs), the levels of HO-1 mRNA were normalized to those of housekeeping control GAPDH mRNAs. The data were then plotted as enrichment in RBP
IP relative to IgG IP. (B) RNP interactions were studied as described above (A) except that RNA in RNP IP samples was subjected to RT followed by
conventional PCR analysis, whereupon PCR products were visualized using ethidium bromide-stained agarose gels. (C) Schematic of HO-1 mRNA depicting
the short 5�UTR, the coding region (CR), and the complete 3�UTR sequence; the predicted HuR signature motif hits are underlined. (D) Image of biotinylated
transcripts spanning the entire coding region, the entire 3�UTR, and (as a negative control) the GAPDH 3�UTR. (E) Equimolar amounts of the biotinylated
transcripts shown in D were incubated with whole-cell lysates prepared from IMR-90 cells that were either left untreated or treated with NO (0.5 mM for 2.5 h).
The presence of HuR, AUF1, NF90, TIA-1, and TIAR was then tested by Western blot analysis following pull-down using streptavidin-coated beads (Beads);
control aliquots were tested to monitor the presence of other RBPs in the reaction supernatant (Input).
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FIG. 8. (A) Half-lives of HO-1 and GAPDH mRNAs were calculated for IMR-90 cells that were transfected with either control siRNA or HuR
siRNA by using Act D as described in the legend to Fig. 3A. (B and C) IMR-90 cells were transfected with either control siRNA or HuR siRNA,
together with either a control plasmid (pTAP) or a plasmid expressing the HuR-TAP chimeric protein; 48 h later, cells were left untreated or were
treated with NO (0.5 mM for 4 h). The levels of HO-1 mRNA and those of normalization control 18S rRNA were measured by RT-qPCR (B),
and the levels of HO-1 protein, endogenous and TAP-tagged HuR, and loading control �-actin were assessed by Western blot analysis (C).
(D) Nascent HO-1 production was monitored following a brief (20-min-long) incubation of IMR-90 cells with L-[35S]methionine and L-[35S]cysteine
after either no treatment (�) or treatment with NO (0.5 mM for 1 h). Following IP using either anti-HO-1 antibody, anti-GAPDH antibody, or
control IgG, the incorporation of radiolabeled amino acids into the newly synthesized HO-1 and GAPDH proteins was assessed by electrophoresis
through 12% SDS-containing polyacrylamide gels and visualization and quantitation using a PhosphorImager apparatus. (E) The relative
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increased dramatically after NO treatment, and this increase
was dampened when HuR was silenced. The level of transla-
tion of a housekeeping protein, GAPDH, was unchanged
among these treatment groups, underscoring the specificity of
the NO- and HuR-dependent changes in HO-1 translation.

Second, we tested the level of HO-1 translation by compar-
ing the relative association of HO-1 mRNA with actively trans-
lating polysomal fractions in untreated and NO-treated cells
(Fig. 8E). In untreated cells, HuR silencing shifted the distri-
bution of HO-1 mRNA from the polysomal fractions of the
gradient (fractions 6 to 10) toward the left (fractions 1 to 5),
where translation was less active. NO treatment moderately
shifted the HO-1 mRNA toward the heavier polysomal frac-
tions (fractions 6 to 10), supporting the view that NO pro-
moted HO-1 translation. In HuR-silenced cells, a significant
proportion of the HO-1 mRNA shifted toward fractions of
lesser or no translation (fractions 1 to 5); the remaining pool of
actively translating HO-1 mRNA in the HuR siRNA group
(peaking at fraction 9) likely represents cells in which HuR was
incompletely silenced, as we never achieved a full depletion of
HuR (Fig. 6A). The relative distribution of a housekeeping
transcript (GAPDH mRNA) on polysome gradients high-
lighted the specificity of the changes in HO-1 mRNA levels.
The nascent translation and sucrose gradient analyses jointly
revealed that the level of HO-1 translation was elevated in
IMR-90 cells in an NO- and HuR-dependent manner. To-
gether, our findings show that NO potently induces HO-1
expression through HuR-mediated stabilization of the HO-1
mRNA and HuR-enhanced translation of HO-1.

DISCUSSION

NO exposure stabilizes HO-1 mRNA in IMR-90 and NIH
3T3 cells (8, 10, 32). In the present study, we used Affymetrix
gene arrays to investigate if other mRNA species were regu-
lated in a similar way. By measuring mRNA levels in untreated
and NO-treated cells in the presence of the transcriptional
inhibitor Act D, we identified a fraction of mRNAs that ap-
peared to be stabilized following treatment with NO in both
IMR-90 and NIH 3T3 cells. Seven mRNAs that were identified
as being stabilized by NO in both IMR-90 and NIH 3T3 cells
were studied further; this analysis revealed that six of the seven
mRNAs were NO inducible (ID3 mRNA was not inducible by
NO), with increased half-lives in response to NO treatment.
Moreover, all seven mRNAs were also discovered to bear one
or several copies of a signature motif for the mRNA-stabilizing
RBP HuR, and these mRNAs were shown to associate with
HuR by RNP IP analysis. Against our prediction, however,
HuR did not appear to enhance the abundance of all of the
transcripts. Only CHIC2 mRNA (encoding a little-known cys-
teine-rich hydrophobic domain 2 protein) and HO-1 mRNA

appeared to be stabilization targets of HuR, as the silencing of
HuR decreased the stabilities of CHIC2 and HO-1 mRNAs
after NO treatment. In addition, the HO-1 mRNA half-life and
levels of HO-1 translation were markedly reduced when HuR
was silenced.

It is unclear why the other five HuR-associated mRNAs
(GADD45B, HO-1, PTGS2, RGS2, TIEG, and ID3) were
unaffected by the silencing of HuR in IMR-90 cells. Two im-
mediate reasons can be proposed to explain this result. First,
although HuR silencing was strong, it was not complete (Fig.
6A), as it is notoriously difficult to transfect IMR-90 cells; thus,
the possibility remained that the residual HuR still present was
sufficient to stabilize these mRNAs. Second, the level of asso-
ciation of HuR with these five mRNAs was unchanged or was
lower in the NO-treated groups (Fig. 4C), suggesting that the
mRNAs could be the targets of other RBPs acting indepen-
dently of HuR. This is a likely possibility, since many RBPs that
modulate mRNA stability and translation tend to have affini-
ties for similar sequences (U rich or AU rich), and in some
instances, they have been shown to compete for binding shared
targets (27) or to cooperate in their stabilizing influences (26).
While the identification of alternative RBPs involved in NO-
triggered mRNA stabilization is beyond the scope of this in-
vestigation, the influence of RBPs that promote or prevent
mRNA stabilization warrants future analysis. In this regard,
decay-promoting RBPs could function by dissociating from
these mRNAs in response to NO treatment, as reported pre-
viously for GADD45A in cells treated with an alkylating agent
(29). Whether miRNAs could mediate the stabilizing effects of
NO must also be examined, as miRNAs can also promote
mRNA decay (50).

HuR also appeared to promote the translation of HO-1, as
HuR silencing dramatically lowered basal and NO-induced
HO-1 protein levels (Fig. 8B), while the change in HO-1
mRNA abundance was relatively less pronounced. HuR can
enhance the translation of numerous other target mRNAs,
including those that encode prothymosin �, MKP-1, hypoxia-
inducible factor 1�, and p53 (17, 26, 28, 35). Further analysis of
HO-1 translation showed that NO enhanced both the biosyn-
thesis of HO-1 and the association of HO-1 mRNA with the
translational apparatus (Fig. 8D and E). These studies further
revealed that the level of HO-1 translation was diminished in
HuR-depleted cells. Accordingly, HuR promoted HO-1 ex-
pression through two posttranscriptional events, mRNA stabi-
lization and translational upregulation; recently, HuR was
shown to have a similar dual influence on MKP-1 induction by
H2O2 treatment, as it stabilized MKP-1 mRNA and increased
MKP-1 translation in response to the oxidant (26). Together
with its transcriptional control, HO-1 provides a prominent
example of a gene product whose abundance is controlled at

association of HO-1 and GAPDH mRNAs with polysomes was tested by preparing cytoplasmic lysates from cells treated as described above (D),
fractionating them through sucrose gradients, and collecting 10 fractions for analysis. RNA was extracted from each fraction, and the levels of
HO-1 mRNA in each fraction from each population (untreated, top left graph [Untr.]; NO treated, bottom left graph) were measured by
RT-qPCR. The levels of GAPDH mRNA were also measured in each fraction and plotted (right graphs). The data shown are representative of
three independent experiments. The direction of sedimentation (arrows) as well as the components of the translational machinery in each fraction
are indicated: no ribosome components (�), ribosome subunits (Subunits), monosome (Mono.), low-molecular-weight polysome fractions
(LMWF), and high-molecular-weight polysome fractions (HMWF).
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various stages. Such multileveled regulation is increasingly be-
ing recognized for proteins with important cellular functions,
such as HO-1.

In addition to functioning as a signaling molecule, NO
causes potent nitrosative and oxidative damage. Thus, follow-
ing NO exposure, the cell activates a stress response program
that includes well-documented changes in transcription (me-
diated, for example, by AP-1, Sp1, HIF-1, and NF-
B) (25, 40,
41, 45, 53, 60). In addition, there is growing appreciation that
NO also triggers changes in mRNA stability. Using microar-
rays to study gene expression programs in lipopolysaccharide-
stimulated human THP-1 monocytes, Wang and colleagues
previously demonstrated that NO stabilized a large set of
mRNAs through a mechanism that was partly dependent on
the activation of the MAPK p38 (52). Those authors also
proposed that the p38-regulated interaction of the RBPs HuR
and hnRNP A0 with interleukin-8 mRNA contributed to the
stabilization of interleukin-8 mRNA in NO-treated THP-1
mRNA. Our findings support the observations reported previ-
ously by Wang and coworkers but reveal that an interaction
with an mRNA does not necessarily result in altered expres-
sion, as the levels of HuR target GADD45B, PTGS2, RGS2,
TIEG, and ID3 mRNAs were essentially unaltered after si-
lencing HuR. While the analysis of HuR was restricted to
mRNAs stabilized in both human and mouse fibroblasts, nu-
merous other mRNAs in each cell population are reported or
predicted HuR targets. Future experiments must test these
NO-inducible mRNAs systematically, since the two cell
systems (IMR-90 and NIH 3T3) differ in many important re-
spects.

As these studies progress, it will also be important to eluci-
date the NO-triggered events that elevate whole-cell and cy-
toplasmic HuR concentrations. In this regard, the cytoplasmic
abundance of HuR has been linked to HuR phosphorylation
by protein kinase C or Cdk1 in HuR’s translocation domain
(14, 24). Studies are also warranted to assess if NO influences
protein kinase C and/or Cdk1 activities in fibroblasts and
thereby modulates HuR cytoplasmic localization. Similarly, it
will be important to determine if HuR function following NO
exposure is regulated by the checkpoint kinase Chk2. Phos-
phorylation of HuR by Chk2 in response to another oxidant,
hydrogen peroxide, modulated HuR binding to SIRT1 mRNA
and other transcripts in human diploid fibroblasts (2). As Chk2
phosphorylation of HuR (at S88, S100, and T118) promoted
HuR binding to some target mRNAs but reduced the binding
to other target mRNAs, it will be interesting to examine if
Chk2 action is also responsible for the differential effects of
HuR upon the various NO-stabilized mRNAs. The answers to
these questions will provide important insight into the post-
transcriptional processes that regulate gene expression in cells
confronting the challenge of toxic NO exposure. Such infor-
mation would also allow the identification of targets for inter-
ventions aimed at modifying the cellular response to NO.
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