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A high expression level of the �-actin protein is required for important biological mechanisms, such as
maintaining cell shape, growth, and motility. Although the elevated cellular level of the �-actin protein is
directly linked to the long half-life of its mRNA, the molecular mechanisms responsible for this effect are
unknown. Here we show that the RNA-binding protein HuR stabilizes the �-actin mRNA by associating with
a uridine-rich element within its 3� untranslated region. Using RNA interference to knock down the expression
of HuR in HeLa cells, we demonstrate that HuR plays an important role in the stabilization but not in the
nuclear/cytoplasmic distribution of the �-actin mRNA. HuR depletion in HeLa cells alters key �-actin-based
cytoskeleton functions, such as cell adhesion, migration, and invasion, and these defects correlate with a loss
of the actin stress fiber network. Together our data establish that the posttranscriptional event involving
HuR-mediated �-actin mRNA stabilization could be a part of the regulatory mechanisms responsible for
maintaining cell integrity, which is a prerequisite for avoiding transformation and tumor formation.

Actin is a major structural protein expressed in all eukary-
otic cells, participating in the formation and maintenance of
important cellular components, such as extracellular matrix
(ECM), cortical actin, stress fibers, and lamellipodia (72).
These structures are known to regulate essential cellular pro-
cesses including cell adhesion, cell migration/movement, cyto-
kinesis, endo-/exocytosis, cell division, signal transduction,
mRNA localization, and transcription (3, 13, 26, 55, 59, 71, 73).
During the movement of both normal and cancer cells, the
actin cytoskeleton is dynamically remodeled, leading to the
production of the necessary force needed for cell migration
and movement. Cancer cells, however, acquire different ways
to move freely within tissues, causing massive invasion and
metastasis. Even though the molecular pathways used by ma-
lignant cells to invade and to adhere to a given tissue are
dictated in part by the cell type and the degree of differentia-
tion, all of these processes are directly affected by the organi-
zation of the actin cytoskeleton (73). Therefore, defining the
molecular mechanisms that regulate the expression and func-
tion of the actin proteins will help in understanding why and
how a cell acquires a malignant phenotype.

In higher eukaryotes, actin exists as six isoforms, each of
which is encoded by an individual gene (66). These isoforms
include skeletal and cardiac muscle �-actin, smooth muscle �-
and �-actin, and the soluble cytoplasmic �- and �-actin (34).
The main characteristics of actin proteins are their ubiquitous

distribution, as well as their stability and high concentration
(10). Although the expression of actin genes is regulated at the
transcriptional level (52), posttranscriptional events, such as
the cellular localization of their mRNAs, affect where and how
these proteins will be synthesized in the cell (39). Indeed,
several groups have demonstrated that whereas �-actin seems
to accumulate at the leading edge of migrating cells, �-actin
appears to be restricted to stress fibers (14, 35). Therefore, it
has been concluded that the specific localization of each iso-
form corresponds to the exact location where their mRNAs are
targeted for translation (11).

Interestingly, it has been shown that the localization of the
�-actin mRNA in the vicinity of the leading edge of different
cell lines is regulated by a specific sequence in the 3� untrans-
lated region (3�UTR), the zip code (40) that mediates the
interaction with an RNA-binding protein called (zip code-
binding protein) (ZBP) (14). Two separate 54-nucleotide and
43-nucleotide regions of the �-actin 3�UTR have been identi-
fied as the main cis-acting elements that mediate this cytoplas-
mic relocalization (39, 40). Treatment of cells with antisense
oligonucleotides directed against the zip code sequence or with
a dominant-negative isoform of the ZBP1 protein results in
�-actin mRNA delocalization and impairment of cellular mo-
tility (18, 40). These observations and others establish ZBP1 as
an adaptor protein required for the cellular movement of actin
mRNA (11, 18, 40). However, other RNA-binding proteins,
such as hnRNPA2, the KH-type splicing regulatory protein,
and one of the brain-specific embryonic lethal abnormal vision
(ELAV) proteins, HuC (1), were also shown to associate with
the 3�UTR of �-actin mRNA. These proteins bind either the
zip code sequence (hnRNP A2 and KH-type splicing regula-
tory protein) or a nearby uridine-rich (U-rich) element (HuC)
(54, 62). Therefore, it is possible that these proteins and/or others
could either collaborate with ZBP1 to target �-actin mRNA to its
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cellular location or affect other yet-to-be-discovered posttrancrip-
tional events that are required for its processing.

Another important aspect of �-actin mRNA is its long half-
life (14, 52). Interestingly, although blocking the activity of the
ZBP1 protein using a dominant-negative isoform affects �-
actin mRNA cellular distribution (18), it did not have any
impact on its steady-state level, suggesting that the long half-
life of this mRNA depends on other yet-unknown cis- and
trans-acting elements. It has been suggested that the �-actin
3�UTR could harbor cis-acting sequences responsible for the
expression of its message (50); however, no information was
provided regarding the nature and the protein players that
interact with this element. The fact that in rat brain �-actin
mRNA interacts with the HuC protein (62), which is homolo-
gous to the well-characterized mRNA stabilizing factor, HuR
(6, 17, 53), led us to hypothesize that these two proteins could
both be involved, separately or together, in the stabilization of
this message. Unlike the HuC protein, which is expressed ex-
clusively in the brain (1), HuR is expressed ubiquitously at high
levels in all organs. HuR was isolated based on its ability to
bind specifically the adenosine-uridine-rich elements (AU3A)
(AREs) found in the 3�UTRs of many short-lived mRNAs,
such as cytokines, lymphokines, proto-oncogenes, and growth
factors (6). The presence of AREs in the 3�UTRs of these labile
mRNAs acts as a destabilizing sequence that targets these mes-
sages for rapid degradation (12, 61). The half-lives of these
mRNAs were shown to increase significantly when they were
bound to the HuR protein (17, 53). The HuR protein is predom-
inantly nuclear; however, it can shuttle between the nucleus and
the cytoplasm by virtue of its HuR nucleocytoplasmic shuttling
domain (16). In addition to its role as an mRNA stabilizer, HuR
can also function as an adaptor protein for the nuclear export of
many ARE-containing mRNAs, as well as an inhibitor or activa-
tor of their translation (5, 6, 24, 42). Although the roles of HuR
in key cellular processes, such as cell differentiation (19, 67) and
the cell response to stress (22, 44), are well established, its effects
on cell migration/movement and cell adhesion remain elusive.

To explore a potential role of HuR in regulating cytoskeletal
activities, we used RNA interference to knock down HuR
expression in HeLa and WI38 cells. We provide evidence that
HuR-deficient cells have reduced adhesive and migratory ca-
pacities, accompanied by the inability to assemble actin stress
fibers. This reveals a functional link between HuR and the
formation and remodeling of actin-based cytoskeletal struc-
tures. Since HuR has been shown to associate with �-actin
mRNA (63), we hypothesized that HuR could be the stabiliz-
ing factor that maintains the long half-life of this message. The
observations described in this study suggest that the HuR pro-
tein plays a major role in cell migration and adhesion, likely by
maintaining the stability of the �-actin mRNA in a U-rich-
element-dependent manner.

MATERIALS AND METHODS

Cell culture and transfection. Adherent HeLa and WI38 cells were maintained
in Dulbecco’s modified Eagle medium (Sigma, St. Louis, MO) supplemented
with 10% (vol/vol) fetal bovine serum (Sigma), glutamine, penicillin, streptomy-
cin, and sodium pyruvate at 37°C in 5%-CO2 humidified air.

To knock down HuR and �-actin in these cells, we used the small interfering
RNA (siRNA) duplexes (67, 31). The experiment was performed as described
previously (67) with the following modifications: cells were plated at 2 � 105 cells
per well of a 6-well plate and grown overnight at 37°C with 5% CO2. The

following day, cells were transiently transfected with 0.12 �M of either the
control (siCtr) or siRNA directed against HuR mRNA (siHuR) or siRNA that
targets specifically the �-actin message (si�-actin) in OPTI-MEM I reduced
serum medium (Invitrogen, Carlsbad, CA) using Lipofectamine Plus (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. Cells were pro-
cessed 72 h posttransfection.

Proliferation determination. HeLa cells (2 � 105) were plated in six-well
plates 24 h before the transfection of interfering RNA (RNAi). Control, HuR
knockdown, and mock HeLa cells were counted every day following the trans-
fection.

Adhesion, migration, and invasion assay. Six-well plates were coated with
0.1% gelatin or 25 �g/ml fibronectin at 4°C overnight. To avoid nonspecific
binding, wells were blocked with 1% bovine serum albumin (BSA) for 1 h at
37°C. Control, HuR knockdown, and mock cells were plated 72 h after the
transfection of the RNAi on the matrix-coated wells for 6 h. Adherent cells were
fixed with methanol at �20°C and stained with 4�,6�-diamidino-2-phenylindole
(DAPI). The nuclei were counted by fluorescence microscopy.

For the migration assay, cell culture filter inserts (8 mm pore; Fisher) were put
into 24-well plates to obtain a modified Boyden chamber as described previously
(41). Forty-eight hours after the transfection of the siRNA duplexes, the lower
reservoir of the chamber was filled with complete medium and the upper reser-
voir was filled with control, HuR knockdown, and mock HeLa cells resuspended
in complete medium (DMEM–10% fetal bovine serum). Cells (105) were al-
lowed to migrate through the filter for 22 h at 37°C. Cells that had migrated to
the lower surface were fixed using 10% neutral buffered formalin (Surgipath) and
stained using 0.1% crystal violet solution (Sigma). Cells were counted using a
light microscope. For the invasion assay, the protocol was performed as de-
scribed previously (43). The results of each one of these experiments were based
on 10 different fields.

Measurement of cell growth by MTT assay. The methyl thiazolyl tetrazolium
(MTT) cell proliferation assay is a colorimetric assay system which measures the
reduction of a tetrazolium component (MTT) into an insoluble formazan prod-
uct by the mitochondria of viable cells. After incubation of the adherent cells
with the MTT reagent, a detergent solution (dimethyl sulfoxide) is added to lyse
the cells and solubilize the colored crystals. The samples are read using an
enzyme-linked immunosorbent assay plate reader at a wavelength of 570 nm.
The amount of color produced is directly proportional to the number of viable
and adherent cells.

Simultaneously with the migration assay, the viability and adherence of siHuR-
or siCtr-treated cells were measured by the MTT assay. siHuR and siCtr cells
were seeded for 6 h in 96-well plates at the same concentration as for the
migration assay. The medium containing detached cells was removed, and each
well was then incubated with MTT for 2 h. The liquid was removed, and dimethyl
sulfoxide was added to dissolve the solid residue. The optical density of each well
at 570 nm was determined using a microplate reader. MTT is metabolized by the
adherent and viable cells to colorimetrically measurable compound.

Immunofluorescence labeling. The cellular localization of proteins of interest
was accomplished by indirect immunofluorescence. Briefly, cells were plated on
glass coverslips in six-well plates and allowed to attach overnight. After the
appropriate experimental treatments (siRNA), cells were rinsed twice in phos-
phate-buffered saline (PBS), fixed in 3% phosphate-buffered paraformaldehyde,
and permeabilized in 0.5% PBS-goat serum with Triton. After permeabilization,
cells were incubated with primary antibodies for 1 h at room temperature and
then incubated with goat antimouse secondary antibodies conjugated with rho-
damine (red) or fluorescein isothiocyanate (FITC) (green) from Molecular
Probes (Eugene, OR). To visualize F-actin, cells were stained with FITC-phal-
loidin (Molecular Probes). Microscopic analyses were performed using an
AXIOVERT 200 M microscope (Zeiss).

Preparation of cell extracts and immunoblotting. For the preparation of
nuclear and cytoplasmic cell extracts, the PARIS kit (Ambion) was used accord-
ing to the manufacturer’s instructions and 10 �g of proteins were loaded on a
12% sodium dodecyl sulfate (SDS)-polyacrylamide gel. Total cell extracts were
prepared as described previously (67).

For immunoblotting, proteins were transferred to nitrocellulose membranes
(Bio-Rad, Hercules, CA) and probed with the following antibodies: HuR mono-
clonal (1:15,000 dilution) (22), antitubulin monoclonal (Sigma) (1:3,000 dilu-
tion), anti-�-actin monoclonal (Sigma) (1:2,000 dilution), anti-�-actin polyclonal
(1:10,000 dilution) (Santa Cruz), anti-hnRNPA1 monoclonal (kindly provided by
G. Dreyfuss, University of Pennsylvania School of Medicine, Philadelphia;
1:5,000 dilution), and G3BP polyclonal (1:1,000 dilution). Horseradish peroxi-
dase-conjugated goat antimouse and goat antirabbit (Amersham Pharmacia Bio-
tech) were used as the secondary antibodies. Blots were developed with the
Amersham Enhance chemiluminescence system.
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Immunoprecipitation. (i) Immunoprecipitation of HuR followed by immuno-
blotting. Cells were lysed in the same buffer as described above. Cell extracts
were then incubated by rocking them end-over-end for 2 h at 4°C with 15 �l of
monoclonal anti-HuR antibodies or control monoclonal anti-hemagglutinin an-
tibodies (Santa Cruz). Then, 100 �l of a fresh 50% protein A-Sepharose slurry
in PBS (Amersham Pharmacia Biotech) was added to each Eppendorf tube and
incubated by rocking it end-over-end for 4 h at 4°C. Proteins were then eluted in
150 �l 4� Laemmli sample buffer. Two microliters of total cell extract, super-
natant, and immunoprecipitate fractions was loaded on a 12% SDS-polyacryl-
amide gel and immunoblotted using anti-HuR monoclonal antibodies.

(ii) Immunoprecipitation of HuR followed by reverse transcription (RT)-PCR.
Immunoprecipitation and RNA preparation were performed as described pre-
viously (63, 67).

RNA extraction, Northern blot analysis, and actinomycin D (ActD) pulse-
chase experiments. For fractionation experiments, RNA was extracted from
nuclear and cytoplasmic fractions using the PARIS kit (Ambion) according to
the manufacturer’s instructions. All other RNA extractions were performed
using TRIzol reagent (Invitrogen). Northern blot analysis was performed as
previously described using 10 �g total RNA (15). After transferring it to a
Hybond-N membrane (Amersham) and UV cross-linking, the blot was hybrid-
ized with human �-actin or GAPDH cDNA probes generated by random primer
labeling (Roche) according to the manufacturer’s instructions. The �-actin PCR-
amplified fragment that was used to generate the labeled probe was amplified
from a plasmid containing the 3�UTR of �-actin mRNA using Taq DNA poly-
merase (Sigma) and the following oligonucleotides: 5�-GCG CGG ATC CGC
GGA CTA TGA CTT AGT TGC G-3� (forward) and 5�-GCG CGC GGC CGC
CCA CAT TGT GAA CTT TGG GGG-3� (reverse). The glyceraldehyde-3-
phosphate dehydrogenase PCR-amplified fragment that was used to generate the
labeled probe was amplified from a plasmid containing the glyceraldehyde-3-
phosphate dehydrogenase cDNA using Pfu DNA polymerase and the following
oligonucleotides: 5�-GCA GGG GGG AGC CAA AAG GG-3� (forward) and
5�-TGC CAG CCC CAG CGT CAA AG-3� (reverse).

The stability of �-actin mRNA in HuR RNAi-treated cells and control siRNA-
treated cells was assessed by the addition of the general transcriptional inhibitor
ActD (5 �g/ml) for the indicated periods of time.

In vitro transcription. Certain �-actin cRNAs were generated from annealed
forward and reverse synthetic oligonucleotides fused to a T7 promoter. The
following oligonucleotide were used for each of these cRNAs: 5�-GCG GAC
TAT GAC TTA GTT GCG TTA CAC CCT TTC TTG ACA AAA CCT AAC
TTG C-3� (forward) for zip code cRNA, 5�-GGC TTT ATT TGT TTT TTT TGT
TTT GTT TTG GTT TTT TTT TTT TTT TTG GC-3� (forward) for probe 2A,
5�-TTG ACT CAG GAT TTA AAA ACT GGA ACG GT-3� (forward) for probe
2B, 5�-GGC CCC ACC CGT CTC TCT CGT CTC GTC TCG GTC TCT CTC
TCT CTC TCG GC-3� (forward) for probe 2A mutant, 5�-CAG GGG AGG
TGA TAG CAT TGC TTT CGT GTA AAT TAT GTA ATG CAA AA-3�
(forward) for probe 4, 5�-TTT TTT TAA TCT TCG CCT TAA TAC TTT TTT
ATT TTG TTT TAT TTT GAA TGA TGA GCC-3� (forward) for probe 5,
5�-TTC GTG CCC CCC CTT CCC CCT TTT TGT CCC CCA ACT TGA GAT
GTA TGA A-3� (forward) for probe 6, 5�-GGC TTT TGG TCT CCC TGG
GAG TGG GTG GAG GCA GCC AGG GCT TAC CTG TA-3� (forward) for
probe 7, 5�-CAC TGA CTT GAG ACC AGT TGA ATA AAA GTG CA-3�
(forward) for probe 8, 5�-TGG CTT TAT TTG TTT TTT TTG-3� (forward) for
probe 2AL, 5�-TTT TTT TTG TTT TGT TTT GG-3� for probe 2AM, 5�-TTT
TGT TTT GGT TTT TTT TTT TTT TTT GGC-3� for probe 2AR, 5�-TGG CTT
TAT TTG TTT TTT TTG TTT TGT TTT GGC CTT TTT TTT TTT TTT
GGC-3� for probe 2A mut1, and 5�-TGG CTT TAT TTG TTT TTT TTG TTT
TGT TTT GGT TTT TTT TTT TTC TTT GGC-3� for probe 2A mut2. Oligo-
nucleotide annealing was performed by mixing the forward and reverse oligo-
nucleotides and then cooling to room temperature.

Other �-actin cRNAs were generated from PCR-amplified �-actin 3�UTR
regions. The following oligonucleotide pairs were used for each of these cRNAs:
5�-GCA GAA AAC AAG ATG AGA TTG GC-3� (forward) and 5�-ACC GTT
CCA GTT TTT AAA TCC TTG-3� (reverse) for probe 2 and 5�-GAA GGT
GAC AGC AGT CGG TTG-3� (forward) and 5�-3� (reverse) for probe 3. Six
microliters of annealed oligonucleotides or 0.5 �g of PCR-amplified products
were used in an in vitro transcription using the SP6/T7 transcription kit (Roche)
according to the manufacturer’s instructions. 32P-labeled and unlabeled cRNAs
were then precipitated as previously described (15).

Constructs. A Renilla luciferase cDNA (pRL) under the control of a simian
virus 40 promoter (Promega) was used as a reporter gene for the stability
experiment. The �-actin-3�UTR, the 2A region, and the 2A-mut region were
cloned downstream of the stop codon. The primers used to amplify these three
fragments prior to their cloning were as described above (see “In vitro transcrip-

tion”) with the following modifications. The �-actin 3�UTR was prepared by
PCR. Prior to cloning, the pRL plasmid was digested with XbaI and made blunt
by the T4 polymerase fill-in reaction. The 2A and 2A-mut fragments were cloned
in XbaI and NotI restriction sites. The ActD pulse-chase assay was performed as
described above.

Electromobility shift assays. Five micrograms total cell extracts (TCE) or 500
ng purified protein (glutathione S-transferase [GST] or GST-HuR) was incu-
bated with 100,000 cpm of 32P-labeled cRNAs in a total volume of 20 �l EBMK
buffer (25 mM HEPES, pH 7.6, 1.5 mM KCl, 5 mM MgCl2, 75 mM NaCl, 6%
sucrose, and protease inhibitors) at room temperature for 15 min. For compe-
tition assays, 0.01�, 0.1�, 1�, 10�, and 100� excess unlabeled specific or
unspecific transcripts were incubated with the TCE for 15 min at room temper-
ature before the 32P-labeled probes were added. Two microliters of a 50-mg/ml
heparin sulfate stock solution was then added to the reaction mixture for an
additional 15 min at room temperature. In supershift experiments, 5 �g of a
purified monoclonal anti-HuR antibody was then added for an additional 15 min
at room temperature. Samples were then loaded on a 4% polyacrylamide gel
containing 0.05% NP-40.

Microarray analysis. Microarray experiments were performed as described
previously (64), using the single-spotted array containing 19,000 probe sets of
characterized and unknown human expressed sequence tags from the Health
Network Microarray Center, Ontario Cancer Institute, Toronto, Canada. siHuR-
or siCtr-treated HeLa cells were grown for 48 h post-transfection of the siRNA
duplexes, and total RNAs were prepared and used to produce reverse-tran-
scribed probes. The probing and analysis of cDNA arrays were performed as
described previously (64). Using total RNA, the signal for a gene was considered
significantly above background levels if the adjusted intensity (total signal minus
background) was more than threefold the background signal. Changes in the
mRNA profile before and after siHuR treatment were considered significant if
they were threefold or greater. Comparison of multiple cDNA array images (two
independent experiments) was performed by using an average of all of the gene
signals on the array (global normalization) to normalize the signal intensity
between arrays.

RESULTS

Knockdown of HuR reduces cell adhesion and slows down
its growth rate. While defining the role of the HuR protein in
the cell stress response, we observed that depleting its expres-
sion from HeLa cells by using the RNA interference technique
delayed stress-induced cell death (R. Mazroui, E. Claire, S.
DiMario, S. A. Tenenbaum, J. D. Keene, M. Saleh, and I. E.
Gallouzi, submitted for publication). The knockdown of HuR
in HeLa cells did not induce any cell death; however, it trig-
gered striking morphological changes (Mazroui et al., submit-
ted). We confirmed this effect (Fig. 1A, compare panels a and
b) and assessed if these changes reflected an effect on cell
behavior. We first investigated the impact of HuR knockdown
on cell adhesion and cell proliferation. HeLa cells, transfected
with either siCtr or siHuR (67), were harvested and used in an
in vitro cell adhesion assay. Seventy-two hours post-transfec-
tion of siRNA duplexes, these cells were plated on gelatin or
fibronectin for 6 h. The adherence efficiency was defined by
calculating the number of HeLa cells that remain attached
upon siRNA treatment (see Materials and Methods). We
found that the amount of HeLa cells still attached to the
matrixes (both gelatin and fibronectin) was reduced by twofold
(	50%) in siHuR-treated cells compared to levels for the
control (Fig. 1A and B). Since gelatin and fibronectin are
known to facilitate the attachment and spreading of HeLa cells
(48, 49), our data suggested that the HuR protein is required
for efficient cell adhesion.

Usually a defect in an early event during cell growth, such as
adhesion, is followed by a slowdown in cell spreading and
proliferation (a later event) (58). Since cell proliferation is
defined as the time needed for one round of cell division, also
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named doubling time, we tested the effect of HuR on this
process by determining the growth rate of HeLa cells treated
with siHuR or siCtr. Twenty-four hours following the transfec-
tion of siRNA duplexes, the cell number was determined every
day for 5 days. HeLa cells depleted of the HuR protein showed
a doubling time of 72 h, while cells treated with siCtr divided
every 48 h (Fig. 1C). However, and as expected, mock-trans-
fected cells presented a doubling time of 24 h, suggesting that
the transfection of any siRNA duplexes could have a general

effect on cell growth (Fig. 1C). Nevertheless, the 24-h delay in
the growth rate observed for siHuR-treated cells compared to
that for siCtr-treated cells indicated that the HuR protein is
also involved in cell proliferation.

siRNA-mediated HuR depletion affects cell migration, cell
invasion, and formation of stress fibers. It is well established
that the composition of the ECM and the concentrations of
many of its components determine the adhesion strength,
which in turn affects the velocity of a cell during its movement

FIG. 1. Effect of HuR knockdown on cell growth. (A) Effect of HuR depletion on cell adhesion. HeLa cells transfected with siCtr or
siHuR were seeded on six-well plates with gelatin (upper panels) or fibronectin (lower panels). Adherent cells were also stained with DAPI
(data not shown). (B) The nuclei were counted by fluorescence microscopy. Relative numbers of cells are shown as means 
 standard
deviations for three experiments. For each experiment, pictures of 10 fields (equal size) were taken and the cells were counted. (C) Doubling
time of HeLa cells knocked down for HuR. HeLa cells (2 � 105) were seeded on six-well plates and then treated with siRNAs as described
for panel A. Cells were counted every day for 5 days. Data represent the means 
 standard deviations for two independent experiments,
each performed in triplicate.
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from one place to another (28, 60). Therefore, if the HuR
protein plays a key role in cell behavior, its cellular depletion
should also have an impact on cell migration and invasion. To
assess this possibility, HeLa cells were transfected with siHuR
or siCtr duplexes, and the effect of HuR knockdown on cell
migration and cell invasion was defined using the Boyden
chamber system (20, 41). This assay was used to determine the
number of migratory or invasive cells that cross a polycarbon-
ate transwell filter placed in a 24-well plate. For the migration
experiment, the transwell filters were used without any treat-
ment. As shown in Fig. 2A, the number of cells that migrated
through this filter was significantly reduced for HuR knock-
down cells compared with that for control cells (Fig. 2A). To
assess an effect of HuR on invasion, the same assay was per-
formed except that the polycarbonate transwell filters were
precoated with GFR Matrigel. We observed that knocking

down the HuR protein resulted in a twofold reduction in the
invasiveness of siHuR-treated HeLa cells compared to that of
the control (Fig. 2B). To verify that the observed decrease in
migration and invasion was not the result of an effect on pro-
liferation and adhesion, we performed the MTT assay to esti-
mate cell viability (cells that remain attached upon siRNA
treatment) as described previously (7). The MTT test showed
that prior to our migration-and-invasion assays, the numbers of
siHuR- and siCtr-treated cells were almost identical. In fact, a
difference of less than 5% between siHuR- and siCtr-treated
cells allowed us to conclude that the observed effect was due
only to an effect on migration or invasion and was not due to
a lack of cell adherence (data not shown). These observations
suggested that HuR plays an important role in the ability of the
cell to move from one place to another.

Cell migration and invasion require a solid cell architecture

FIG. 2. Effects of HuR knockdown on cell migration, cell invasion, and stress fiber formation. (A) Effects on cell migration. Migration of HeLa
cells treated with siHuR or siCtr was analyzed with an uncoated Boyden chamber (left panel). Relative numbers of migrating cells are shown as
means 
 standard deviations for four experiments (right panel). For each experiment, pictures of 10 fields (equal size) were taken and the cells
have been counted. (B) Effect on cell invasion. HeLa cells were transfected with either siHuR or siCtr. After 48 h, the two cell lines were incubated
on transwell filters coated with GFR Matrigel for 28 h (left panel). Relative numbers of invading cells are shown as means 
 standard deviations
for four experiments (right panel). For each experiment, pictures of 10 fields (equal size) were taken and the cells counted. (C) Effect of HuR
knockdown on stress fiber formation. HeLa cells were transfected with siHuR or siCtr and then stained with the anti-HuR antibody and
FITC-phalloidin.
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FIG. 3. HuR knockdown leads to a decreased expression of beta-actin mRNA and protein. (A) cDNA microarray analysis of siRNA-treated
HeLa cells. HeLa cells were grown at 37°C and treated with siHuR or siCtr. RNAs extracted from these cells were then processed using the
standard protocol of the Health Network Microarray Center, Ontario Cancer Institute, hybridized to the 19,000 single-spotted human arrays. The
CHIP files generated were then imported into GeneSpring v.6.5 (Silicon Genetics) to identify changes in gene expression. A default external
background setting was used in conjunction with a gene-based background signal threshold to determine gene signal significance. The n-fold
increase of a down regulated mRNA in siHuR-treated cells was calculated in comparison with the expression level of the same message in
siCtr-treated cells. RNA for a gene was considered to be down regulated if the intensity of its signal was determined to be 	3-fold less than that
in the siCtr-treated cells. Overlay comparisons of cDNA array images were generated using an average of all of the gene signals on an array (siHuR
or siCtr) to normalize the signal intensity to another array (global normalization). The mRNA values listed in this table represent the average for
the affected messages in two independent experiments. (B) RNAi-mediated HuR knockdown in HeLa cells leads to decrease in �-actin protein
level. Exponentially growing HeLa cells were treated with HuR RNAi duplexes siHuR, siCtr, or no RNAi (Mock). Seventy-two hours after
transfection of RNAi duplexes, total cell extracts were prepared and �-actin protein was detected by Western blotting using an anti-�-actin
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that is flexible enough to allow shape change without affecting
its general structure (65). This feature is ensured by a solid
network of cytoplasmic stress fibers that connect different
points at the cellular edges, leading to the maintenance of
cell-cell or cell-extracellular matrix contacts (9, 32). Using a
siRNA experiment as described above, we investigated the
effect of HuR on the distribution of these stress fibers. Seventy-
two hours after the transfection of the siRNA duplexes, HeLa
cells were fixed and processed for indirect immunofluores-
cence with an antibody against HuR (Fig. 2C, panels a and e)
together with phalloidin to visualize stress fibers that are rep-
resented by polymerized F-actin proteins (Fig. 2C, panels b
and f). Depleting the expression of HuR by using siHuR du-
plexes resulted in a significant reduction in stress fiber forma-
tion (Fig. 2C), however, the siCtr had no apparent effect.
These results suggested that HuR is involved in the formation
of a functional stress fiber network.

HuR knockdown leads to a decrease in expression of beta-
actin protein and mRNA. The data described above reveal that
the HuR protein is involved in cytoskeleton-based functions,
such as cell adhesion, migration, and invasion. It is well estab-
lished that HuR affects cell metabolism by regulating the sta-
bility and/or the movement of its mRNA targets (6, 17, 24).
Therefore, it is possible that the role of HuR in cell behavior
is mediated by its ability to regulate posttranscriptionally the
expression of some mRNAs encoding key components of the
cytoskeleton structures. To verify this possibility, we analyzed
genome-wide expression profiles of wild-type and HuR knock-
down HeLa cells. Cytoplasmic RNA was extracted from
siHuR- or siCtr-treated cells and hybridized to human arrays,
which contain 19,000 probe sets of characterized and unknown
expressed sequence tags. Data from two independent experi-
ments were averaged and filtered so that the n-fold change
between wild-type and knockdown HuR cells was greater than
or equal to 3. Comparison between siHuR- and siCtr-treated
cells revealed a change in the expression of only a small frac-
tion of total genes present on the arrays (�20) (Fig. 3A).
Interestingly, we observed that the expression of the beta-actin
(�-actin) mRNA, a major component of cytoskeleton-based
functions (27–29), was down regulated by 	3-fold in the ab-
sence of HuR. Thus, these data suggested that the �-actin
mRNA could represent one of the main mRNA targets
through which HuR affects cell behavior.

To validate the microarray data and to determine the exact
level at which HuR affects the expression of the �-actin
mRNA, we used RNA interference to specifically deplete the
HuR protein. HeLa cells were transfected either with siCtr or
siHuR, and then 72 h later they were collected and used for
Western and Northern blot analyses. Unlike the case with
�-actin (34) or G3BP proteins (23), the level of �-actin protein

significantly decreased (by 	70%) in siHuR-treated cells com-
pared to that for the controls (Fig. 3B and C). Since the
anti-�-actin antibodies used in these experiments were highly
sensitive, the effect of HuR knockdown on the expression of
�-actin protein was clearly visible only when we used 3 to 5 �g
of total cell extract. These amounts are significantly smaller
than the amounts used by other laboratories in experiments
where they depleted the expression of HuR and used �-actin
protein as a negative control (38, 44, 70, 74). This difference in
the amount of total extracts employed explains why the effect
of HuR on the expression of �-actin has never been reported
before. Furthermore, our Northern blot analysis showed that
depleting the expression of HuR in HeLa cells also signifi-
cantly reduced the steady-state levels of �-actin mRNA
(	65%) (Fig. 3D and E). The effect of HuR on �-actin ex-
pression was further confirmed by immunofluorescence exper-
iments using the anti-�-actin antibody with HeLa cells treated
with siHuR or siCtr (Fig. 3F). We observed a significant re-
duction in the levels of �-actin protein in HuR-knockdown
HeLa cells compared to those for the control (Fig. 3F, panels
a and e). Since similar results were obtained with WI-38 hu-
man fibroblasts (nontransformed cells) (see Fig. S1A, B, and C
in the supplemental material) and IDH4 cells (transformed
cells) (data not shown), we concluded that HuR affected cy-
toskeleton-based function by posttranscriptionally regulating
the expression of the �-actin mRNA.

To assess whether depleting the expression of �-actin itself
could show the same defects in cell behavior as those treated
with siHuR duplexes, HeLa cells were transfected with si�-
actin or siCtr as described previously (31), and the effects of
�-actin knockdown on stress fiber, cell migration, and cell
adhesion were defined as described above. We observed that
knocking down �-actin protein by 	60% (Fig. 4A, compare
lanes 1 and 2) resulted in a significant reduction in stress fiber
formation (Fig. 4B) and a �50% decrease in both cell migra-
tion (Fig. 4C and D) and cell adhesion (Fig. 4E and F). The
effects of �-actin knockdown are consistent with previously
published data (31, 46). These observations showed that de-
pleting �-actin mRNA is sufficient to induce the same changes
in cell behavior that were observed with HuR knockdown.
Although these results further support the idea that HuR af-
fects cell physiology by modulating the expression of �-actin
mRNA, it is still possible that other yet-unknown HuR mRNA
targets could be associated with these effects.

HuR associates with �-actin mRNA in a U-rich-dependent
manner. It was previously shown, using a cDNA microarray
analysis and immunoprecipitation approach, that �-actin
mRNA associates with the HuR protein with high affinity (63).
We confirmed this association by immunoprecipitating HuR
from total HeLa cell extracts using the monoclonal anti-HuR

monoclonal antibody. The expression of HuR was also detected using an anti-HuR monoclonal antibody to control for proper RNAi knockdown
and the expression of �-actin using a specific antibody for this isoform. The expression of G3BP is shown as a loading control. (C) Quantification
of the level of �-actin protein. Results represent the means 
 standard deviations for three independent experiments. (D) HuR knockdown in
HeLa cells leads to a decrease in �-actin mRNA level. RNAi experiment was performed as described in the legend to panel B, total RNA was
prepared, and �-actin mRNA was detected by Northern blotting using a 32P-labeled cDNA probe. The expression of GAPDH mRNA was also
detected using a 32P-labeled cDNA probe and is shown as a marker for loading. (E) Quantification of the �-actin mRNA level. Results represent
the means 
 standard deviations for four independent experiments. (F) HeLa cells were transfected with siHuR or siCtr and then stained with
anti-�-actin antibody and FITC-phalloidin.
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FIG. 4. Effects of �-actin knockdown on stress fiber formation, cell migration, and cell adhesion. (A) RNAi-mediated depletion of �-actin
protein. Exponentially growing HeLa cells were treated with �-actin (si�-actin), HuR (siHuR) RNAi duplexes, siCtr, or no RNAi (mock).
Seventy-two hours after transfection of RNAi duplexes, total cell extracts were prepared and �-actin and HuR proteins were detected by Western
blotting using anti-�-actin and -HuR monoclonal antibodies. The expression of the G3BP protein was also detected, using an anti-G3BP polyclonal
antibody to control for proper RNAi knockdown. (B) Effect of �-actin knockdown on stress fiber formation. HeLa cells were transfected with
si�-actin or siCtr and then stained with the anti-�-actin antibody and FITC-phalloidin. (C and D) Effect of �-actin knockdown on cell migration.
(C) Migration of HeLa cells treated with si�-actin or siCtr was analyzed with an uncoated Boyden chamber. (D) Relative numbers of migrating
cells are shown as means 
 standard deviations for two experiments. For each experiment, pictures of 10 fields (equal sizes) were taken, and the
cells have been counted. (E and F) Effect of �-actin knockdown on cell adhesion. (E) HeLa cells transfected with siCtr, si�-actin, or siHuR were
seeded on six-well plates with gelatin. Adherent cells were also stained with DAPI (data not shown). (F) Nuclei were counted by fluorescence
microscopy. Relative numbers of cells are shown as means 
 standard deviations for two experiments. For each experiment, pictures of 10 fields
(equal sizes) were taken and the cells were counted.
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antibody (22), and the presence of �-actin mRNA was assessed
by reverse transcription (RT)-PCR. Western blot analysis
showed that more than 50% of total cellular HuR was immu-
noprecipitated from HeLa cell extracts (Fig. 5A, lane 3, com-
pared to lane 1). However, the immunoglobulin G (IgG) an-
tibody was unable to cause HuR immunoprecipitation (lane 6,
compared to lane 4). Furthermore, using RT-PCR analysis, we
showed that �-actin mRNA was present only in HuR and
Sam68 immunoprecipitates but not in the control (Fig. 5B,
lanes 1 and 3, compared to lane 1). The hnRNP A1 message,
however, associated only with Sam68 (Fig. 5B, lane 2), which is

consistent with previously published data (36). Nucleotide se-
quence analysis of the �-actin mRNA revealed the presence of
several U-rich elements in its 3�UTR. To delineate the exact
HuR binding site (HuR-BS), we performed RNA electromo-
bility shift assays using total extracts from HeLa cells and nine
radiolabeled cRNA probes that covered the majority of the
�-actin 3�UTR (Fig. 5C). When incubated with cell extracts,
RNA-protein complexes were observed with all the cRNA
probes tested (Fig. 5D). However, only the complex formed by
probe 2 was supershifted to HuR complex (HuR-C) upon
addition of the HuR antibody to the reaction mixture (Fig. 5D,

FIG. 5. HuR associates with �-actin mRNA through a U-rich element in the 3�UTR. (A) Immunoprecipitation (IP) of the HuR protein. HuR
was immunoprecipitated from exponentially growing HeLa cells using an anti-HuR monoclonal antibody, and the presence of HuR in the
immunoprecipitates (P) was assessed by immunoblotting using the same anti-HuR antibody. An anti-IgG monoclonal antibody was used as a
negative control for the immunoprecipitation. The presence of HuR in total HeLa cell extracts (T), as well as in the flow-through (S) fraction, is
shown. (B) �-actin mRNA associates with HuR protein. HuR was immunoprecipitated as described in panel A, and the presence of �-actin mRNA
was assessed by RT-PCR. Anti-Sam68 and anti-IgG antibodies were used as positive and negative controls for the immunoprecipitation,
respectively. (C) Schematic representation of the human �-actin cDNA and location of the eight regions within its 3�UTR that were used to
generate radiolabeled RNA probes for RNA eletromobility shift assays. The accession number in the NCBI database of the �-actin mRNA
sequence described in this figure is NM_001101. (D) HuR associates with �-actin mRNA through the p2 region. Gel shift binding assay performed
by incubating TCE from HeLa cells with the radiolabeled �-actin mRNA probes listed in panel C. Supershift analysis was carried out where
indicated (� �HuR). HuR-C shows the supershifted complexes that contain the HuR protein.
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FIG. 6. Identification of HuR-binding site within the �-actin 3�UTR. (A) Nucleotide composition of the p2 element. Nucleotide sequence of
the HuR-BS within the 3�UTR of �-actin (region 2) showing the two new probes (probes 2A and 2B) that were generated to identify the region
of HuR binding. (B) HuR associates specifically with the 2A region. Gel shift binding assay performed by incubating TCE from HeLa cells with
probe 2A (HuR-BS) and probe 2B. Supershift analysis was carried out where indicated (� �HuR). The asterisk indicates the supershifted HuR-C
complex. (C) Unlabeled 2A competes away the association of HuR with HuR-BS. Gel shift binding assay performed by incubating total cell extracts
(TCE) from HeLa cells with radiolabeled probe 2A, as well as 1/10�, 1�, 10�, or 100� excess unlabeled probe 2A (specific) or probe 7
(nonspecific). Supershift analysis was carried out where indicated (� �HuR). The asterisk shows supershifted complexes. (D) The 2A region but
not the 2A mutant element associates with the HuR complex. Upper panel, nucleotide sequence of probe 2A showing the thymidine residues that
were mutated to cytidine residues to generate mutant radiolabeled RNA probes for RNA eletromobility shift assays. The asterisk indicates the
mutated residues. Lower panel, gel shift binding assay performed by incubating TCE from HeLa cells with radiolabeled probe 2A or mutant probe
2A. Supershift analysis was carried out where indicated (� �HuR). The arrowhead shows supershifted complexes.
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lane 6). Together these data indicated that the region covered
by probe 2 contained the HuR-BS.

To define the exact nucleotide sequence of the HuR-BS
within region 2, we generated two new radiolabeled cRNA
probes, which we named 2A and 2B (Fig. 6A). Although both
cRNA probes formed RNA-protein complexes when incu-
bated with total cell extracts, only the complex formed by
probe 2A was supershifted to form HuR-C upon addition of
the HuR antibody to the reaction mixture (Fig. 6B, lane 3). To
assess the binding specificity of HuR to probe 2A, competing
unlabeled cRNA probes were used. Complex formation was
inhibited when lysates were preincubated with 1-, 10-, or 100-
fold excess of specific unlabeled probe 2A (Fig. 6C, lanes 6, 7,
and 8). By contrast, similar n-fold excess of a nonspecific un-
labeled cRNA probe (probe 6) failed to compete for binding
(Fig. 6C, lanes 11, 12, and 13). Since region 2A is U rich, it was
tempting to conclude that HuR associated specifically with the
�-actin message in a U-rich-element-dependent manner.
Therefore, to determine whether the U repeats in the 2A
region were responsible for HuR binding, we generated a mu-
tant probe where every other U in 2A was replaced by a
cytidine residue (Fig. 6D, top panel). The use of this radiola-
beled cRNA probe prevented the formation of the top RNA-
protein complex, as well as the supershift observed upon ad-
dition of HuR antibodies to the reaction. (Fig. 6D, lanes 5 and
6). These data, combined with the fact that the recombinant
GST-tagged HuR protein associated directly with the 2A
cRNA probe in a gel shift assay (data not shown), suggested
that HuR interacted directly with the 3�UTR of �-actin mRNA
through a 50-nucleotide specific U-rich sequence.

To further delineate the HuR-BS within the 2A region, we
performed the same electromobility shift assays as described
above, this time using three overlapping radiolabeled cRNA
probes, 2A left (2AL), 2A middle (2AM), and 2A right (2AR)
(Fig. 7A), and the recombinant GST-tagged HuR protein
(GST-HuR). When the three probes were incubated with
GST-HuR, an RNA-binding complex was observed with the
2AR probe but not with the others (Fig. 7B, compares lanes 3
and 6 to lane 9). However, GST alone did not form a complex
with any of these probes (Fig. 7B, lanes 2, 5, and 8). Of note,
2AM and 2AR have a common sequence, T3GT3GG, located,
respectively, in their 3� and 5� ends (Fig. 7A). Since mutating
the majority of the U located in 2AR at the same time (Fig.
6D) but not individually (data not shown) is required to pre-
vent the association of 2AR with HuR, we concluded that the
T16GGC sequence represented the minimum HuR-BS of the
�-actin mRNA.

To determine whether 2AR mediates the interaction be-
tween HuR and the full-length (FL) �-actin mRNA, we used
an unlabeled 2AR cRNA probe in a gel shift assay to compete
away the association of HuR with an FL-radiolabeled �-actin
3�UTR. Complex formation between GST-HuR and the radio-
labeled FL 3�UTR was significantly reduced, with a 	10-fold
excess of the specific unlabeled 2AR probe (Fig. 7C, lanes 13
and 14). By contrast, a similar n-fold excess of a nonspecific
cRNA probe (probe 2AM) failed to compete for binding (Fig.
7C, lanes 7 and 8). These observations confirmed, in the con-
text of the full-length 3�UTR, that the 2AR represented the
functional HuR-BS in the �-actin mRNA.

The HuR protein mediates the stability but not the nuclear/
cytoplasmic distribution of �-actin mRNA. The HuR protein is
known as a stabilizer and an adaptor for export of its mRNA
targets, and these effects are often mediated by its ability to
interact with an AU-rich sequence located in the 3�UTR of
these messages (6, 24). The observations described above sug-
gested that HuR could affect the stability and/or the nuclear/
cytoplasmic distribution of the �-actin mRNA through its in-
teraction with the 2AR element. To distinguish between these
two possibilities regarding the posttranscriptional effect of
HuR on �-actin mRNA expression, we first tested the mRNA
nuclear/cytoplasmic distribution. Total extracts from siHuR-
and siCtr-treated cells were separated into cytoplasmic and
nuclear fractions (see Fig. S2A and B in the supplemental
material). The distribution of �-actin mRNA between these
two fractions was then determined by Northern blot analysis
using a radiolabeled probe (see Fig. S2C in the supplemental
material). A greater than 70% knockdown in HuR expression
was typically observed in these experiments, as shown by im-
munoblotting using the anti-HuR antibody (see Fig. S2A in the
supplemental material). The quality of the cytoplasmic and
nuclear fractions was also monitored by Western blotting using
antitubulin (cytoplasmic marker) and anti-hnRNPA1 (nuclear
marker) antibodies (15) (see Fig. S2B in the supplemental
material). As expected, HuR knockdown resulted in a 	65%
decrease in the expression of �-actin mRNA (see Fig. S2C in
the supplemental material). However, the slight accumulation
of �-actin mRNA seen in the nucleus of siHuR-transfected
cells was not statistically significant (see Fig. S2C and D in the
supplemental material). Thus, it is unlikely that HuR is in-
volved in the nuclear/cytoplasmic distribution of �-actin
mRNA.

To test the effect of HuR on the stability of the �-actin
mRNA, we performed ActD pulse-chase experiments on
siHuR- and siCtr-treated HeLa cells (15). These cells were
incubated in medium containing 5 �g/ml of the general tran-
scriptional inhibitor ActD, and total RNA was collected at the
indicated time points for analysis by Northern blotting using
radiolabeled probes against �-actin and GAPDH messages.
HuR knockdown resulted in a more than twofold decrease in
the �-actin mRNA half-life compared to results with the con-
trol (Fig. 8A). The half-life of the �-actin message went from
8 h in control RNAi-treated cells to approximately 4 h in HuR
RNAi-treated cells (Fig. 8B). These observations indicated
that the well-known long half-life of �-actin mRNA depends
on the expression of the HuR protein. Therefore, it is reason-
able to assume that HuR could have a general effect on cell
movement, adhesion, and growth by regulating actin-based
cytoskeletal functions.

To confirm that the HuR-dependent stabilization of the
�-actin mRNA is in fact mediated by the HuR-BS located in
the 2A region, we used a reporter cDNA encoding the Renilla
luciferase (pRL) that we conjugated to the �-actin 3�UTR
(pRL-�act-3�UTR) or the 2A region (pRL-2A) or 2Amut re-
gion (pRL-2Amut). We transfected these plasmids into HeLa
cells, and 24 h later we tested the half-life of the pRL message
using 5 �g/ml of ActD as described in the legend to Fig. 8.
Total RNA was collected at the indicated time points for
analysis by Northern blotting using radiolabeled probes against
the pRL message. We observed that while the pRL-�act-3�UTR
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and pRL-2A messages (which form a complex with the HuR
protein in a gel shift assay [Fig. 5 and 6]) remain stable (half-
life of 	6 h), the stability of the pRL-2Amut message (which
does not bind complexes containing HuR [Fig. 6D]) decreased
progressively (half-life of �6 h) (Fig. 9). Additionally, upon 6 h

of ActD treatment, the levels of pRL-�act-3�UTR and pRL-2A
decreased by only �10%; however, the levels of pRL-2Amut
mRNA decreased by �50% (Fig. 9A). Since the decay profile
of pRL-2Amut mRNA is almost the same as that of the pRL
message alone (data not shown), our results argue that the

FIG. 7. Defining the exact nucleotide sequence of the HuR-BS within the region 2A. (A) Scheme of the nucleotide sequence of the 2A region
within the 3�UTR of �-actin. The three new probes, 2AL, 2AM, and 2AR, that cover the 2A region are shown. (B) HuR associates with the 2AR
region but not with the 2AL or the 2AM region. Gel shift binding assay performed by incubating 500 ng of purified GST or GST-HuR protein
with radiolabeled 2AL, 2AM, and 2AR. The HuR-complex is indicated (HuR-C). (C) The unlabeled 2AR but not the 2AM element is able to
compete away the association of HuR with the full-length �-actin 3�UTR. Gel shift binding assay performed by incubating purified protein GST
or GST-HuR with radiolabeled full-length 3�UTR, as well as a 1/10�, 1�, 10�, or 100� excess of unlabeled 2AR (specific) or 2AM (nonspecific).
The asterisk shows the HuR-RNA complex.
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HuR-BS located in the 2A region is likely to be responsible
for the HuR-mediated long half-life of the �-actin message
in vivo.

DISCUSSION

In the present study, we suggest that HuR affects cell be-
havior by regulating the stability of the �-actin mRNA. Al-
though the direct link between the high expression levels of
�-actin protein in all eukaryotic cells and the long half-life of
its message is widely accepted (8, 50, 66), the regulatory mech-
anisms and the cis- and the trans-acting players involved in this
effect have been elusive. Our data address this issue and dem-
onstrate that HuR is responsible for the stabilization of the
�-actin mRNA by associating with a cis-acting element, HuR-
BS, which is a U-rich sequence located near the zip code (Fig.
5 to 8). Through this stabilization effect, HuR participates in
key cellular actin-dependent physiological processes, such as
the maintenance of an intact stress fiber network, as well as cell
adhesion, cell migration, and cell invasion (Fig. 1 and 2). To-
gether our results indicate that to maintain the high expression
levels of �-actin protein that are needed for cytoskeleton-
related cellular functions, the cell stabilizes �-actin mRNA
through a specific association between HuR and a U-rich se-
quence within the �-actin 3�UTR (HuR-BS).

Previously it was shown that under conditions where actin
assembly is blocked, the expression of �-actin mRNA de-
creases dramatically and this effect does not result from a
reduction in the transcription rate of the beta-actin gene (4, 50,
51). These data, however, did not define the cis- and trans-

acting factors responsible for the well-known long half-life of
this message. Since HuR has been known to stabilize mainly
short-lived mRNAs that are required for cell cycle progression
and cell differentiation (2, 19, 45, 67, 68, 69), it was unexpected
to find that HuR is also responsible for the stabilization of the
�-actin mRNA. HuR has been known to protect its mRNA
targets from decay by associating with a destabilizing sequence,
AU3A (ARE), that localizes in the 3�UTR of these messages
(6, 37, 61). ARE-containing messages are very unstable and
can rapidly fluctuate in response to external stimuli (6, 37, 61).
Since they encode key cell growth and differentiation factors,
this rapid degradation process is crucial in maintaining a pre-
cise concentration of these proteins in order to protect the cell
from uncontrolled growth. AREs have been classified into
three categories based on their sequence (12). Class I AREs
contain one to three copies of the sequence AUUUA, Class II
AREs contain at least two overlapping copies of the sequence
UUAUUUA(U/A)(U/A), and class III AREs contain U-rich
sequences. HuR was thought to interact with and stabilize
messages that contain mostly class I and II AREs (17, 53). Our
results, showing that the nucleotide sequence of HuR-BS is U
rich (Fig. 5 to 7), are consistent with those of a recent study, in
which the binding sites of HuR in many of its mRNA targets
have been identified as more U rich than AU rich (47). Thus,
it is possible that the long stretch of 16 U’s in the HuR-BS (Fig.
7) could explain in part why HuR maintains a tight association
with the �-actin mRNA. However, we do not know whether
this association is stable throughout the life span of a cell.
Knocking down HuR in differentiated cells, such as skeletal

FIG. 8. RNAi-mediated HuR knockdown leads to a significant decrease in �-actin mRNA stability. (A) Role of HuR protein in �-actin mRNA
stability. Exponentially growing HeLa cells were treated with siHuR or siCtr. Seventy-two hours after the RNAi transfection, 5 �g/ml of the transcrip-
tional inhibitor ActD was added to the cell medium, and total RNA was prepared at the indicated times. The expression of �-actin mRNA (upper panel)
or GAPDH message (lower panel) was detected using a 32P-labeled cDNA probe. (B) Quantification of the half-life of �-actin mRNA in siHuR-treated
cells compared to that in control RNAi-treated cells. Laser densitometric scanning of �-actin and GAPDH mRNAs was performed. �-actin mRNA levels
were standardized against GAPDH levels and plotted as the percentage of remaining mRNA compared to message levels at time zero (where there is
a 100% maximum mRNA level). Results represent the means 
 standard deviations for three independent experiments.
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muscle fibers, could help in assessing the importance of a
stable HuR-�-actin mRNA complex in maintaining tissue in-
tegrity in vivo.

An interesting attribute of �-actin mRNA is its targeted
localization to the leading edge of polarized cells, such as
chicken embryo fibroblasts, 3T3 fibroblasts, and endothelial
cells (14). In chicken embryo fibroblasts, the cellular distribu-
tion of �-actin mRNA involves a 52-nucleotide sequence
within its 3�UTR referred to as the zip code (39, 40). In addi-
tion, proteins such as ZBP1 (57) and ZBP2 (14) directly reg-
ulate the localization of �-actin mRNA by binding to the zip
code. In the present study, we identify the HuR-BS within the
�-actin mRNA as the region adjacent to the zip code (Fig. 5).
The proximity of HuR-BS to the zip code raised the possibility
that HuR could collaborate with ZBP proteins to regulate the
nuclear/cytoplasmic distribution of �-actin mRNA. Indeed, the
implication of HuR in mRNA export has been suggested by
several studies (21, 24). Our data, however, indicate that the
function of HuR is likely to be independent from the ZBPs.
This conclusion is supported by our observations showing that
HuR is not part of the zip code-binding proteins (Fig. 5D), and

its knockdown affects the half-life (Fig. 8) but not the nuclear/
cytoplasmic distribution of the �-actin mRNA (see Fig. S2 in
the supplemental material). These results are consistent with
the fact that none of the ELAV-family proteins have been
found in the ZBP complex (56). However, other studies have
shown a direct link between depolymerization of the actin
filaments and a 3�UTR-mediated rapid decay of �-actin
mRNA (50). Thus, it is possible that under conditions where
the actin filament network is disrupted, the association be-
tween HuR and the �-actin message is affected. Testing this
possibility will help to better define how the cell integrates
HuR-dependent posttranscriptional regulatory events and the
actin-based cytoskeleton remodelling signals.

Because HuR levels increase significantly in many cancer
cells (33) and its implication in regulating the expression of key
cell cycle players has been suggested by several groups (2, 45,
68, 69), it was concluded that HuR plays a major role in cell
transformation and malignancy. Since no direct experimental
evidences were available linking HuR to these phenomena, it
was important to test the effect of its depletion on �-actin-
based cytoskeleton functions, such as cell migration, cell ad-

FIG. 9. The HuR-BS located in the 2A region, as well as the �-actin-3�UTR, increases the half-life of the Renilla luciferase (pRL) reporter
message. (A) The 2AR mutant that does not bind to HuR in a gel shift assay is not able to stabilize the pRL mRNA. Exponentially growing HeLa
cells were transfected with a cDNA encoding for Renilla luciferase (pRL) under the control of the simian virus 40 promoter, in which we cloned
downstream of the stop codon the �-actin 3�UTR or the 2AR or 2AR-mut sequence. Twenty-four hours posttransfection, 5 �g/ml of the
transcriptional inhibitor ActD was added to the cell medium and total RNA was prepared at the indicated times. The expression of pRL mRNA
(upper panel) was detected using a 32P-labeled cDNA probe. 18S was used as a control for loading. (B) Quantification of the half-life of the pRL
mRNA. Laser densitometric scanning of pRL mRNA was performed. pRL mRNA levels were standardized against those of 18S and plotted as
the percentage of remaining mRNA compared to message levels at time zero (where there are 100% maximum mRNA levels).
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hesion, and cell invasion. Recent data have suggested a link
between the strength of cell adhesion and the velocity by which
the cell migrates inside an organ (28, 60). It is now well ac-
cepted that the two main features of cancer cells are uncon-
trolled proliferation and invasion (30). Malignant cells acquire
the ability to spread throughout an organism, causing metas-
tasis. This effect is linked to the reorganization of the actin
cytoskeleton matrix, resulting in an increase in cell migration
and invasion (73). Therefore, delineating the molecular mech-
anisms that regulate the expression of the �-actin protein is an
important step that will help define how and why a cell acquires
a transformation phenotype. Our data show that HuR defi-
ciency causes impairments in cell adhesion, migration, and
invasion and that these defects correlate with a loss of stress
fibers (Fig. 1 and 2) (see Fig. S1 in the supplemental material).
The stress fiber network is essential to synchronizing the
tension distribution within a multicellular tissue through the
forces they exercise on cell-cell and cell-ECM contacts (65).
Therefore, our findings raise the possibility that the observed
increase of the HuR expression level in several cancer cells (25,
33) enhances the expression of the �-actin protein, which in
turn affects cytoskeleton organization. Hence, defining HuR as
one of the key players that regulate actin-based cytoskeleton
structures provides the possibility of controlling the migration
and the invasion of cancer cells by modulating the expression
of the HuR protein.
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