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Human antigen R (HuR) is an RNA-binding protein with pro-
tective activities against cellular stress. This study considers the
mechanisms by which HuR transcriptional regulation occurs in
renal proximal tubule cells.Under basal conditions,HuRmRNA
is expressed in two forms: one that contains a �20-base 5�-un-
translated region (UTR) sequence andone that contains a�150-
base, G�C-rich 5�-UTR that is inhibitory to translation. Recov-
ery from cellular stresses such as thapsigargin and ATP
depletion induced increased expression of the shorter, more
translatable transcript and decreased expression of the longer
form. Analysis of HuR upstream regions revealed sequences
necessary for regulation of the shorter mRNA.Within the long,
G�C-rich 5�-UTR exist multiple copies of the alternate Smad
1/5/8-binding motif GCCGnCGC. Recovery from ATP deple-
tion induced increases inSmad1/5/8 levels; further, gel shift and
chromatin immunoprecipitation analyses demonstrated the
ability of these Smads to bind to the relevant motif in the HuR
5�-UTR. Transfection of exogenous Smad 1 increased HuR
mRNAexpression. Finally,HuRmRNAexpressiondrivenby the
Smad-binding sites was responsive to BMP-7, a protein with
known protective effects against ischemic injury in kidney.
These data suggest that transcriptional induction of a readily
translatable HuR mRNA may be driven by a mechanism
known to protect the kidney from injury and provides a novel
pathway throughwhich administrationofBMP-7may attenuate
renal damage.

Cellular recovery from the trauma of environmental stress
requires multiple levels of regulation. Acute kidney injury is
characterized by a decrease in glomerular filtration rate that is
associated with high morbidity and mortality rates (1). One
common factor of acute kidney injury is acute tubular necrosis,
which is induced by hypoxia caused by ischemia/reperfusion. In
the kidney, proximal tubules play a central role in the response
to kidney insult because they are themost susceptible to injury.
These cells are the major site of necrosis associated with renal
ischemia, and the recovery of these regions from such an injury
is a reliable predictor of clinical outcome (2). Attenuation of
acute tubular necrosis is a major factor in the recovery of filtra-
tion rate and restoration of nephron function. Following injury,
epithelial cells must dedifferentiate and proliferate for restora-

tion of nephron integrity (3). Although this process has been
morphologically defined, the underlying molecular mecha-
nisms for this event have yet to be fully described. Following the
insult of ischemic injury, the cells of the nephron must up-reg-
ulate numerous genes for the purpose of attenuating injury (4).
TGF-�12 and BMP-7 aremembers of the TGF-� superfamily

of regulatory cytokines. Both have been implicated in kidney
injury; however, they appear to work in opposing roles, with
BMP-7 demonstrating the capacity to reverse deleterious
effects of TGF-�1 (5). Members of the TGF-� family of cyto-
kines exert their effects through serine-threonine kinase recep-
tors. Type II receptors bind ligand and recruit type I receptors.
This process triggers a unique signaling pathway through the
Smad family of proteins. Smads can be divided into three cate-
gories, pathway-restricted Smads (R-Smads), common partner
Smad, and inhibitory Smads. R-Smads include Smad 1, Smad 5,
and Smad 8 stimulated by BMPs and Smad 2 and Smad 3 stim-
ulated by TGF-�. Phosphorylation of the R-Smad by the type I
receptor follows ligand binding by the type II receptor (6). The
phosphorylated R-Smads form heteromultimers and associate
with the common partner Smad, Smad 4. Inhibitory Smads,
including Smad 6 and Smad 7, appear to function as competi-
tive inhibitors because they lack the sequences necessary for
activation but still bind common partner Smad.
BMP-7 (previously known as osteogenic protein-1) and

Smad 1/5/8 signaling are known to play a major role in kidney
development. First, kidneys were shown to be the major pro-
ducers of BMP-7 in both adult animals and embryos (7). It was
subsequently found that BMP-7 induces metanephric differen-
tiation (8) and that BMP-7-null mice exhibit a lack of renal
mesenchymal differentiation and an absence of nephrons (9,
10). Further, both BMP type I receptors and BMP-responsive
Smads are expressed in the nephrogenic zones of developing
kidneys (11, 12).More recently, reports have demonstrated that
BMP-7 plays an important role in recovery frommultiple types
of kidney injury, including damage from ischemia and reperfu-
sion (5, 13–16). Taken together, these findings illustrate the
critical role of BMP-7/Smad signaling in kidney development
and repair.
Recently, we described the behavior of the mRNA-binding

protein HuR in an in vitromodel of renal ischemia/reperfusion
(17, 18) and in native rat kidneys subjected to ischemia/reper-
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fusion (19). HuR is a ubiquitously expressed protein that binds
and stabilizes hundreds to thousands of mRNAs bearing uri-
dine-rich or adenine/uridine-rich sequences (20). Normally
localized primarily in the nucleus, HuR undergoes transloca-
tion to the cytosol when cells undergo various types of stress,
including heat shock, UV irradiation, and nutritional stress
(21–23). In the cytosol, HuR is able to bind its target transcripts
and protect them from degradation; further, it can also play a
positive role in the regulation of translation. In doing so, HuR
plays a protective role against cellular apoptosis and senescence
(24, 25). Indeed, abnormal overexpression ofHuRhas been cor-
related with a tumorigenic phenotype in multiple cancer types,
and recent studies in a breast tumormodel have defined a num-
ber of signaling pathways through which HuR can promote its
transforming effects, including those involved in cell cycle con-
trol, inhibition of apoptosis, and promotion of signaling cas-
cades (26, 27).We recently demonstrated that energy depletion
in a renal epithelial cell model induces nucleocytoplasmic
translocation of HuR as well as alterations in its expression (17,
18).When subjected toATPdepletion and recovery in vitro, the
porcine proximal tubule cell line LLC-PK1 mimics a number of
the responses of ischemia/reperfusion-injured proximal tubule
cells in native kidney, including disruption of the actin cytoskel-
eton (28) and activation of heat shock proteins and protein
kinases (29, 30).We found that ATP depletion of LLC-PK1 cells
induces slow translation-mediated increases in HuR protein,
whereas reversion to normal growth medium induces HuR
transcription without accompanying increased translation.We
hypothesized that this new transcription may act as a precon-
ditioning mechanism, because a second ATP depletion results
in rapid new translation ofHuR (18).However, themechanisms
by which HuR is transcriptionally regulated following stress
have yet to be determined. These data present mechanisms
identified for transcriptional regulation of HuR and provide an
initial characterization of essential promoter elements required
for HuR transcriptional activation during recovery of renal epi-
thelia from cellular stress.

EXPERIMENTAL PROCEDURES

Cell Culture—LLC-PK1 cells (American Type Culture Col-
lection, Manassas, VA) were cultured in Dulbecco’s modified
Eagle’s medium containing penicillin/streptomycin supple-
mented with fetal bovine serum (10%) at 37 °C in 5% CO2. For
depletion of ATP from these cells, the cultures were first grown
to confluency; then medium was replenished, and the cultures
were incubated overnight. The cells thenwere rinsed twicewith
phosphate-buffered saline, and the culture medium was
replaced with prewarmedDulbecco’s modified Eagle’s medium
base supplementedwith L-glucose, sodiumbicarbonate, and 0.1
�M antimycin A for 0–4 h. Mock treated cells underwent the
same procedure, but the culture medium was replaced with
normal growth medium. In some experiments, ATP-depleted
cells were allowed to recover by returning the cells to normal
growth medium. For experiments testing effects of BMP-7 on
HuR expression, human recombinant BMP-7 (25 ng/ml) was
added for 6 h to LLC-PK1 cells following 16 h of incubation in
0.5% fetal bovine serum-supplemented Dulbecco’s modified
Eagle’s medium. During incubation, the serum content was

lowered to 0.2%. BMP-7 was obtained from R & D Systems
(Minneapolis, MN). Thapsigargin (an inhibitor of SERCA) was
purchased from Sigma and used at a final concentration of 1
�M. LLC-PK1 cells were treated with thapsigargin for 1 h and
allowed to recover in normal growth medium for 6 h. After the
harvesting of cells, RNA was isolated by TRIzol (Invitrogen)
according to the manufacturer’s specifications.
Ribonuclease Protection Assay—RNase protection assays

(RPAs) were performed using the RPA III kit (Ambion Corp.,
Austin, TX) according to themanufacturer’s specifications. For
RPAs of porcine HuR, a cDNA template was generated that
spanned from upstream sequences 100 bp into the HuR coding
region. This template was subcloned into the vector pCRII-
TOPO (Invitrogen) andwas transcribed in vitro in the presence
of a ribonucleotidemixture containing 40�Ci of [32P]UTP (800
Ci/mmol) and T7 RNA polymerase (Maxiscript; Ambion
Corp). Transcription was terminated by the addition of DNase
I, and labeled RNA was purified by polyacrylamide gel electro-
phoresis. The full-length RNA probe was excised and eluted
from the gel as specified by themanufacturer. TheHuR-specific
probe (4 � 104 cpm) was mixed with 20 �g of total LLC-PK1
RNA in the presence of hybridization buffer, then heat dena-
tured, and hybridized for 16 h at 56 °C. As a control, the HuR-
specific probe was incubated with 20�g of yeast tRNA. Follow-
ing digestionwithRNasesA andT1, protected double-stranded
RNAwas precipitated, harvested by centrifugation, and run in a
5% polyacrylamide-urea gel. Protected RNA fragments were
visualized by autoradiography and quantified using Image J
software (31).
Luciferase Reporter Constructs and Transfected Cell Lines—

Promoter constructs were subcloned into the firefly luciferase
expression vector pGL4.14 (Promega). The deletions were per-
formed by PCR and confirmed by sequencing. Stable trans-
fections were performed using Lipofectamine and Plus rea-
gent (Invitrogen). Forty-eight hours post-transfection, the
cells were treated with 600 �g/ml hygromycin (Invitrogen);
following expansion of cells, individual clones were selected
and analyzed for basal luciferase activity using Bright-Glo
reagent (Promega) and a GloMax 96 microplate luminome-
ter (Turner Biosystems, Sunnyvale, CA) according to the
manufacturer’s recommendations.
A rat Smad 1 cDNA in expression vector pCMV-SPORT6

was purchased from the American Type Culture Collection.
This I.M.A.G.E. clone possesses the GenBankTM accession
number BC061757. For an empty vector control, the Smad I
cDNA was excised from pCMV-SPORT6 with EcoRV and
NotI, 5� overhangs were filled in with Klenow, and the resulting
fragment was religated. Nanogram to microgram quantities of
the Smad 1 expression vector or control were transiently trans-
fected into 25 � 104 LLC-PK1 cells using an Amaxa nucleofec-
tor and a Cell Line Nucleofector kit L (LonzaWalkersville Inc.,
Walkersville, MD). RNA was harvested for competitive RT-
PCR 24 h post-transfection.
RT-PCR—An internal standard for competitive RT-PCR of

porcine HuR was synthesized using a previously described
method (18). Total RNA from LLC-PK1 cells was isolated using
TRIzol (Invitrogen) following the manufacturer’s instructions.
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A mixture of internal standard RNA (1 pg) and LLC-PK1
RNA (5 �g) was reverse transcribed using the Super Script first
strand synthesis system (Invitrogen). The resulting cDNA was
subjected to PCRusing PlatinumTaqHighFidelity (Invitrogen)
with the following primers: 5�-GGTTATGAAGACCACATG-
GCCG-3� (sense) and 5�-AAGCCATAGCCCAAGCTGT-3�
(antisense).
For competitive RT-PCR of LLC-PK1 cells stably expressing

luciferase expressing vectors, an internal standardwas synthesized
using the previously described method. PCR was performed
using the following primers: 5�-CGTCGTATTCGTGAGCAA-
GAAAGG-3� (sense) and 5�-AAGAATAGCTCCTCCTCGA-
AGCGG-3� (antisense). The PCR was electrophoresed in a 2%
agarose gel and visualized and quantified using a Chemi-Doc
image analysis system with Quantity One software. For RT-
PCR of ALK2, previously published primers were used (32).
Immunocytochemistry—For immunolocalization of HuR,

Smads, or BMP-7, 3 � 104 LLC-PK1 cells were seeded on glass
coverslips in 24-well plates and grown to confluence, at which
time the cells were given fresh medium and cultured overnight
prior to use. Following the necessary treatments, the cells were
fixed and permeabilized in 2% formaldehyde in stabilization
buffer (33). The cells were probed with primary antibodies and
Alexa 488- or Alexa 568-conjugated secondary antibodies from
Invitrogen/Molecular Probes. The cells were visualized with a
Nikon Eclipse 80i epifluorescent microscope with SPOT soft-
ware (Diagnostic Instruments, Sterling Heights, MI) or with a
Zeiss 510 META laser scanning confocal microscope at the
Campus Microscopy and Imaging Facility at The Ohio State
University.
Antibodies and Western Blot Procedures—For detection of

HuR, a mouse monoclonal antibody (3A2) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Smad
(H-465) rabbit polyclonal antibody, anti-Smad 1/5/8 (N-18),
and goat polyclonal antibody anti-BMP-7 (L-19) were also pur-
chased from Santa Cruz Biotechnology. The anti-pSmad 1/5
(41D10) rabbit polyclonal antibody was purchased from Cell
Signaling Technology (Danvers, MA). Antibodies recognizing
ALK2 were purchased from Abcam (Cambridge, MA).
For Western analysis, the proteins were transferred to

Hybond P membrane (GE Healthcare) and probed with anti-
bodies at 1:500 (3A2), 1:250 (H-465), 1:250 (N-18), 1:500 (L-19),
or 1:250 (41D10) dilutions. Primary antibodies were detected
using horseradish peroxidase-conjugated secondary antibodies
and an ECL Western blotting detection kit (GE Healthcare).
Quantification ofWesterns was performed using a Chemi-Doc
image analysis system with Quantity One software (Bio-Rad).
Gel Mobility Shift Assay—Nuclear extracts were prepared

from untreated or ATP-depleted/recovered LLC-PK1 cells as
previously described (34). Double-stranded DNA oligonucleo-
tide probes were synthesized that corresponded to �148 to
�109 or �77 to �37 of the porcine HuR 5�-UTR (numbered
relative to the translational start). Probeswere end-labeledwith
[�-32P]ATP andT4 polynucleotide kinase using a gel shift assay
system (Promega). Fourteen micrograms of nuclear extract
were incubated with labeled probe in the provided binding
buffer at room temperature for 20 min prior to separation in a
nondenaturing 4% polyacrylamide gel. Supershift assays were

performed by preincubating 6 �g of anti-Smad 1/5/8 antibody
(Santa Cruz Biotechnology) with nuclear extracts for 1 h at 4 °C
prior to the addition of radiolabeled probe. Oligonucleotide
competition reactions were performed by preincubating the
nuclear extracts with unlabeled oligonucleotide for 10 min at
room temperature prior to the addition of the labeled probe.
Chromatin Immunoprecipitation (ChIP)—ChIP assays were

performed with the Magna ChIP A kit (Millipore, Billerica,
MA) according to the manufacturer’s protocol. Control and
treated LLC-PK1 cells (10 � 106 each) were fixed for 10 min at
room temperature and sonicated according to themanufactur-
er’s protocol. DNA bound to Smad 1/5/8 was precipitated with
anti-Smad 1/5/8 antibody N-18 (Santa Cruz Biotechnology).
To amplify the Smad-binding region in 5�-UTR of the HuR
gene, the precipitated DNAwas subjected to PCR using Prime-
STAR� HS DNA polymerase with GC buffer (Takara Bio Inc.)
with the following primers under the following conditions: 5�-
GCTGAGGAGGAGCCGC-3� (sense) and 5�-GGCTGCTCC-
GGGTCG-3� (antisense); 3 min at 94 °C; and then 30 cycles of
98 °C for 10 s, 66 °C for 5 s, and 72 °C for 30 s; followed by a final
extension at 72 °C for 2 min. The PCRwas electrophoresed in a
5% polyacrylamide gel and quantified using Image J software.
The identities of the resulting bands were confirmed by DNA
sequencing.
ELISA—For ELISA, LLC-PK1 cells were subjected to differ-

ent ATP conditions as indicated. After this incubation, the con-
ditioned medium was centrifuged to remove cellular debris.
The concentration of BMP-7 in the supernatant was deter-
mined using a Quantikine BMP-7 ELISA kit (R & D Systems).
Statistical Analysis—The graphical data indicate the

means � standard deviations. Pairwise comparisons between
data points were performed by Student’s t test; p values �0.05
were deemed statistically significant.

RESULTS

Determination of Alternative 5�-Untranslated Regions for
HuR mRNAs—To define promoter sequences responsible for
transcriptional regulation of HuR, it was necessary to first
determine the length of HuR transcripts in our cell model, the
porcine proximal tubule line LLC-PK1. Although amurineHuR
cDNA containing over 500 bases of 5�-UTR has been detected
(accession numberAK078333) andwe have confirmed its exist-
ence by RT-PCR, our previous studies of HuRmRNAs in native
rat kidney showed the most abundant HuR transcripts to con-
tain 5�-UTRs of �150 and �20 bases (19); longer sequences
were undetectable by ribonuclease protection assay. We per-
formed similar analysis on LLC-PK1 mRNA. As shown in Fig.
1A (lane 4), the cells under normal growth conditions
expressed twoHuRmRNAs in roughly equal amounts (arrows).
These mRNAs are consistent in size and abundance with those
detected in native rat kidney containing 5�-UTRs of �150 and
�20 bases (19).
In the same experiments, we tested whether cellular stress

would alter the abundance of these mRNAs. Fig. 1A demon-
strates that treatment of LLC-PK1 cells with thapsigargin, an
inhibitor of SERCA, for 1 h caused no significant change in
HuR mRNA levels (lane 5); however, after 6 h of recovery
from thapsigargin treatment, there was a notable increase in
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the levels of the smaller mRNA accompanied by a decrease in
levels of the higher molecular weight form (lane 6). These
results indicate that recovery from cellular stress causes a

switch in the synthetic rates or sta-
bility of the two HuR mRNAs.
Previous studies in nonrenal tis-

sues have suggested that HuR pro-
tein expression is under transla-
tional control (35, 36). More
recently, we found HuR to be under
translational control in LLC-PK1
cells (18) and in native rat kidney
(19). In vitro transcription/transla-
tion of HuR mRNAs from both rats
and mice showed the shorter form
to be readily translated, whereas
the longer form was translated
with dramatically less efficiency
(19). Therefore, the current RPA
experiments demonstrate that
recovery of LLC-PK1 cells from
stress can decrease steady-state
levels of a longer, poorly translat-
able HuR mRNA while increasing
levels of a shorter, readily translat-
able transcript.

To determine whether recovery from the stress of ATP
depletion might cause a shift in expression of HuR mRNAs
similar to that following thapsigargin treatment, RPA was per-
formed on LLC-PK1 cells that were either untreated or ATP-
depleted for 2 h and allowed to recover for 6 h. As shown in Fig.
1B, a similar switch between transcripts was seen during the
recovery following ATP depletion, although the magnitude of
the change was more modest than that seen with thapsigargin.
No change in HuRmRNAwas seen during ATP depletion itself
(not shown). Thus, these results indicate that recovery from
cellular stresses (either inhibition of SERCA or ATP depletion)
induces expression of a readily translated HuR mRNA at the
expense of a poorly translated form. The relative increase in
expression of the smaller transcript over the longer mRNA
during recovery from these stresses is expressed graphically
in Fig. 1C.
HuR Promoter Activity during ATP Depletion and Recov-

ery—Our previous studies demonstrated that increased levels
of HuR transcription during recovery from ATP depletion per-
mitted a rapid translation of HuR upon a second stress (18).
This suggests that the switch inHuR transcripts shown in Fig. 1
is to due to increased activation of a promoter element that
drives transcription of the shorter mRNA (rather than changes
in transcript stability). To explore this hypothesis and define
sequences of the HuR promoter that are necessary for this
response, upstream regions of the mouse HuR gene were sub-
cloned into the luciferase reporter plasmid pGL4.14, and the
resulting constructs were stably transfected into LLC-PK1 cells.
Fig. 2A shows the genomic fragments used, which extended
downstream through the entirety of exon I to �16 bp (relative
to the translational start site). Upstream boundaries for pro-
moter fragments ranged from�566 bp to�2.69 kb. Four stably
transfected LLC-PK1 cloneswere generated andmaintained for
each construct and assayed for basal luciferase expression (not
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FIGURE 1. Alternate transcriptional starts of HuR mRNA. A, effects of thapsigargin treatment on HuR mRNA
expression were assessed by RPA. Lane 1, molecular size markers; lane 2, probe � yeast tRNA, undigested; lane
3, probe � yeast tRNA, digested; lane 4, mRNA from untreated cells; lane 5, mRNA from cells treated with
thapsigargin for 1 h; lane 6, mRNA from cells treated with thapsigargin for 1 h and allowed to recover for 6 h.
B, effects of ATP depletion/recovery on HuR mRNA as assessed by RPA. Lane 1, mRNA from untreated cells; lane
2, mRNA from cells ATP depleted for 2 h and allowed to recover for 6 h. C, graphical representation of increases
in the smaller HuR transcript relative to the longer mRNA, as demonstrated by RPA analysis.

FIGURE 2. Characterization of the HuR promoter and 5�-UTR. A, transcrip-
tional activation was examined using promoter constructs containing various
deletions of upstream sequences as well as deletion of the 5�-UTR. B, stable
cell lines were cultured in normal growth medium or ATP depletion medium
with or without recovery for 4 h. Total RNA was isolated and subjected to
competitive RT-PCR for quantification of luciferase mRNA. The asterisks indi-
cate statistical significance as determined by Student’s t test (p � 0.05).
C, murine and porcine versions of the HuR 5�-UTR show multiple copies of the
Smad 1/5/8-binding site, GCCGnCGC. The solid boxes indicate perfect match-
es; the dashed boxes indicate motifs with one nucleotide variation.
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shown). Clones expressing similar levels of basal luciferase
activity were used for subsequent ATP depletion studies.
To assayHuR promoter activity, we quantified levels of lucif-

erase mRNA expression, rather than taking advantage of its
luminescent properties. This was due to a couple of features of
these experiments that made assays for luciferase protein unre-
liable. First, as discussed above, we showed that sequences in
the HuR 5�-UTR can interfere with translatability (19); second,
previous reports demonstrated that luciferase protein is unsta-
ble duringATP depletion (37). Therefore, competitive RT-PCR
was used to quantify luciferase mRNA levels (Fig. 2B). For any
of the constructs tested, ATP depletion alone resulted in no
significant changes in reporter mRNA levels. This finding is
consistent with our results demonstrating no change in HuR
mRNA levels during ATP depletion (this study and Ref. 18).
However, increased luciferase expression was seen from some
constructs during recovery fromATP depletion. LLC-PK1 cells
stably expressing constructs containing at least 1.59 kb of
upstream sequence, including the nearly full 5�-UTR (�2.40 kb
to �16 bp and �1.59 kb to �16 bp), increased luciferase
expression�2-fold over base-line levels (Fig. 2B). In contrast, a
construct of similar size that lacks sequences corresponding to
the HuR 5�-UTR (�2.69 kb to �155 bp) demonstrated no sig-
nificant increase in mRNA levels. These results suggest the
importance of the region between �155 and �16 bp in medi-
ating ATP depletion/recovery-induced HuR expression.
Although the region between �1.59 kb and �834 bp also was
required for full luciferase expression, these results demon-
strate the importance of the 5�-UTR in transcriptional induc-
tion during recovery from ATP depletion.
Initial inspection of HuR 5�-UTR sequences within 200 base

pairs of the translational start revealed a highly G�C-rich
(�80%), highly conserved (77% identity between mouse and
pig),�120-base region that containsmultiple overlapping cop-
ies of an alternate Smad 1/5/8 binding motif, GCCGnCGC
(reviewed inRef. 6). Fig. 2C illustrates these sequences, showing
perfect matches in solid boxes and motifs that differ by a single
base in dashed boxes. This sequence is positioned appropriately
to direct transcription of theHuRmRNAs containing only�20
bases of 5�-UTR. Based on these findings and on the known
importance of bone morphogenetic proteins and Smad 1/5/8
signaling in renal development and recovery from renal ische-
mia, we further explored the role of these Smads in HuR
expression.
Expression and Distribution of Smads 1/5/8 during ATP

Depletion and Recovery—Under normal conditions, HuR
shows a characteristic nuclear staining (Fig. 3A, top row). Fol-
lowing 2 h of ATP depletion, HuR redistributes to the cyto-
plasm as previously described and returns to a nuclear distribu-
tion following 2 or 4 h in recovery medium (17, 18). To
determine whether ATP depletion and recovery cause redistri-
bution of Smads, immunocytochemistry was performed on
LLC-PK1 cells subjected to 2 h of ATP depletion followed by
2–4 h of recovery. Probing with an antibody that recognizes all
R-Smads (Smads 1, 2, 3, 5, and 8) uncovered a nuclear/cytoplas-
mic staining in untreated cells (Fig. 3A, middle row). During
ATP depletion, many cells showed a loss of nuclear staining.
Upon 2 h of recovery, R-Smads redistributed to a nuclear and

perinuclear localization that was sustained through 4 h of
recovery. An antibody that recognized phosphorylated (acti-
vated) Smad 1/5 (pSmad 1/5) revealed that under normal con-
ditions, pSmad 1/5 also was located both in nuclear and perinu-
clear distributions (Fig. 3A, bottom row). The loss of nuclear
staining occurred under ATP depletion conditions. However,
after 2 h of recovery, pSmad 1/5 returned to a nuclear location,
which became even more intense by 4 h of recovery. These
results demonstrate an increased presence of active pSmads 1/5
during recovery from ATP depletion.
Next, the protein levels of Smads were determined to ascer-

tain whether ATP depletion and recovery caused alterations in
their expression (Fig. 3B). The total R-Smad levels remained
fairly flat throughout the ATP depletion and recovery periods
(see representative Western and graph). In contrast to total
R-Smad levels, Smad 1/5/8 and pSmad 1/5 levels decreased
during 1–2 h of ATP depletion. Subsequently, during 1–4 h of
recovery, the Smad 1/5/8 levels steadily increased to �2-fold
over base line. This time course correlates with that of HuR
mRNA levels during recovery from ATP depletion (18).
Although recovery caused pSmad 1/5 levels to only return to
base line, the immunocytochemical analysis in Fig. 3A demon-
strates that these Smads are more highly concentrated in the
nuclear compartment after stress, suggesting an increased
availability for transcriptional modulation.
To determinewhether the putative Smad 1/5/8-binding sites

in the HuR 5�-UTR are indeed capable of binding Smads, gel
mobility shift assays were performed on nuclear extracts
derived from both untreated LLC-PK1 cells and those that were
ATP-depleted and allowed to recover. Fig. 3C shows an exam-
ple of this method, using a porcine probe corresponding to the
sequence �148 to �109 that encompasses five perfect and two
imperfect copies of the GCCGnCGCmotif (Fig. 2C). As shown,
one major band was shifted in the presence of nuclear extracts.
This band was routinely more intense in extracts from ATP-
depleted/recovered cells than untreated cells (an increase of
87 � 18%; n 	 5). The addition of an excess of unlabeled probe
caused loss of this band, whereas addition of an irrelevant unla-
beled oligonucleotide did not. Preincubation of extracts with
antibody against Smads 1/5/8 resulted in the disappearance of
the band, rather than a supershift, indicating potential interfer-
ence of the antibody with the probe-binding site (data not
shown). Therefore, we performed ChIP to confirm the identi-
ties of the relevant bands. As shown in the bottom panel of Fig.
3C, immunoprecipitation of chromatin with the Smad 1/5/8
antibody isolated a fragment containing the HuR 5�-UTR
sequences. Consistent with the gel mobility shifts, Smads 1/5/8
roughly doubled their associationwith theHuR 5�-UTR follow-
ing ATP depletion/recovery (an increase of 86 � 15%; n 	 3).
These results demonstrate that theHuR5�-UTR is indeed capa-
ble of binding R-Smads and that binding activity is increased in
cells subjected to ATP depletion and recovery.
Finally, we transiently transfected exogenous Smad 1 into

LLC-PK1 cells to determine its effect on HuR mRNA expres-
sion. Transfection of Smad 1 in increasing amounts produced a
dose-dependent increase in mRNA (�3-fold) as assayed by
competitive RT-PCR, whereas transfection of an empty vector
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control did not. These results are illustrated graphically in
Fig. 3D.
Expression of BMP-7 and Effects on HuR Levels—In the

homogeneous cell line LLC-PK1, activation of Smad 1/5/8 nec-

essarily would occur through cell
autonomous secretion of bonemor-
phogenetic proteins. BMP-7 would
be indicated as the prime candidate,
because it is the major BMP
expressed by kidney and has been
shown to play an important role in
recovery from renal ischemia/
reperfusion injury. Expression of
BMP-7 by proximal tubule cells is
somewhat controversial, because
most of the renal expression of
BMP-7 has been shown to come
from glomeruli and epithelial cells
of medulla (38, 39). However, some
studies have indicated low BMP-7
expression in both rodent and
human proximal tubule cells (40–
42). As a first step toward determin-
ing whether LLC-PK1 cells express
BMP-7, cells in varying stages of
ATP depletion and recovery were
immunolabeled with a BMP-7-spe-
cific antibody. BMP-7 labeling was
present in these cells and revealed a
diffuse distribution with some
enrichment around the nucleus
(Fig. 4A). In contrast, following 2 h
of ATP depletion, most BMP-7 was
redistributed to the periphery of the
cell. Following 2–4 h of recovery in
normal growth medium, BMP-7
returned to a more base-line
distribution.
To determine whether BMP-7

was secreted by LLC-PK1 cells,
ELISA analysis of the conditioned
medium was employed (Fig. 4B).
Conditioned medium from non-
stressed cells contained�450 pg/ml
of BMP-7, similar to the levels nor-
mally found in circulation of the
blood (14). However, the levels were
found to drop to almost 25% of nor-
mal during ATP depletion. This is
perhaps not surprising given the
stresses put on the cell; however, the
immunocytochemistry shown in
Fig. 4A suggests that redistribution
of BMP-7 to the periphery may be
an attempt by the cell to secrete
more of its BMP-7 content. By 2–4
h of recovery in normal growth
medium, extracellular BMP-7 in-

creased to levels not significantly different from those of base-
line conditions.
The kinetics of pSmad 1/5 activation and nuclear localization

during recovery from ATP depletion are consistent with the
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FIGURE 3. Distribution and expression of Smads 1/5/8 during ATP depletion and recovery. A, LLC-PK1 cells
were cultured in normal growth medium or ATP depletion medium for 2 h or allowed to recover for an
additional 2 or 4 h. Immunocytochemical localization of HuR, total R-Smads, and pSmad 1/5 was determined.
B, total R-Smad, Smad 1/5/8, and pSmad 1/5 were assayed by Western analysis. �-Actin was included as a
loading control. Bands from multiple Western blots as shown were quantified and expressed in graphical form.
C, gel mobility shift assays and ChIP were performed on nuclear extracts from untreated (unt) or ATP-depleted/
recovered (rec) LLC-PK1 cells. In gel mobility shift assays (top), one major band (designated by the arrow) was
found to specifically bind Smad 1/5/8 consensus motifs in the porcine HuR 5�-UTR. The intensity of this band
increased following ATP depletion/recovery. In ChIP assays (bottom panel), antibody against Smad 1/5/8 pre-
cipitated DNA corresponding to the HuR 5�-UTR. D, introduction of exogenous Smad 1 into LLC-PK1 cells
increased HuR mRNA expression, as determined by competitive RT-PCR. An empty vector control produced no
effect. The asterisks indicate p � 0.005, as determined by Student’s t test.

Transcription of HuR by BMP

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4437



timing of increased expression of the shorter HuR transcript.
To determine whether the BMP-7 signaling pathway is respon-
sible for this modulation of HuR levels during recovery, LLC-
PK1 cells were treated with recombinant BMP-7. As expected,
treatment with recombinant BMP-7 induced an increase in the
levels of phosphorylated Smad 1/5 (not shown). As shown in
Fig. 4C (left panel), exposure of cells to BMP-7 for 6 h caused
increased levels of the shorter HuR transcript and loss of the
longer transcript (compare lanes 3 and 4). Two hours of ATP
depletion prior to the addition of BMP-7 did not change the
magnitude of this response (lane 5). Incubation of cells in the
low serum levels required for BMP-7 addition did not in-
duce these changes (lane 6), showing the specificity of the
response to BMP-7. Multiple such experiments were per-
formed, and the relative increase in the smaller HuR mRNA
over the longer transcript was quantified (Fig. 4C, right panel).
As shown, BMP-7 treatment induced changes similar to those
seen during recovery fromATPdepletion, indicating this factor
as a stimulator for Smad-mediated changes in ATP-depleted/
recovered cells.
In addition, cell lines stably expressing HuR promoter-lucif-

erase constructs were treated with BMP-7 for 6 h. As with the
ATP depletion/recovery experiments in Fig. 2, only plasmids
containing the HuR 5�-UTR region between �155 and �16
were able to mediate increased luciferase expression. Con-
structs lacking these sequences were not activated (Fig. 4D).
Finally, to determine whether BMP-7 receptors were present

in LLC-PK1 cells, RT-PCR was performed using primers corre-
sponding to ALK2 (also known as Acvr1 and ActRI), a type I
receptor that transduces signals from BMP-7 (43) and is
expressed in proximal tubule cells (38). Semi-quantitative RT-
PCR (Fig. 4E, left panel) showed the existence of this receptor
and suggested that ATP depletion and recovery induced higher
expression of ALK2mRNA (an increase of 85� 18%; n	 4). To
confirm this finding at the protein level, Western analysis was
performed on LLC-PK1 cells subjected to various times of ATP
depletion/recovery. Fig. 4E (right panel) demonstrates similarly
increased levels of ALK2 protein in stressed and recovered cells
compared with those under normal growth conditions. This
finding provides a mechanism by which ATP-depleted/recov-
ered cells, which express only base-line levels of BMP-7 (Fig.
4B), can amplify their responsiveness to this protein, thus
inducing signaling through the Smad 1/5/8 pathway.

DISCUSSION

These studies offer the first description of transcriptional
mechanisms regulating stress-mediated expression of HuR, an
RNA-binding protein with global effects on cell survival.
Although this work has focused specifically on its role in pro-
tection against energy depletion in renal epithelia, it may pro-
vide additional clues toHuR function in other cells where BMP/
Smad signaling is stimulated. For example, a number of recent
studies have indicated that BMPsmay promote tumor progres-

FIGURE 4. BMP-7 induced Smad 1/5/8 activity during recovery from ATP
depletion. A, immunolocalization of BMP-7 in LLC-PK1 cells grown in normal
medium or subjected to ATP depletion/recovery. B, ELISA of conditioned
medium from normal LLC-PK1 cells or cells subjected to 2 h ATP depletion
alone or followed by recovery in normal growth media. The asterisk shows
statistically a significant difference from 0 h control (p � 0.05). C, left panel,
addition of exogenous BMP-7 to LLC-PK1 cells induced a shift in HuR mRNA
expression, as assessed by RPA. Lane 1, probe � yeast tRNA, undigested; lane
2, probe � yeast tRNA, digested; lane 3, mRNA from untreated cells; lane 4,
mRNA from cells treated with BMP-7 in 0.2% fetal bovine serum for 6 h; lane 5,
mRNA from cells ATP depleted for 2 h and then treated with BMP-7 in 0.2%
serum; lane 6, mRNA from cells cultured for 6 h in 0.2% serum alone. Right
panel, the relative increase in the smaller HuR transcript relative to the longer
mRNA under ATP depletion/recovery or BMP-7 was quantified and graphed.
D, treatment of LLC-PK1 cells with exogenous BMP-7 induced luciferase
expression in cells stably expressing constructs containing Smad

1/5/8-binding sites. The asterisks show statistically significant differences (p �
0.05). E, ATP depletion and recovery induced expression of ALK2 mRNA (left
panel) and protein (right panel). A �-actin immunoblot is included as a loading
control.
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sion in some types of cancers (44–46). Our findings suggest
that onemechanism by which this might occur is through tran-
scriptional regulation of HuR, which itself has global effects on
tumorigenicity. These studies also suggest a role for HuR in
renal development, because BMP-7 is required formetanephric
differentiation. Additionally, our finding that transcriptional
switches in HuR expression are stimulated by other stresses
such as thapsigargin treatment suggests a more global role for
Smad 1/5/8 activation in responses to stress.
By stabilizing and promoting translation of specific mRNAs

during stress events, HuR is protective against cellular damage.
Our recent findings suggest that HuR not only has a role in
mRNAstabilization duringATPdepletion in renal cells but also
appears to be involved in preparation of the cell for a second
insult. During recovery from ATP depletion, HuR exhibits an
unusual decoupling behavior, during which its protein levels
decrease to normal levels while simultaneously increasing
expression of a more translatable transcript. This increase in
mRNA appears to be necessary for rapid induction of HuR pro-
tein during a second stress event (18). These findings are rem-
iniscent of ischemic preconditioning, the phenomenon
whereby brief ischemic episodes render cells resistant to subse-
quent ischemia (47). This study identifies important regulatory
sequences, as well as potential transcriptional activators neces-
sary for this regulation.
Examination of sequences driving HuR transcription shows

that the HuR promoter is typical of a “TATA-less” gene pro-
moter. Originally thought to be rare, members of this class of
promoters are G�C-rich, lack a TATA element, are rich in
Sp1-binding sites and are found in �46% of human core pro-
moters (48). These promoters routinely contain multiple
transcriptional start sites, as demonstrated by the existence
of alternate HuR transcripts. These studies indicate that the
HuR gene possesses alternate promoters that can be acti-
vated or suppressed dependent on the stress experienced by
cells. Genome wide analysis has revealed the prevalence of
numerous alternative promoters, in fact suggesting that up
to half of human genes produce variant transcripts (49).
Transcription from alternate promoters has been shown to
be induced under multiple circumstances, including devel-
opmental activity (50), tissue specificity (51), and stress (52).
Further, alternative promoter transcripts previously have
been shown effective in the control of translational machin-
ery, as suggested here for HuR (53). However, this study has
not completely resolved the significance of the alternate
HuR transcripts. Although the HuRmRNA bearing the short
5�-UTR is under control of BMP/Smad signaling and is
readily translatable, a function for the longer, poorly trans-
latable transcript is not yet apparent. It is possible that this
transcript may possess an internal ribosome entry site, based
on the length and G�C content of the 5�-UTR. We are cur-
rently investigating the possibility that an internal ribosome
entry site is present; if so, this may provide a means to con-
tinue HuR translation under stress conditions in which nor-
mal cap-dependent ribosome function is impaired (54). This
finding would be consistent with our previous studies show-
ing that HuR translation is increased in cells undergoing an
almost total depletion of ATP (18).

The data presented here indicate that HuR mRNA expres-
sion is responsive to BMP-7 levels. In a recent study, we found
that HuR protein levels increase only in the proximal tubules of
rat kidneys subjected to ischemia/reperfusion injury. This
increase began at 24 h post-ischemia and was maintained for at
least 2 weeks (19). Other groups have shown that immediately
following ischemic injury to rat kidneys, BMP-7 levels tempo-
rarily decreased (14, 39) but recovered and peaked at �48 h
(41). A similar pattern of expression was seen for Smads and
pSmads, which peaked in expression at 24–48 h post-ischemia
(41). In both cases, the increased expression was seen in regen-
erating proximal tubule epithelia. Thus, the Smad/BMP-7 sig-
naling pathway is likely to be responsible for increased HuR
expression in proximal tubules of native kidney. However, in
our previous study of rats, comparison of kidney cortex from
sham-operated animals with 1- or 14-day post-ischemic kid-
neys did not reveal any differences in ratios between the shorter
and longer HuR transcripts; rather, levels of both mRNAs
increased (19). It is possible that the time points chosen for this
experiment did not represent the time of peak transcription for
the shorter mRNA; alternately, it may be that the specific
responses of proximal tubule cells weremasked by the presence
of nonproximal tubules in the cortical preparation. More
detailed studies will be required to resolve this discrepancy.
Although HuR has the capacity to bind hundreds to thou-

sands of mRNA targets, it is known to promote mRNA stabili-
zation or translation of a few specific gene products that play
important roles in promoting cell proliferation or protecting
against apoptosis and senescence (24, 25). Target mRNA
ligands for HuR include cell cycle-associated gene products
such as c-Fos, p21, p53, and various cyclins, anti-apoptotic pro-
teins including Bcl-2, prothymosin �, and SIRT1, and other
stress-related proteins such as Hsp70 and HIF1� (reviewed in
Ref. 24; see also Ref. 55). Our own studies have demonstrated
the anti-apoptotic nature of HuR in LLC-PK1 cells subjected to
ATP depletion and indicate Bcl-2 and Hsp70 as targets (19).
Therefore, the expression of HuR in kidney epithelia subjected
to ischemia/reperfusion injury may be protective against apo-
ptosis caused by the ischemic insult andmay also promote pro-
liferation of newly regenerating proximal tubule epithelia.
Although the transcriptionally mediated changes in HuR
mRNA expression demonstrated appear modest (only a few-
fold, both in LLC-PK1 cells and rat kidney), the effects of HuR
on cell survival and proliferation are broad; indeed, overexpres-
sion of HuR by only a few-fold can result in malignancy (56).
Therefore, its expression necessarilymust be tightly controlled.
Modulated expression of HuR during ischemia/reperfusion

injury provides a system in which there are multiple levels of
regulation working in concert to protect and restore the cell.
These findings present the first attempts to understand the
complex regulation of HuRmRNA in protecting and precondi-
tioning cells for a subsequent injury. Not only do these findings
provide insight into the regulation ofHuRduring recovery from
ATP depletion, they also suggest a mechanism through which
BMP-7 exerts pleiotropic effects to protect the kidney from
injury. Understanding these pathways may lead to a greater
understanding of the pathogenesis of acute kidney injury and
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aid in finding ways to reduce injury following trauma to the
kidney.

Note Added in Proof—Additionally, a functional NF-�B binding site
has been identified in the HuR promoter (57). However, this site is
positioned outsite of sequences required for the stress response in
this model system, so a role for NF-�B in HuR expression in renal
cells has yet to be determined.
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