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Background: HuR regulates expression of many oncogenic proteins by modulating mRNA stability.
Results: Glycolysis inhibition facilitates HuR degradation through a novel �-TrCP-mediated mechanism.
Conclusion: This mechanism underlies the complexity in the regulation of HuR turnover under different stress stimuli.
Significance: The ability of glycolysis inhibitors to target expression of oncogenic proteins by promoting HuR degradation
might foster novel strategies for cancer therapy.

The mRNA-stabilizing protein HuR acts a stress response
protein whose function and/or protein stability are modulated
by diverse stress stimuli through posttranslational modifica-
tions. Here, we report a novel mechanism by which metabolic
stress facilitates proteasomal degradation of HuR in cancer
cells. In response to the glucose transporter inhibitor CG-5,
HuR translocates to the cytoplasm, where it is targeted by the
ubiquitin E3 ligase �-TrCP1 for degradation. The cytoplasmic
localization of HuR is facilitated by PKC�-mediated phos-
phorylation at Ser-318 as the Ser-318 3 alanine substitution
abolishes the ability of the resulting HuR to bind PKC� and to
undergo nuclear export. The mechanistic link between
�-TrCP1 and HuR degradation was supported by the ability of
ectopically expressed �-TrCP1 to mimic CG-5 to promote HuR
degradation and by the protective effect of dominant negative
inhibition of �-TrCP1 on HuR ubiquitination and degradation.
Substrate targeting of HuR by �-TrCP1 was further verified by
coimmunoprecipitation and in vitro GST pull-down assays and
by the identification of a �-TrCP1 recognition site. Although
HuR does not contain a DSG destruction motif, we obtained
evidence that �-TrCP1 recognizes an unconventional motif,
296EEAMAIAS304, in the RNA recognition motif 3. Further-
more,mutational analysis indicates that IKK�-dependent phos-
phorylation at Ser-304 is crucial to the binding of HuR to
�-TrCP1. Mechanistically, this HuR degradation pathway dif-
fers from that reported for heat shock and hypoxia, which
underlies the complexity in the regulation of HuR turnover
under different stress stimuli. The ability of glycolysis inhibitors
to target the expressionof oncogenic proteins throughHuRdeg-
radation might foster novel strategies for cancer therapy.

Substantial evidence has demonstrated the clinical relevance
of targeting the mRNA-binding protein HuR in cancer therapy

in light of its pivotal role in regulating the expression of a wide
array of proteins implicated in oncogenesis and tumor progres-
sion by conferring stability and/or altering translation rates of
target mRNAs (1–3). HuR is primarily localized in the nucleus
and translocates to the cytoplasm in response to various stress
stimuli, including oxidative stress (4), heat shock (5), hypoxia
(6), UV light (7), amino acid starvation (7), polyamine depletion
(8), and staurosporine (9). This nuclear export is integral to the
function of HuR to control the stability and translation of
mRNA. HuR interacts with target mRNAs through the recog-
nition ofAU-rich elements in the 5� and 3�untranslated regions
via its RNA recognition motifs (RRMs)2. Although the mecha-
nism by which HuR stabilizes mRNAs remains undefined, it is
rationalized that this HuR binding antagonizes AU-rich ele-
ment-directed mRNA destabilization mediated by other RNA
binding proteins (10).
Consistent with its oncogenic role, HuR protein is highly

abundant in many types of malignancies (11–14). Recent evi-
dence indicates that cancer cells increase HuR expression, in
part, through posttranslational modifications (15) or by inhib-
iting miRNA-mediated translational repression (16, 17). For
example, a recent report indicates that oncogenic murine dou-
ble minute (MDM) 2-mediated neddylation protected HuR
from ubiquitin-dependent degradation in cancer cells (15).
Although the machinery that regulates HuR proteolysis is not
fully elucidated, HuR was reported to undergo ubiquitin-de-
pendent degradation following heat shock (5). However, the
identity of the responsible E3 ubiquitin ligase remains unclear.
In this study, we demonstrate that HuR was subjected to

ubiquitin-dependent degradation via a novel mechanism in
prostate cancer cells in response tometabolic stress induced by
glucose depletion or glycolysis inhibitors, including CG-5, a
glucose transporter inhibitor (18), and 2-deoxyglucose (2-DG).
Moreover, we obtained evidence that HuR was targeted for
ubiquitination by the E3 ubiquitin ligase �-transducin repeat-
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containing protein (�-TrCP) 1 in response to glycolysis inhibi-
tion, and that PKC� and I�B kinase (IKK) � were involved in
facilitating cytoplasmic translocation and�-TrCP1 recognition
of HuR, respectively, in the course of ubiquitin-dependent deg-
radation. It is noteworthy that, althoughHuR lacks theDSGXnS
destruction motif, mutational analysis indicates that HuR is
recognized by �-TrCP1 through an unconventional motif,
296EEAAMAIAS304. Fromamechanistic perspective, the ability
of glycolysis inhibitors to target a broad range ofHuR-regulated
oncogenic proteins by facilitating HuR degradation might fos-
ter novel strategies for cancer therapy.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—LNCaP, PC3, and DU-145 pros-
tate cancer cells were obtained from the ATCC. Cells were
maintained and treated with individual test agents in 10% FBS-
supplemented RPMI 1640 medium (Invitrogen) at 37 °C in a
humidified incubator containing 5% CO2. CG-5 was synthe-
sized according to a published procedure (18). 2-DG, MG132,
cycloheximide, and leptomycin B were purchased from Sigma-
Aldrich (St. Louis, MO). The kinase inhibitors SB216763,
GF109203X, SB203580, and BAY11-7082were purchased from
Cayman Chemical (Ann Arbor, MI), and AT7519 was obtained
from Selleckchem (Houston, TX). Antibodies against the fol-
lowing proteins were used: HuR, cyclin B1, cyclin E1, VEGF,
cyclin D1, �-catenin, PKC�, PKC�, and p-Thr-507-PKC�
(Santa Cruz Biotechnology, Santa Cruz, CA); MMP-9, Myc,
HA, IKK�, p-Ser-180-IKK�, and p-Ser-PKC substrate (Cell
SignalingTechnology, Beverly,MA); Snail andMDM2 (Abcam,
Cambridge, MA); p-Ser-657-PKC� (Millipore, Billerica, MA);
�-TrCP1 (Invitrogen); �-TrCP2 (Rockland Immunochemicals,
Gilbertsville, PA); FLAG (Sigma-Aldrich); GST (GE Health-
care); and �-actin (MP Biomedicals, Irvine, CA). The I�B ki-
nase dominant-negative mutant (pIKK2M) was obtained as
described (19).
Plasmid Construction and Site-directed Mutagenesis—The

HuR human cDNA clone was purchased from Origene Tech-
nologies (Rockville, MD, catalog no. SC119271, pCMV6-XL5)
and subcloned into the HindIII/BglII sites of the p3XFLAG-
CMV26 expression vector (Sigma-Aldrich). Using the FLAG-
tagged full-length HuR plasmid as a template, a series of
truncated or mutated HuR constructs were created. The
�HNS-RRM3-HuR-FLAG, �RRM1-HuR-FLAG, and �RRM1/
2-HuR-FLAG plasmids were constructed by PCR amplification
and subsequently cloned into the p3XFLAG-CMV26 vector.
Plasmids encoding various HuR mutations were generated by
site-directed mutagenesis from the FLAG-tagged full-length
HuR by using the QuikChange II XL site-directed mutagenesis
kit (Stratagene, Santa Clara, CA). The forward and reverse
primers used to generate individual HuR mutations were as
follows, respectively: S158A, 5�-CGGTTTGACAAACGGGC-
GGAGGCAGAAGAGG-3� and 5�-CCTCTTCTGCCTCCGC-
CCGTTTGTCAAACCG-3�; S221A, 5�-AGAGATTCAGGT-
TCGCCCCCATGGGCGTC-3� and 5�-GACGCCCATGGG-
GGCGAACCTGAATCTCT-3�; S318A, 5�-GGGGGACAAA-
ATCTTACAGGTTGCCTTCAAAACCAACAA-3� and 5�-
TTGTTGGTTTTGAAGGCAACCTGTAAGATTTTGTCC-
CCC-3�; E296/297A, 5�-TTGTGACCATGACAAACTATGC-

AGCAGCCGCGATGGCC-3� and 5�-GGCCATCGCGGCT-
GCTGCATAGTTTGTCATGGTCACAA-3�; S304A, 5�-
CGATGGCCATAGCCGCCCTGAACGGCTACC-3� and 5�-
GGTAGCCGTTCAGGGCGGCTATGGCCATCG-3�; and
S304E, 5�-GCGATGGCCATAGCCGAGCTGAACGGCTAC-
CGC-3� and 5�-GCGGTAGCCGTTCAGCTCGGCTATG-
GCCATCGC-3�. The Myc-tagged full-length �-TrCP1 and
�F-�-TrCP1 were generated from a �-TrCP1 clone as
described previously (20).
RNA Isolation and Quantitative Real-time PCR (qRT-PCR)—

Total RNAwas isolated and reverse-transcribed to cDNAusing
TRIzol reagent (Invitrogen) and the iScript cDNA synthesis kit
(Bio-Rad), respectively, according to the instructions of the
manufacturer. qRT-PCRwas carried out in the Bio-Rad CFX96
real-time PCR detection systemwith iQ SYBRGreen Supermix
(Bio-Rad). Relative gene expression was normalized to 18 S
rRNA and calculated by using the 2-‚‚Ct method. PCR
primers used were as follows: HuR, 5�-TGTCTAATGGTT-
ATGAAGACC-3� and 5�-AGGAAACCTGTAAGATTTT-
GTC-3� and GAPDH, 5�-AGGGGTCTACATGGCAACTG-3�
and 5�-CGACCACTTTGTCAAGCTCA-3�.
Cell Fractionation and Immunoblotting—Cytoplasmic and

nuclear protein extracts were prepared by using the NE-PER
nuclear and cytoplasmic extraction kit (Thermo Scientific,
Rockford, IL) according to the instructions of the manufac-
turer. Immunoblotting was performed as described previously
(18).
Transient Transfection, RNA Interference, and Coimmuno-

precipitation Analysis—Transfections were performed by elec-
troporation usingNucleofector kit R of theAmaxa nucleofector
system (Lonza, Walkersville, MD) according to the protocol of
the manufacturer. For siRNA experiments, cells were electro-
porated with 100 nM scrambled, PKC�, PKC� (Santa Cruz Bio-
technology), or �-TrCP1 (Dharmacon, Lafayette, CO) siRNA
and incubated for 48 h. Two independent siRNAs were used
for the knockdown of �-TrCP1 with the following sequences:
1, 5�-CACAUAAACUCGUAUCUUA-3� and 2, 5�-GCAG-
AGAGAUUUCAUAACU-3�. After exposure to 5 �M CG-5,
cells were harvested and subjected to immunoblotting analyses.
For coimmunoprecipitation analysis, cells were lysed in lysis
buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton
X-100) containing a protease inhibitor mixture (Sigma-Al-
drich) on ice for 30 min. After centrifugation at 13,000 rpm for
10min, one-tenth volume of supernatant was reserved as input,
and the remainder was incubated with anti-FLAG or anti-HuR
antibodies in the presence of protein A/G-agarose (Santa Cruz
Biotechnology) at 4 °C for 12 h. After a brief centrifugation,
immunoprecipitates were washed four times with lysis buffer,
resuspended in 2� SDS sample buffer (100 mM Tris-HCl (pH
6.8), 4% SDS, 5% �-mercaptoethanol, 20% glycerol, and 0.1%
bromphenol blue), boiled for 10 min, resolved by 10% SDS-
polyacrylamide gel, and subjected to immunoblotting.
Immunocytochemical Analysis—LNCaP cells growing on

slides in 6-well plates andwere fixed with 3.7% formaldehyde at
room temperature for 20 min. Cells were then permeabilized
with 0.1% Triton X-100 in PBS for 15 min and blocked for 15
min with 1% BSA. After washing the cells twice with PBS,
immunostainingwas performed by incubating cells withmouse
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anti-HuR (1:200 dilution in 1% BSA) or anti-FLAG (1:500 dilu-
tion in 1%BSA) primary antibody at 4 °C for 12 h.Afterwashing
with PBS, the bound primary antibodies were labeled with
Alexa Fluor 555 goat anti-mouse antibody (Invitrogen, 1:400
dilution in 1%BSA) at room temperature for 1 h. Nuclear coun-
terstaining was performed using a DAPI-containing mounting
medium (Vector Laboratories, Burlingame, CA), and images
were acquired on a confocal microscope (FV1000, Olympus)
using a �40 UPLFLN oil objective (1.30 NA) at room temper-
ature. Scanning was set with 1024 � 1024 frame size, and �2
zoom. FV10-ASWsoftware (Olympus) was used for data acqui-
sition, and images were imported and processed with Photo-
shop (Adobe).
GST Fusion Protein Preparation and Pull-down Assay—The

full-length �-TrCP1 and Skp2 cDNA were subcloned into
the BamHI/EcoRI and EcoRI/HindIII sites, respectively, of the
pGEX vector forGST fusion protein expression. GST-�-TrCP1
and GST-Skp2 fusion proteins were expressed in Escherichia
coli strain BL21 (DE3) by isopropyl 1-thio-�-D-galactopyrano-
side induction for 3 h at 37 °C, and bacteria were lysed in STE
buffer (10 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA, 5 mM

DTT, and 1 mM PMSF) containing 1 mg/ml lysozyme (Sigma-

Aldrich) and sonicated on ice for 5 min. The lysates were cen-
trifuged for 20min at 16,000 rpm, and the pelletswere dissolved
in 10 ml of 1.5% N-laurylsarcosine-containing STE buffer at
4 °C for 1 h. After centrifugation at 16,000 rpm for 20 min,
supernatants were neutralized by adding 2% Triton X-100.
Recombinant GST and GST fusion proteins were purified by
incubation with glutathione-Sepharose beads (GE Healthcare)
with gentle rocking at 4 °C for 2 h. The fusion proteins immo-
bilized onto glutathione beads were washed with ice-cold PBS
buffer and used for the GST pull-down assay. For the GST pull-
down assay, LNCaP cell lysates were prepared by incubation in
lysis buffer (20 mMTris-HCl (pH 7.5), 150 mMNaCl, 1% Triton
X-100) containing a protease inhibitor mixture on ice for 30
min and then incubated with equal amounts of GST-, GST-�-
TrCP1-, or GST-Skp2-immobilized glutathione beads at 4 °C
for 2 h. After washing three times with lysis buffer, the precip-
itates were subjected to immunoblotting analysis with antibod-
ies against HuR and GST.

RESULTS

HuR Is Degraded in Response to Glycolysis Inhibition—As the
stability and cellular distribution of HuR protein aremodulated

FIGURE 1. Glycolysis inhibition suppresses HuR expression at the protein level in prostate cancer cells. A, Western blot (left panel) and qRT-PCR (right
panel) analyses of the effect of glucose deprivation on the protein and mRNA expression levels of HuR in LNCaP, PC-3, and DU-145 cells in 10% FBS-
supplemented, glucose-free RPMI 1640 medium for 72 h. B, Western blot (upper panel) and qRT-PCR (lower panel) analyses of dose- and/or time-dependent
effects of CG-5 and 2-DG on the protein and mRNA expression levels of HuR in LNCaP cells. C, dose-dependent effects of CG-5 on HuR protein expression in PC-3
and DU-145 cells after 48 h of exposure.
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by diverse stress signals, we investigated the effect of glycolysis
inhibition-induced metabolic stress, induced by glucose depri-
vation or glycolysis inhibitors, on HuR expression in prostate
cancer cells. As shown, exposure of LNCaP, PC-3, and DU-145
cells to glucose-depleted medium resulted in substantial
decreases in HuR protein levels, whereas qRT-PCR analysis
indicates that the mRNA expression was undisturbed (Fig. 1A).
Similarly, treatment of LNCaP cells with CG-5, a glucose trans-
porter inhibitor (18), or 2-DG resulted in a dose- and/or time-
dependent reduction in HuR protein expression, whereas the
mRNA levels remained unaffected (Fig. 1B). Together, these
findings suggest that glycolysis inhibition-induced down-regu-
lation of HuR was mediated at the posttranscriptional level.
This CG-5-mediated ablation of HuR was also noted in PC-3
and DU-145 cells (Fig. 1C), indicating that this drug effect was
not a cell line-specific cellular response.
Moreover, this CG-5-induced reduction in HuR abundance

was accompanied by parallel decreases in the levels of various
tumor-promoting signaling proteins encoded by HuR-targeted
mRNAs, including cyclin B1, cyclin E1, matrix metallopepti-
dase 9, Snail, and VEGF, that, however, could be rescued by
ectopic expression of HuR (Fig. 2A). Together, these findings
verify that glycolysis inhibition reduced HuR protein levels,
leading to suppression of HuR signaling.
Evidence indicates that this CG-5-induced down-regulation

of HuR was attributable to reduced protein stability through
proteasomal degradation. As shown, CG-5 significantly short-
ened the half-life of HuR relative to the dimethyl sulfoxide
(DMSO) control in LNCaP cells cotreated with cycloheximide
(Fig. 2B), and the proteasome inhibitor MG132 effectively
blocked the drug-induced ablation of HuR protein (Fig. 2C).

As earlier reports indicated that heat shock- and hypoxia-
induced HuR proteolysis is preceded by its cytoplasmic trans-
location (5, 6), we examined the effect of leptomycin B, an
inhibitor of CRM1-dependent nuclear export, on CG-5-medi-
ated HuR ablation. As shown in Fig. 3A, cotreatment of LNCaP
cells with leptomycin B blocked the ability of CG-5 to facilitate
HuR depletion, indicating the dependence of this cellular
response on nuclear export.
Pursuant to this finding, we further investigated the spatial

and temporal dynamics of this glycolysis inhibition-induced
HuR degradation by examining the dose- and time-dependent
suppressive effect of CG-5 onHuR expression in the cytoplasm
versus the nucleus of LNCaP cells. Exposure to CG-5 led to
dose- and time-dependent reductions in HuR that were more
rapid in the cytoplasm than in the nucleus (Fig. 3B). This rapid
clearance of cytoplasmic HuR was also noted in 2-DG-treated
cells (Fig. 3C). Together, these findings suggest that CG-5-in-
duced proteolysis of HuR occurred in the cytoplasm and that
nuclear export represented a rate-limiting step for this cellular
event.

�-TrCP1 Targets HuR for Degradation in the Cytoplasm—It
has been reported that HuR stability correlates with MDM2
expression levels in hepatocellular carcinoma cells as MDM2
stabilizes HuR through neddylation (15). However, exposure of
LNCaP cells to CG-5 had no appreciable effect on MDM2
expression in either the cytoplasmic or nuclear fraction, refut-
ing the involvement of MDM2 in CG-5-mediated HuR degra-

dation (Fig. 3D). We thus turned our attention to the potential
involvement of the E3 ubiquitin ligase �-TrCP in CG-5-medi-
ated HuR proteolysis in light of our previous finding that
�-TrCP-facilitated protein degradation represents a cellular
response to energy restriction in cancer cells (21). Mechanistic
evidence indicates that the effect of CG-5 on �-TrCP up-regu-
lationwas attributable to its ability to promote the neddylation-
dependent destabilization of Skp2, the E3 ligase responsible for
�-TrCP degradation (22).

�-TrCP consists of two orthologs. �-TrCP1 contains 569
amino acid residues, and �-TrCP2 comprises 542 amino acid
residues (23), with estimated molecular masses of 69 kDa and
62 kDa, respectively. As shown, the LNCaP cell expressed both
orthologs, and equally important, although there is a high
degree of similarity in sequences, no cross-reactivity between
�-TrCP1 and�-TrCP2was notedwith either antibody, indicat-
ing the high degree of specificity of these antibodies (Fig. 3D,
left panel). Western blotting indicates that CG-5 exhibited dif-
ferential effects on the expression and/or cellular localization of
the two �-TrCP paralogs, �-TrCP1 and �-TrCP2, in LNCaP
cells. As shown, CG-5 treatment led to a concentration-depen-
dent accumulation of �-TrCP1 in the cytoplasm, accompanied
by gradual decreases in nuclear �-TrCP1, whereas the expres-
sion of �-TrCP2, which was exclusively cytoplasmic, was
unaffected (Fig. 3D, right panel). Moreover, CG-5-induced
increases in cytoplasmic �-TrCP1 expression were inversely

FIGURE 2. Effects of CG-5 on the expression of HuR-targeted signaling
proteins and HuR protein stability. A, validation of the role of HuR in medi-
ating the suppressive effect of CG-5 on various tumor-promoting signaling
proteins encoded by HuR-targeted mRNAs, including cyclin B1, cyclin E1,
MMP9, Snail, and VEGF in LNCaP cells. Ectopic expression of full-length HuR
protected cells from CG-5-mediated suppression of these proteins. B, cyclo-
heximide chase assays of the effect of CG-5 on the half-life of HuR protein in
LNCaP cells. Cells were treated with 5 �M CG-5 for 12 h, followed by exposure
to 100 �g/ml cycloheximide for the indicated time intervals. C, protective
effect of proteasome inhibitor MG132 on CG-5-mediated HuR degradation.
LNCaP cells were treated with CG-5 at the indicated concentration, alone or in
combination with 10 �M MG132, for 24 h.
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correlated with the concomitant reduction in HuR expression
(Fig. 3D). This selective up-regulation of �-TrCP1 suggests its
unique role in CG-5-mediated HuR down-regulation.
The role of �-TrCP1 in targeting HuR for degradation in

response to CG-5 in LNCaP cells was borne out by several lines
of evidence. First, ectopic expression of�-TrCP1, asmanifested

by reduced expression levels of the �-TrCP substrates
�-catenin and cyclin D1, promoted the ablation of HuR in a
manner similar to that of CG-5 (Fig. 4A). Second, both domi-
nant-negative inhibition and siRNA-mediated knockdown of
�-TrCP1 protected against the suppressive effect of CG-5 on
HuR expression. As�F-�-TrCP1, an F-box-deleted, dominant-

FIGURE 3. CG-5-induced HuR degradation is preceded by nuclear export in LNCaP cells. A, the nuclear export inhibitor, leptomycin B (LMB), protected cells
from CG-5-mediated HuR degradation. B, dose- and time-dependent suppressive effects of CG-5 on HuR expression in the cytoplasm versus nucleus. �-Actin
and histone H3 signals indicate the quality of the cytoplasmic and nuclear fractionations, respectively. C, dose-dependent effect of 2-DG on the cytoplasmic
and nuclear expression of HuR protein after 48 h of treatment. D, left panel, Western blot analysis of the expression of the two paralogs of �-TrCP, �-TrCP1 and
�-TrCP2, in LNCaP cells. Right panel, dose-dependent effects of CG-5 on cytoplasmic and nuclear expression levels of putative HuR-targeted E3 ligases,
including �-TrCP1, �-TrCP2, and MDM2.

FIGURE 4. Evidence that �-TrCP1 is involved in CG-5-mediated HuR degradation in LNCaP cells. A, effect of ectopically expressed full-length �-TrCP1
versus pCMV vector control on the expression of HuR and known �-TrCP substrates, cyclin D1 and �-catenin. B, protective effect of �F-�-TrCP1-Myc, a
dominant-negative mutant form of �-TrCP1, against CG-5-mediated HuR degradation. C, protective effects of siRNA-mediated knockdown of �-TrCP1 by using
two independent siRNAs (#1 and #2) on CG-5-mediated HuR degradation. D, cycloheximide chase analysis of the effect of siRNA-mediated knockdown of
�-TrCP1 on HuR protein stability in response to DMSO versus 5 �M CG-5 LNCaP cells. Cells were electroporated with scrambled or �-TrCP1 siRNA. After
incubation for 48 h, these cells were treated with 5 �M CG-5 for 12h, followed by exposure to 100 �g/ml cycloheximide for the indicated time intervals.
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negative mutant form of �-TrCP1 (24), competes with endog-
enous �-TrCP for substrate binding in a nonproductive man-
ner, enforced expression of �F-�-TrCP1 abolished CG-5-
facilitatedHuR degradation (Fig. 4B). This protective effect was
also noted with �-TrCP1 knockdown using two independent
siRNAs (Fig. 4C), suggesting the critical role of the physical
interaction between �-TrCP1 and HuR in CG-5-induced
down-regulation of HuR. Cycloheximide chase assays revealed

that silencing of�-TrCP1 increased the protein stability ofHuR
in CG-5-treated LNCaP cells (Fig. 4D).
Coimmunoprecipitation analysis in LNCaP cells ectopically

expressingHA-tagged ubiquitin (HA-Ub) and/or FLAG-tagged
HuR (FLAG-HuR) indicates thatCG-5 facilitatedHuRubiquiti-
nation (Fig. 5, A and B, left panel) and that �F-�-TrCP1-medi-
ated HuR stabilization was attributable to the inhibition of
CG-5-induced HuR ubiquitination (B, right panel). Third,

FIGURE 5. CG-5 facilitated �-TrCP1-mediated HuR ubiquitination in LNCaP cells. A, coimmunoprecipitation analysis of the time-dependent effect of CG-5
(5 �M) on HuR ubiquitination. LNCaP cells ectopically expressing HA-Ubiquitin (HA-Ub) were treated with 5 �M CG-5 for 12 or 36 h, followed by cotreatment with
proteasome inhibitor MG132 for an additional 12 h. Equal amounts of cell lysates were immunoprecipitated (IP) with anti-HuR antibody and protein A/G-
agarose followed by immunoblotting (WB) with anti-HA antibodies. B, ectopic expression of �F-�-TrCP1-Myc blocked CG-5-mediated HuR ubiquitination.
LNCaP cells cotransfected with plasmids encoding HA-Ub, HuR-FLAG, and �F-�-TrCP1-Myc or empty vector (pCMV) were treated with 5 �M CG-5 for 12 or 36 h,
followed by cotreatment with proteasome inhibitor MG132 for an additional 12 h. Equal amounts of cell lysates were immunoprecipitated with anti-FLAG
antibody and protein A/G-agarose followed by immunoblotting with anti-HA and anti-FLAG antibodies.

FIGURE 6. Evidence that HuR physically interacts with �-TrCP1. A, coimmunoprecipitation analysis revealed the association of HuR with �-TrCP1 in response
to CG-5 treatment. LNCaP cells ectopically expressing both FLAG-tagged HuR and Myc-tagged �-TrCP1 were treated with 5 �M CG-5 for 12 h, followed by
cotreatment with 10 �M MG132 for an additional 12 h. Equal amounts of cell lysates were immunoprecipitated (IP) with anti-FLAG antibody and protein
A/G-agarose followed by immunoblotting (WB) with anti-Myc and anti-FLAG antibodies. B, coimmunoprecipitation analysis showed the association of endog-
enous HuR and �-TrCP1 in response to CG-5 treatment. Cells were treated according to the aforementioned procedure. Equal amounts of cell lysates were
immunoprecipitated with anti-HuR (left panel) and anti-�-TrCP1 (right panel) antibodies and protein A/G-agarose, followed by immunoblotting with anti-�-
TrCP1 and anti-HuR antibodies, respectively. C, in vitro pull-down of HuR by bacterially expressed GST-�-TrCP1. Equal amounts of LNCaP cell lysates were
incubated with recombinant GST, GST-�-TrCP1, or GST-Skp2 immobilized onto glutathione beads. The resulting complexes were washed, centrifuged, and
subjected to immunoblotting analysis with HuR antibody (right panel). One-tenth volume of cell lysates were collected as input and probed with HuR and
�-actin antibodies, and recombinant GST-fusion proteins were purified and probed with GST antibody (left panel).
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physical interactions between �-TrCP1 and HuR were verified
in two ways: co-immunoprecipitation and in vitro GST pull-
down assays. LNCaP cells were doubly transfected with plas-
mids expressing either HuR-FLAG or �-TrCP1-Myc, and
exposed to DMSO or 5 �M CG-5 in the presence of 10 �M

MG132 for 24 h. Cell lysates were immunoblotted with anti-
FLAG or anti-Myc antibodies (input) or immunoprecipitated
by anti-FLAG affinity matrix. Equal amounts of the immuno-
precipitated proteins were subjected to Western blotting with
anti-Myc antibodies. As shown, relative to the DMSO control,
CG-5 increased binding of �-TrCP1 to HuR (Fig. 6A). More-
over, the direct association of endogenous HuR and �-TrCP1
was demonstrated by using both anti-HuR (Fig. 6B, left panel)
and anti-�-TrCP1 (right panel) antibodies to perform the coim-
munoprecipitation analysis of the protein complex. As shown,
in both cases, CG-5 enhanced the �-TrCP-HuR complex
formation.
For the GST pull-down assays, GST, GST-�-TrCP1, and a

negative control, GST-Skp2, were expressed in E. coli cells and
purified by immobilization onto glutathione beads that were
then incubated with LNCaP cell lysates. The resulting com-
plexes were washed and immunoblotted with HuR antibodies.
The results show that HuR was pulled down by bacterially
expressed GST-�-TrCP1 but not by GST or GST-Skp2 (Fig.
6C).

�-TrCP1 Targets the HuR Nucleocytoplasmic Shuttling
(HNS)-RRM3motifs to Facilitate HuRDegradation—HuR con-
tains three RRMs and a hinge region encompassing the HNS
motif, each of which plays a role in regulating the biological
function, cellular localization, and/or protein stability of HuR
through posttranslational modifications by distinct kinases (2).
To understand the mode of HuR recognition by �-TrCP1, we
investigated the interaction of ectopically expressed �-TrCP1-
Myc with a series of FLAG-tagged, truncated HuR mutants,
including those with deleted HNS-RRM3 (�HNS-RRM3),
deleted RRM1 (�RRM1), and deleted RRM1 and RRM2
(�RRM1/2) versus wild-type HuR by coimmunoprecipitation.
As shown, deletion of the HNS-RRM3 motif, but not that of
RRM1 or RRM1/2, abrogated the ability of HuR to bind
�-TrCP1 (Fig. 7A). Furthermore,�HNS-RRM3was resistant to
CG-5-mediated degradation, whereas �RRM1 and �RRM1/2
were as sensitive as endogenous HuR to proteolysis in CG-5-
treated cells (Fig. 7B).
Kinase Dependence of CG-5-mediated HuR Proteolysis—The

above findings demonstrated a pivotal role for the HNS-RRM3
motif in regulating the metabolic fate of HuR in response to
CG-5. This finding, however, contrasts with a previous report
showing that Lys-182 within the RRM2 was involved in pro-
moting heat shock-mediated HuR degradation (5). The HNS-
RRM3 motif has been reported to contain multiple phosphor-
ylation sites for controlling the cellular localization and RNA
binding of HuR (2), each of which is targeted by a distinct
kinase, including Ser-202, which is phosphorylated by cyclin-
dependent kinase (CDK) 1 (25), Ser-221 by PKC� and � (26, 27),
Ser-242 by an undetermined kinase (28), and Ser-318 by PKC�
(27) (Fig. 8A). To gain insight into how the HNS-RRM3 motif
regulates HuR degradation, we examined the effect of various
kinase inhibitors on the protein stability of HuR in CG-5-

treated LNCaP cells, including those of the aforementioned
CDK (AT7519) and PKC (GF109203X) as well as p38 MAP
kinase (SB203580), glycogen synthase kinase (GSK)-3�
(SB216763), and IKK (BAY11–7028). Among these kinases,
CDK, PKC, and p38 have been reported to regulate the cellular
distribution of HuR in response to different stress stimuli (4,
25–27), whereas GSK-3� and IKK� are involved in �-TrCP
recognition of various target proteins (20, 29). As shown,
GF109203X and BAY11–7082were effective in blocking CG-5-
mediated HuR proteolysis, whereas the other three inhibitors
examined showedno appreciable protection (Fig. 8B). Pursuant
to this finding, we examined the effect of CG-5 on the phos-
phorylation of PKC�, PKC�, and IKK�. Western blotting indi-
cates a dose-dependent increase in the phosphorylation levels
of PKC� and IKK�, whereas no significant change in PKC�
phosphorylation, whichwas constitutively high, was noted (Fig.
8C). Together, these findings suggest the involvement of PKC
and IKK� in facilitating CG-5-induced HuR degradation, pre-
sumably through the regulation of the cytoplasmic transloca-
tion and �-TrCP1 recognition of HuR, respectively.

To demonstrate that HuR was phosphorylated by PKC in
response to CG-5, HuR was immunoprecipitated from LNCaP
cells after treatment with 5 �M CG-5 in the presence of the
proteasome inhibitor MG132 for different time intervals and
was immunoblotted with a p-Ser-PKC substrate antibody that

FIGURE 7. Evidence that the HNS-RRM3 motif is involved in the recogni-
tion and degradation of HuR by �-TrCP1. A, upper panel, schematic repre-
sentation of the structures of wild-type and various truncated mutant forms
of HuR-FLAG. Lower panel, coimmunoprecipitation analysis of the interaction
of wild-type HuR versus various truncated HuR mutants with �-TrCP1. LNCaP
cells were transiently cotransfected with Myc-tagged �-TrCP1 and FLAG-
tagged wild-type HuR or individual truncated mutants for 48 h. Immunopre-
cipitation (IP) with anti-FLAG-agarose conjugates and immunoblotting with
anti-Myc and anti-FLAG antibodies were performed as described in Fig. 6.
B, time-dependent effect of CG-5 on the degradation of FLAG-tagged HuR
and various truncated HuR mutants versus endogenous HuR.
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recognizes phosphorylated PKC consensus motifs. The results
indicate that exposure of cells to CG-5 led to a time-dependent
increase in PKC-dependent HuR phosphorylation (Fig. 8D). To
discern the role of PKC� versus PKC�, we examined the effects
of siRNA-mediated knockdown of these two isoforms on
CG-5-mediated HuR degradation. The silencing of PKC�
blocked the ability ofCG-5 to ablateHuR,whereas that of PKC�
had no appreciable effect (Fig. 8E). To validate the role of IKK�,
we transfected LNCaP cells with a plasmid encoding the dom-
inant-negative IKK� mutant IKK2M (19) or the empty pCMV
vector as control to examine the effects on CG-5-facilitated
HuR degradation. As shown, enforced expression of IKK2M
blocked drug-induced reduction in HuR protein expression
(Fig. 8F). Together, these findings implicate PKC� and IKK� in
regulating the metabolic fate of HuR in response to CG-5.

Role of PKC� in CG-5-induced HuR Nuclear Export—Two
PKCphosphorylation sites have been reportedwithin theHNS-
RRM3 motif of HuR, i.e. Ser-221 for PKC�/� and Ser-318 for
PKC� (26, 27). To identify which of these two sites was targeted
by PKC� in response to CG-5, these serine residues were indi-
vidually replaced by an alanine by site-directed mutagenesis to
generate two mutant forms of FLAG-HuR, S221A and S318A.
In addition, Ser-158, a PKC� phosphorylation site in RRM2
(26), was also mutated to provide a negative control, S158A.
Analysis of themetabolic fate of thesemutants versuswild-type
FLAG-HuR in CG-5-treated LNCaP cells revealed that S318A
was resistant to CG-5-induced HuR degradation, whereas
S158A and S221Awere as susceptible to the drug effect as their
wild-type counterpart and endogenous HuR (Fig. 9A). Coim-
munoprecipitation analysis indicates that mutation of Ser-318

FIGURE 8. Evidence that PKC� and IKK� play pivotal roles in CG-5-facilitated HuR degradation in LNCaP cells. A, the amino acid sequence of the
HNS-RRM3 motif of HuR. B, effects of various kinase inhibitors, including SB216763 (GSK3�), GF109203X (PKC), SB203580 (p38), AT7519 (CDK), and BAY11–7082
(IKK�) on CG-5-mediated HuR degradation. Cells were treated with CG-5 in combination with individual kinase inhibitors at the indicated concentrations for
24 h. C, dose-dependent effect of CG-5 on the phosphorylation status of PKC�, PKC�, and IKK� in LNCaP cells. D, coimmunoprecipitation analysis of the
time-dependent effect of 5 �M CG-5 on PKC-mediated serine phosphorylation of HuR. Cells were treated with 5 �M CG-5 for 12 or 24 h followed by cotreatment
with 10 �M MG132 for an additional 12 h. Equal amounts of cell lysates were immunoprecipitated (IP) with anti-HuR antibody and protein A/G-agarose followed
by immunoblotting (WB) with anti-p-Ser PKC substrate and anti-HuR antibodies. E, effects of siRNA-mediated silencing of PKC� versus PKC� on CG-5-mediated
HuR degradation. Cells were transfected with 100 nM scrambled (Scrb), PKC� (left panel), or PKC� (right panel) siRNA for 48 h and were then treated with 5 �M

CG-5 for 24 h. F, dominant-negative inhibition of IKK� by IKK2M protected HuR from CG-5-mediated degradation.
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to Ala abrogated the ability of HuR to bind PKC� (Fig. 9B).
Moreover, in contrast to the wild-type HuR, S318A was local-
ized exclusively to the nucleus (Fig. 9C, DMSO control). This
nuclear sequestration thus protected the mutant HuR from
�-TrCP1-mediated degradation in the cytoplasm. Together,
these findings demonstrate that PKC�-mediated Ser-318 phos-
phorylation plays a crucial role in CG-5-mediated HuR turn-
over by facilitating HuR nuclear export.
Identification of the �-TrCP1 Recognition Site in HuR—Pur-

suant to our finding that HNS-RRM3 is critical for �-TrCP1-
facilitated degradation of HuR, we sought to identify the
�-TrCP1 recognition site within the HNS-RRM3 motif. In
many of its target proteins, �-TrCP recognizes the consensus
sequence of DSGXnS (X is any amino acid, n� 2–4) after phos-
phorylation of both Ser residues by different kinases (29).
Although the HNS-RRM3 motif lacks this DSG destruction
domain (Fig. 6A), it contains a partial sequence, 296EEAMA-
IAS304, that resembles an unconventional �-TrCP recognition
sequence reported in the Cdc2 inhibitory kinase Wee1
(116EEGFGS121) (30) and cyclin D1 (279EEVDLACT286) (20), in
which the upstream Ser of the recognition motif is replaced by
a phosphomimetic amino acid, Glu.
The involvement of 296EEAMAIAS304 in regulating �-TrCP

recognition was corroborated by a series of mutational analy-
ses. As shown by coimmunoprecipitation, the phosphomimetic

substitution of Ser-304 by Glu (S304E) mimicked the ability of
CG-5 to enhance HuR binding to �-TrCP1-Myc in the pres-
ence ofMG132 (Fig. 10A), indicating the obligatory role of Ser-
304 phosphorylation inmediating the interaction betweenHuR
and �-TrCP1. In contrast, replacement of Glu-296/297 or Ser-
304 by alanine (E296/297A and S304A, respectively) abolished
CG-5-mediated HuR binding to �-TrCP1 (Fig. 10B), and, sub-
sequently, CG-5-facilitated HuR degradation (Fig. 10C).
Moreover, the effects of the Ser-3043 Ala substitution on

the cellular distribution and metabolic fate of the resulting
mutant HuR was examined by immunocytochemistry (Fig.
10D). The data show that, in untreated cells (DMSO control),
S304A was located in the nucleus and, to a lesser extent, the
cytoplasm in a manner similar to that of the wild-type HuR. In
contrast to wild-type HuR, however, treatment with CG-5 led
to a cytoplasmic accumulation of S304A accompanied by its
disappearance from the nucleus, indicating its ability to be
exported from thenucleus, and its resistance toCG-5-mediated
degradation. This behavior of S304A was distinctly different
from that of S318A, which was protected from CG-5-induced
degradation by nuclear sequestration.
In light of the proposed role of IKK� in �-TrCP recognition

of its target proteins and our finding that IKK� is important for
CG-5-facilitated HuR degradation, we validated the role of
IKK� in mediating Ser-304 phosphorylation by coimmunopre-
cipitation analysis. The results show that, although CG-5
increased the association of wild-type HuR with IKK�, S304A
did not respond to CG-5 treatment with increased IKK� bind-
ing (Fig. 10E).

DISCUSSION

In this study, we report a novel mechanism by which glycol-
ysis inhibition facilitates ubiquitin-dependent HuR degrada-
tion. We obtained evidence that, in response to the glucose
transporter inhibitor CG-5, HuR translocates to the cytoplasm,
where it is targeted by �-TrCP1 for degradation. This nuclear
export of HuR was facilitated by PKC�-mediated phosphory-
lation at Ser-318. Although Ser-318was identified previously as
a PKC� phosphorylation site in angiotensin II-induced HuR
export (27), our data indicate that PKC� was responsible for
Ser-318 phosphorylation in CG-5-facilitated HuR shuttling on
the basis of the findings that silencing of PKC� had no appre-
ciable effect on the drug-induced HuR degradation (Fig. 8E)
and that replacement of Ser-318 with alanine abolished the
ability of the resulting HuR to bind PKC� and to undergo
nuclear export (Fig. 9, B and C).
Up-regulation of �-TrCP expression represents a cellular

response to energy restriction in cancer cells (21), and our data
indicate that increased �-TrCP1 expression led to proteasomal
degradation of HuR in CG-5-treated LNCaP cells. The differ-
ential effect of CG-5 on the expression and cellular distribution
of �-TrCP1 versus �-TrCP2 was noteworthy (Fig. 3D). It has
been reported that �-TrCP1 and �-TrCP2 are predominantly
localized to the nucleus and cytoplasm, respectively (31, 32). In
this study, we found that CG-5 facilitated the cytoplasmic accu-
mulation of �-TrCP1 with concomitant decreases in the
nuclear counterpart. It is noteworthy that as �-TrCP1 is devoid
of a canonical nuclear localization signal. Its transport in and

FIGURE 9. Mutational analyses demonstrating the crucial role of Ser-318
in CG-5-mediated HuR cytoplasmic translocation and degradation in
LNCaP cells. A, effect of alanine substitution at Ser-158, Ser-221, and Ser-318
on CG-5-mediated HuR degradation. B, coimmunoprecipitation analysis of
the effect of the Ser-3183 Ala substitution on HuR binding to PKC�. LNCaP
cells ectopically expressing FLAG-tagged WT or S318A mutant form of HuR
were treated with 5 �M CG-5 for 24 h. Immunoprecipitation (IP) with anti-
FLAG-agarose conjugates and immunoblotting (WB) with anti- PKC� and
anti-FLAG antibodies were performed as described in Fig. 6. C, immunocyto-
chemical analysis of the cellular distribution and turnover of FLAG-tagged WT
versus the S318A mutant of HuR in CG-5-treated cells. Scale bars � 10 �m.
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out of the nucleus is regulated by the nuclear phosphoprotein
hnRNP-U, which serves as a pseudosubstrate for �-TrCP1 to
prevent untoward engagements of this E3 ligase with target
proteins (32). From a mechanistic perspective, the effect of
CG-5 on�-TrCP1 expression and localization is in linewith the
previous finding that in the course of �-TrCP1-mediated deg-
radation of cytoplasmic substrates such as I�Ba and �-catenin,
hnRNP-Uwould shuttle�-TrCP1 from the nucleus to the cyto-
plasm to facilitate the targeted degradation (32).
This mechanistic link was supported by the ability of ectop-

ically expressed �-TrCP1 tomimic CG-5 to promote HuR deg-
radation (Fig. 4A) and by the protective effect of dominant-

negative inhibition and siRNA-mediated knockdown of
�-TrCP1 on CG-5-induced HuR ubiquitination and/or degra-
dation (Fig. 4,B andC, and Fig. 5). Substrate targeting ofHuRby
�-TrCP1was further verified by coimmunoprecipitation and in
vitro GST pull-down assays to demonstrate direct physical
interactions (Fig. 6) and by the identification of a �-TrCP1 rec-
ognition site in the HNS-RRM3 via mutational analyses (Fig.
10). Although HuR does not contain a DSG destruction motif
common tomany�-TrCP substrates, there exists an unconven-
tional motif, 296EEAMAIAS304, near the C terminus in which
Glu-297 acts as a phosphomimetic of the upstream serine res-
idue. Furthermore, we obtained evidence that IKK�-dependent

FIGURE 10. Identification of the �-TrCP1 recognition motif in HuR in LNCaP cells via mutational analyses. A, phosphomimetic substitution of Ser-304 by
Glu promotes the binding of HuR to �-TrCP1. LNCaP cells were cotransfected with Myc-tagged �-TrCP1 and FLAG-tagged WT or S304E mutant of HuR in the
presence of 10 �M MG132 for 48 h. Immunoprecipitation (IP) with anti-FLAG-agarose conjugates and immunoblotting (WB) with anti-Myc and anti-FLAG
antibodies were performed as described in Fig. 6. B, coimmunoprecipitation analysis revealed that the E296A/E297A and S304A mutants were incapable of
binding to �-TrCP1. LNCaP cells ectopically expressing FLAG-tagged WT, E296A/E297A, or S304A mutants of HuR were treated with 5 �M CG-5 for 12 h followed
by a cotreatment with 10 �M MG132 for an additional 12 h. C, the E296A/E297A and S304A mutants of HuR are resistant to CG-5-mediated proteolysis.
D, immunocytochemical analysis of the cellular distribution and turnover of FLAG-tagged WT HuR versus the S304A mutant in CG-5-treated cells. Scale bars �
10 �m. E, coimmunoprecipitation analysis revealed that the S304A mutant was incapable of binding to IKK�.

�-TrCP Targets HuR for Degradation

43648 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 52 • DECEMBER 21, 2012



phosphorylation at Ser-304 is crucial to the binding of HuR to
�-TrCP1, as the S304A mutant lost its ability to bind �-TrCP1
and IKK�.

As a stress response protein, HuR is subjected to posttrans-
lational modifications at different sites in response to diverse
stress stimuli (33). Many of these stress signals, including oxi-
dative stress (4), UV light (7), amino acid starvation (7), and
polyamine depletion (8), result in the cytoplasmic accumula-
tion of HuR and the subsequent stabilization of target mRNAs,
suggesting the functional role of HuR in adaptive response to
environmental changes tomaintain cell homeostasis. However,
other stress signals, such as heat shock (5), hypoxia (6), and
staurosporine (9), were reported to reduce HuR expression
through proteasomal degradation or caspase-mediated cleav-
age. The function of this HuR proteolysis, however, differs in
the context of different types of stress. For example, the tran-
sient decrease in HuR expression through proteasomal degra-
dation in response to heat shock was thought to confer cyto-
protection against thermal stress by slowing down cell
proliferation to allow cells to repair heat damage (5). In con-
trast, caspase-facilitated cleavage of HuR was shown to amplify
the apoptotic response to staurosporine by enhancing apopto-
some activity (9). In light of the role of this mRNA-stabilizing
protein in regulating the expression of many oncogenic pro-
teins (Fig. 2A), the ability of CG-5 to facilitate �-TrCP1-medi-
ated degradation of HuR, along with other �-TrCP targets such
as cyclin D1, �-catenin, and Sp1, might contribute to the anti-
proliferative activity of the drug.
Mechanistically, CG-5-mediated proteasomal degradation

ofHuRdiffers from that of heat shock in themode of regulation.
Under thermal stress, HuR degradation was facilitated by ubiq-
uitination at Lys-182 located within the RRM2 (5). Although
this degradation could be blocked by checkpoint kinase 2-me-
diated phosphorylation at Ser-88, Ser-100, and/or Thr-118, the
kinase and E3 ligase responsible for this ubiquitination remain
undefined. In contrast, in the course of �-TrCP1-facilitated
degradation in response to CG-5, HuR is subjected to post-
translational modifications at Ser-318 and Ser-304, both
located within the RRM3, by PKC� and IKK�, respectively. It
has been reported previously that HuR function is regulated by
a series of DNA damage response kinases (33). As IKK� is also
involved in mediating DNA damage response downstream of
ataxia-telangiectasia mutated (34), this finding adds IKK� to
the list of DNA damage response kinases involved in HuR
regulation.
In light of its tumorigenic role, HuR represents a therapeuti-

cally relevant target (1). Several natural product agents have
been identified to inhibit HuR function through interference
with HuR dimerization or HuR binding (35) to the AU-rich
element of TNF-�mRNA (36). From a therapeutic perspective,
the ability of CG-5 to ablate HuR through proteasomal degra-
dation underlies the translational potential of this novel glucose
transporter inhibitor as a cancer preventive/therapeutic agent,
which is currently under investigation in various tumormodels.
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