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Transcript Stabilization by the RNA-Binding Protein HuR Is
Regulated by Cellular Retinoic Acid-Binding Protein 2
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The RNA-binding protein HuR binds at 3’ untranslated regions (UTRs) of target transcripts, thereby protecting them against
degradation. We show that HuR directly interacts with cellular retinoic acid-binding protein 2 (CRABP2), a protein known to
transport RA from the cytosol to the nuclear retinoic acid receptor (RAR). Association with CRABP2 dramatically increases the
affinity of HuR toward target mRNAs and enhances the stability of such transcripts, including that of Apaf-1, the major protein
in the apoptosome. We show further that its cooperation with HuR contributes to the ability of CRABP2 to suppress carcinoma
cell proliferation. The data show that CRABP2 displays antioncogenic activities both by cooperating with RAR and by stabilizing
antiproliferative HuR target transcripts. The observation that CRABP2 controls mRNA stabilization by HuR reveals that in par-
allel to participating in transcriptional regulation, the protein is closely involved in posttranscriptional regulation of gene

expression.

he vitamin A metabolite retinoic acid (RA) regulates tran-

scription by activating two classes of nuclear receptors: the
retinoic acid receptors (RARs) (1) and the peroxisome prolifera-
tor-activated receptor 3/3 (PPARB/J) (2, 3). RA also associates in
cells with intracellular lipid-binding proteins (iLBPs) (4, 5). Two
iLBPs, cellular RA-binding protein 2 (CRABP2) and fatty acid-
binding protein 5 (FABP5), support the biological activities of RA
by transporting it from the cytosol to cognate nuclear receptors in
the nucleus. In the absence of ligands, iLBPs are cytosolic, and
upon binding ligand, a nuclear localization signal (NLS) is acti-
vated and they translocate to the nucleus (2, 6, 7). Hence, CRABP2
delivers RA to RAR and FABP5 shuttles it to PPARB/3. These
binding proteins thus facilitate the ligation and markedly enhance
the transcriptional activities of the respective receptors (6, 8-10).
The involvement of RA signaling in cancer is complex. While ac-
tivation of RARs triggers cell cycle arrest, apoptosis, and differen-
tiation and thus suppresses tumor growth (9, 11-14), activation of
PPARR/S results in enhanced proliferation and survival and can
promote tumor development (2, 15-17). Consequently, RA sup-
presses growth of carcinomas in which CRABP2 is highly ex-
pressed, leading to efficient activation of RAR, but promotes the
development of tumors in which the CRABP2/FABPS5 ratio is low,
resulting in diversion of RA to PPARB/S (2, 18-20). Available
information indeed indicates that by targeting RA to RARs,
CRABP2 displays potent antioncogenic activities (2, 9, 12, 13, 18,
19). The reports that CRABP2 expression is markedly downregu-
lated in various cancers further suggest that its loss contributes to
tumor development (21-24).

Surprisingly, we previously found that in addition to promot-
ing the transcriptional activity of RAR, expression of CRABP2 in
mammary carcinoma cells increases the levels of mRNAs that are
not encoded by RAR target genes and that the effect is exerted even
in the absence of RA. For example, CRABP2 expression was found
to markedly increase the level of mRNA for apoptotic peptidase-
activating factor 1 (Apaf-1), the major protein of the apoptosome
(12, 18). Consequently, CRABP2 displays proapoptotic activities
in the absence of its ligand (12). These observations raise the pos-
sibility that in addition to cooperating with RAR in transcriptional
regulation, CRABP2 regulates gene expression and exert tumor-
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suppressive activities by an additional, RA-independent function.
One possibility is that CRABP2 is involved in posttranscriptional
regulation of mRNAs.

One of the best-characterized proteins involved in posttran-
scriptional regulation of gene expression in animals is HuR, a
ubiquitously expressed member of the ELAV/Hu family of RNA-
binding proteins (25). In the nucleus, HuR is involved in various
functions, including RNA splicing and nuclear export. In the cy-
tosol, it binds to AU-rich elements (ARE) in 3’ untranslated re-
gions (UTRs) of target mRNAs, thereby protecting them against
degradation (26-29). By regulating the levels of its target mRNAs,
HuR is involved in key biological processes, including cell cycle
progression, apoptosis, immune function, inflammation, and car-
cinogenesis (25, 30, 31).

Here we show that CRABP2 directly interacts with HuR and
markedly increases its affinity for some target transcripts, thereby
enhancing their stability and increasing their expression levels.
Binding of RA triggers dissociation of the CRABP2-HuR complex
and induces CRABP2 to undergo a transient nuclear transloca-
tion, following which it returns to the extranuclear milieu and
reassociates with HuR. We show further that the antioncogenic
activity of CRABP2 partially stems from its cooperation with HuR
and that HuR is critical for enabling CRABP2 to enhance apopto-
sis in mammary carcinoma cells.

MATERIALS AND METHODS
Cells. The M2/~ cell line was generated from tumors that arose in

MMTV-neu/ CRABP2-null mice (18). Cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 4.5 g/liter of glucose,
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4.5 g/liter of L-glutamine, 10% fetal bovine serum (FBS; Atlanta Biologi-
cals), 100 TU/ml of penicillin, and 100 wg/ml of streptomycin.

Reagents. RA was purchased from Calbiochem. Actinomycin D and
etoposide were from Sigma-Aldrich. Antibodies against HuR (3A2; sc-
5261), actin (I-19, sc-1616), and tubulin (H-235, sc-9104) were from
Santa Cruz Biotechnology, Inc. Antibodies against caspase 3 (9665) and
Apaf-1 (8723) were from Cell Signaling Technology, Inc. Antibodies
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were from
Abcam (ab9485). Antibody against CRABP2 was a gift from Cecile
Rochette-Egly (IGBMC, Strasbourg, France). LE540 was a gift from Hi-
royuki Kagechika (Tokyo Medical and Dental University). Transfections
were carried out using PolyFect (Qiagen). Small interfering RNAs
(siRNAs) were purchased from Ambion.

Vectors. A mammalian expression vector harboring cDNA encoding
human CRABP2 (hCRABP2) with enhanced green fluorescent protein
(EGFP) fused to the protein’s N terminus (pEGFP-C2 vector) was previ-
ously described (9). hCRABP2ANLS with an N-terminal EGFP tag was
generated by replacing residues K20, R29, and K30 of EGFP-hCRABP2
with alanines using the QuikChange 2 XL site-directed mutagenesis kit
(Stratagene). pSG5 vectors harboring cDNA encoding hCRABP2 and
hCRABP2ANLS were previously described (6, 32). A vector encoding
Flag-tagged CRABP2 was generated by inserting ¢cDNA for human
CRABP2 into BamHI and EcoRI sites of pCMV-3Tag-1 vector with 3 Flag
tag coding sequences in frame. Adenovirus encoding hCRABP2 in pAD5
was prepared by the Gene Transfer Vector Core (University of Towa, Iowa
City, IA).

Transactivation assays were carried out as previously described (32).
For analysis of the Apafl and Elavll promoters, the upstream 2-kb pro-
moter fragments of each gene were PCR amplified using Platinum Pfx
DNA polymerase (Invitrogen) and subcloned into Nhel and Hind 21 sites
of pGL3-basic luciferase vector.

Lentiviral shRNA production. pLKO.1 vectors harboring short
hairpin RNAs (shRNAs) (Elavil, TRCN0000112088; CRABP2,
TRCN0000021373; ELAVLI, TRCN0000017277; and EGFP, RHS4459)
were from Open Biosystems; pLKO.1 vector harboring luciferase shRNA
(SHC007) was from Sigma-Aldrich. Lentiviruses were produced in
HEK293T cells and target cells were infected using standard protocols.

Real-time quantitative PCR (qPCR) was performed using a
StepOnePlus real-time PCR system with the following TagMan
probes: Apafl, MmO01223702_m1; Casp7, Mm00432324_m1; Elavil,
MmO00516012_m1; Rarb, Mm01319677_m1; ACTB, Hs99999903_m]l;
APAFI, Hs00559441_m1; BTG2, Hs00198887_m1; CASP7, Hs00169152_
ml; CRABP2, Hs00275636_m1; ELAVLI, Hs00171309_m1; and 18S RNA,
4352930E (Applied Biosystems). Levels of mRNAs were normalized to 18S
rRNA using the threshold cycle (AAC;) method (Applied Biosystems tech-
nical bulletin no. 2).

3’ UTR luciferase reporter assays. The Apafl and Elavil 3’ UTRs
(4,41910 6,557 bp and 1,214 to 6,030 bp downstream of transcription start
sites, respectively) were cloned downstream of a luciferase reporter gene
in pGL3 vector modified to include a minimal prolactin promoter. Puta-
tive ARE were deleted using the QuikChange 2 XL site-directed mutagen-
esis kit (Stratagene). Cells were cotransfected with the reporter, a vector
encoding B-galactosidase, and an empty vector or vector encoding
CRABP2. Forty-eight hours posttransfection, luciferase activity was mea-
sured using the luciferase assay system (Promega) and normalized to
B-galactosidase activity.

Ribonucleoprotein immunoprecipitations (RIP) were performed as de-
scribed previously (33). Semiquantitative PCR was performed using the
following primer sequences: Elavll, CGCCTGCTAGGCGGTTTGGA (for-
ward) and CCCAGGCGGTAGCCGTTCAG (reverse); Apafl, GATGGCAG
GCTGCGGCAAGT (forward) and ACACGGAGGCGGTCTTTGGC (re-
verse); Actb, CCACCATGTACCCAGGCATT (forward) and AGGGTGTAA
AACGCAGCTCA (reverse); and Gapdh, GGTTGTCTCCTGCGACTTCA
(forward) and TAGGGCCTCTCTTGCTCAGT (reverse).
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Confocal fluorescence microscopy. Cells, cultured in DMEM
containing 5% delipidated FBS, were transfected with pCMV-3Tag-1 vec-
tor encoding Flag-CRABP2. Cells were treated with 2 puM CGP-75415A
(Sigma-Aldrich) for 2 h, fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS), and permeabilized with 0.2% Triton X-100. Endog-
enous CRABP2 in MCF-7 cells and Flag-tagged CRABP2 in M2/~ cells
were visualized by immunostaining. Antibodies included anti-CRABP2
(Millipore; MAB5488), anti-Flag (Sigma-Aldrich; F1804), and anti-HuR
(Millipore; 07-468). Cells were imaged using an LSM510 confocal micro-
scope (Leica).

Proteins. His-CRABP2 was expressed in Escherichia coli BL21 and
purified as previously described (34). Protein viability was assessed by
monitoring its ability to bind RA as described previously (35). Glutathi-
one S-transferase (GST)-HuR was expressed in E. coli DH5, partially
purified as described previously (36).

Fluorescence anisotropy titrations. RNA was synthesized and labeled
with fluorescein at the 5" end by Dharmacon. Fluorescence anisotropy
titrations were carried out using a Photon Technology International
Quantamaster spectrofluorometer equipped with Glan-Thompson polar-
izers. Labeled mRNA (0.1 wM) was placed in a cuvette and titrated with
GST-HuR, His-CRABP2, or CRABP2 precomplexed with HuR at a 4:1
molar ratio in the absence or presence of RA. Fluorescence anisotropy
(Nexcitation = 494 nm; N ision = 518 nm) was measured.

Flow cytometry was performed as previously described (13) and ana-
lyzed on a BD Biosciences LSR 2 at the Case Comprehensive Cancer Cen-
ter Cytometry and Imaging Microscopy Core Facility.

RESULTS

CRABP2 upregulates the expression of Apafl and Elavll inde-
pendently of its cooperation with RAR. The observations that
CRABP2 induces the expression of ApafI in the absence of RA (12)
suggest that the protein may have biological activities other than
to deliver RA to RAR. To examine this notion, CRABP2-K20A/
R29A/K30A, a mutant that lacks the nuclear localization signal
(NLS) of the protein (CRABP2ANLS), was used. This mutant
folds properly and, similarly to the wild-type (WT) protein, binds
RA with nanomolar affinity, but it does not translocate to the
nucleus in response to ligand binding (6). In the absence of RA,
both the WT protein and its NLS mutant are cytosolic (6, 9, 37). A
mammary carcinoma cell line derived from tumors that arose in
transgenic MMTV-neu mice, a well-established mouse model of
breast cancer (38), was used to examine whether CRABP2ANLS
can enhance the transcriptional activity of RAR. The specific cell
line used in these studies was generated from tumors that devel-
oped in MMTV-neu mice in which expression of CRABP2 was
ablated, and accordingly, they completely lack the protein (M2 ™/~
cells [18]). M2/~ cell lines that stably express EGFP, EGFP-
CRABP2, or EGFP-CRABP2ANLS were generated (Fig. 1A), and
the effects of the proteins on RA-induced activation of RAR were
monitored by transactivation assays using a luciferase reporter
driven by an RAR response element (RARE). When cells were
cultured in medium containing delipidated serum, neither
CRABP2 nor its ANLS mutant had any effect of the transcriptional
activity of RAR (Fig. 1C), demonstrating efficient depletion of RA.
In the presence of RA, CRABP2 enhanced reporter activation but
the CRABP2ANLS had no effect on RA-induced activation of
RAR (Fig. 1B). The data thus demonstrate that the mutant does
not cooperate with the receptor.

Reducing the expression of CRABP2 in MCF-7 breast cancer
cells, which express a high level of CRABP2 (12), decreased the
levels of APAF1 mRNA and protein (Fig. 1D and E). Correspond-
ingly, ectopic expression of CRABP2 in M2/~ cells, which do not
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FIG 1 Apo-CRABP2 upregulates Apafl and Elavll mRNAs. (A) Immunoblots demonstrating stable overexpression of EGFP-CRABP2 (2) and EGFP-
CRABP2ANLS (2ANLS) in M2/~ cells. (B) M2/~ cell lines stably expressing denoted proteins were cotransfected with a RARE-driven luciferase reporter gene
and a vector encoding -galactosidase. Cells were cultured for 48 h in delipidated media, and luciferase activity was assayed. Data are means * SDs (n = 3). (C)
M2/~ cell lines stably expressing denoted proteins were cotransfected with a RARE-driven luciferase reporter and a vector encoding B-galactosidase. Cells were
treated with vehicle or 20 nM RA for 16 h, and luciferase activity was measured and normalized to 3-galactosidase activity. Data are means = standard errors of
the means (n = 3). %, P < 0.01 versus RA-treated EGFP-expressing control, determined using two-tailed student # test. (D and E) MCEF-7 cells were infected with
lentiviruses containing vector harboring shRNA targeting CRABP2 (shCRABP2) or luciferase (shLuc). Three days postinfection, cells were harvested and levels
of the indicated mRNAs (D) and proteins (E) were assessed by gPCR and immunoblotting, respectively. *, P < 0.01; #, P = 0.037; ©, P = 0.077 (all versus shLuc,
determined using two-tailed Student ¢ test). (F) M2/~ cells were transfected with an empty vector (e.v.) or vectors harboring cDNA for CRABP2 or
CRABP2ANLS. Levels of Apafl and Elavil mRNAs were measured by qPCR. Data are mean * standard errors of the means (n = 3). *, P =< 0.01 versus
corresponding e.v. control, calculated using a two-tailed Student ¢ test. (Inset) Immunoblots demonstrating CRABP2 expression in M2 ™'~ cells transfected with
e.v. or vectors harboring cDNA for indicated proteins. (G and H) M2~/ cells were transfected with e.v. or vectors harboring cDNA for CRABP2 or
CRABP2ANLS. (G) Levels of Apaf-1 and HuR protein were assessed by immunoblotting. (H) Immunoblots were quantitated; data are means * standard errors
of the means (n = 3).*, P < 0.01, and #, P = 0.034, both versus corresponding e.v. control and calculated using a two-tailed Student ¢ test. (I) M2/~ cells stably
overexpressing EGFP-CRABP2 were treated with RA in the absence or presence of the RAR antagonist LE540 (1 uM each for 4 h). Rarb, Apafl, and Elavll mRNAs
were measured by qPCR. Data are means *+ standard errors of the means (n = 3). *, P < 0.01 versus vehicle control, calculated using a two-tailed student ¢ test.
(J) M2™/~ cells stably overexpressing EGFP-CRABP2 were transfected with luciferase reporter constructs driven by 2 kb of the proximal promoters of Apafl or
Elavll or by an RARE. Cells were treated with 100 nM RA for 16 h, and luciferase activity was measured. Data are means = standard errors of the means (n = 3).
*, P = 0.01 versus corresponding vehicle control, calculated using a two-tailed Student ¢ test. (K) M2/~ cells stably overexpressing EGFP-CRABP2 were treated
with 10 pg/ml of cycloheximide for the indicated times. The level of HuR protein was assessed by immunoblotting. (Top) Immunoblot showing HuR protein
expression levels in M2/~ cell lines stably overexpressing CRABP2; (bottom) immunoblot showing HuR protein levels after treatment with cycloheximide.

express the protein, increased the level of Apafl mRNA and pro-
tein (Fig. 1F to H). Notably, ectopic expression of either WT
CRABP2 or CRABP2ANLS increased the levels of Apafl mRNA
and protein to similar extents (Fig. 1F to H). These observations
suggest that CRABP2 upregulates Apafl by a mechanism unre-
lated to its ability to promote the transcriptional activity of RAR.
In support of this conclusion, silencing CRABP2 in MCF-7 cells
had no effect on the established RAR target gene BTG2 (Fig. 1D),
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and treatment of M2~/ cells stably expressing CRABP2 with RA
induced expression of the well-established RAR target gene Rarb
but had no effect on Apafl mRNA (Fig. 1I). Moreover, while the
pan-RAR antagonist LE540 attenuated the ability of RA to up-
regulate Rarb, the compound had no effect on expression of Apafi
(Fig. 1I). Correspondingly, transactivation assays showed that RA
effectively induced the expression of a luciferase reporter gene
driven by an RARE but had no effect on a luciferase reporter
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driven by the proximal promoter of ApafI (Fig. 1J). The data thus
clearly show that ApafI does not constitute RAR target gene.

These observations raise the possibility that CRABP2 elevates
the level of Apafl mRNA by increasing the stability of this tran-
script. We therefore wondered whether CRABP2 functions in
conjunction with HuR (encoded by the Elavll gene), an RNA-
binding protein which is arguably the best-characterized regulator
of mRNA stability in animals (25, 39). Remarkably, downregula-
tion of CRABP2 expression in MCF-7 cells decreased the levels of
HuR mRNA (Fig. 1D) and protein (Fig. 1E), and in M2/ cells,
ectopic expression of either WT CRABP2 or CRABP2ANLS cells
increased HuR expression (Fig. 1F to H). Similar to the case with
Apafl, the expression of Elavl] was not affected either by RA or by
an RAR antagonist (Fig. 1I), and RA did not affect the expression
of a luciferase reporter driven by the Elavll promoter (Fig. 1J).
Hence, expression of both Apafl and Elavll is regulated by
CRABP2 but not through transactivation of RAR.

The observations that CRABP2 upregulates the expression of
both mRNAs and proteins suggest that the effect is mediated by
stabilization of the mRNAs and not the proteins. Indeed, while
overexpression of CRABP2 in M2/~ cells increased the level of
HuR (Fig. 1K, top), monitoring the time course of protein degra-
dation following treatment with protein synthesis inhibitor cyclo-
heximide showed that CRABP2 did not have a discernible effect
on the stability of HuR (Fig. 1K, bottom).

CRABP2 stabilizes Apafl and Elavil mRNA in an HuR-de-
pendent manner. The possibility that CRABP2 upregulates the
expression of Apaf-1 and HuR by stabilizing their mRNAs was
then evaluated. M2/~ cells were transfected with an empty vector
or a vector encoding CRABP2 (Fig. 2A) and treated with tran-
scription inhibitor actinomycin D, and the rates of degradation of
Apafl and Elavll mRNAs were monitored. The mean half-lives of
the Apafl and Elavil mRNAs were found to be 1.81 * 0.08 and
2.44 = 0.27 h, respectively, in the absence of CRABP2 and in-
creased to 6.94 = 0.9 and 6.23 = 0.38 h, respectively, in cells
expressing CRABP2 (Fig. 2B and C). In contrast, CRABP2 had no
effect on the stability of Gapdh mRNA (Fig. 2D), indicating that
the effect of CRABP2 on the half-life of the Apafl and Elavll
mRNAs is specific to a subset of mRNAs. Considering that
CRABP2 does not contain a recognizable RNA-binding motif, we
wondered whether its ability to stabilize mRNAs involves cooper-
ation with HuR. In agreement with this notion, decreasing the
expression of HuR (Fig. 2E, inset) reduced the level of Apafl
mRNA and completely abolished the ability of CRABP2 to up-
regulate the expression of this gene (Fig. 2E). Reducing the expres-
sion of HuR also reduced Apafl mRNA levels in MCF-7 mam-
mary carcinoma cells (Fig. 2F).

HuR stabilizes target transcripts by interacting with specific
sequences within their 3" UTRs (26-29). To assess whether Apafl
and Elavl] comprise targets for HuR and to examine whether HuR
cooperates with CRABP2 in stabilizing their mRNAs, the entire 3’
UTRs of Apafl and Elavl] were cloned downstream of a luciferase
reporter gene. The reporters were transfected into M2/~ cells,
and the effect of modulating the expression of CRABP2 and HuR
on luciferase activity was monitored. Similar to the response of
the endogenous transcripts, ectopic expression of CRABP2 up-
regulated the expression of luciferase reporters containing either
the Apafl or the Elavll 3" UTRs, and decreasing the expression of
HuR downregulated the basal levels of both reporter genes and
abolished the ability of CRABP2 to upregulate their expression
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(Fig. 2G and H). We noted that overexpression of CRABP2 was
somewhat lower in cells expressing Elavll shRNA. This likely re-
flects a lower expression efficiency resulting from the multivector
transfection of these cells. Nevertheless, the observation that,
upon decreasing HuR levels, ectopic expression of CRABP2 had
no effect on reporter expression indicates that HuR is critical for
enabling modulation of the levels of the Apafland the ElaviI tran-
scripts by CRABP2.

It was previously reported that HuR stabilizes its own mRNA
(40). However, the Apafl transcript is a novel target, and the lo-
cation of HuR-binding sequences within the gene’s 3" UTR is
unknown. Inspection of the 3" UTR of the Apafl mRNA revealed
3 potential ARE (Fig. 3A). To identify ARE responsible for medi-
ating the ability of CRABP2 and HuR to stabilize this mRNA, the
3 elements were individually deleted from the luciferase reporter
containing the 3’ UTR of Apafl and reporter assays were carried
out. Deletion of putative ARE 1 and 2 had little effect on reporter
activity, but deletion of the ARE at site 3 abolished the ability of
CRABP2 to upregulate the expression of the reporter (Fig. 3B).
Site 3 thus appears to contain the sequence through which HuR
and CRABP2 stabilize the Apafl transcript.

Fluorescence anisotropy titrations were then used to directly
examine whether site 3 of the Apafl mRNA is the HuR binding
site. GST-tagged HuR was expressed in E. coli and purified (Fig.
3C). A 39-nucleotide-long RNA containing the CRABP2-respon-
sive sequence of the Apaf-1 3" UTR (Fig. 3A and B) was covalently
labeled with the fluorescent probe fluorescein, and its ability to
bind HuR was examined. Fluorescence anisotropy reports on the
rotational volume of a fluorophore, and thus on the size of com-
plexes containing it, and they have been widely used to monitor
molecular associations (41). Titration of the RNA with GST-HuR
resulted in a saturable increase in fluorescence anisotropy, dem-
onstrating protein-RNA association (Fig. 3D). Analysis of the data
(35) showed that the K; (dissociation constant) for the interaction
between the RNA and HuR complexes is 413 = 147 nM (mean *=
standard deviation [SD]; n = 3). Deletion of site 3 of the mRNA
from the 39-nucleotide-long RNA markedly decreased the affinity
of the protein for the RNA (Fig. 3D), indicating that this site is the
primary binding site for HuR.

Ribonucleoprotein immunoprecipitation (RIP) assays were
carried out to further examine whether HuR and CRABP2 associ-
ate with the Apafl or Elavli mRNA. Both mRNAs coprecipitated
with either HuR or with CRABP2, indicating that both proteins
are bound to these transcripts in cells (Fig. 3E). To examine the
effect of HuR on the ability of CRABP2 to associate with target
transcripts, a derivative of the M2’ cell line that stably express
CRABP2 (Fig. 1A) in which the expression HuR was stably re-
duced was generated (Fig. 3F, top). Reducing the expression of
HuR markedly decreased the association of CRABP2 with the
Apafl mRNA (Fig. 3F, bottom), indicating that HuR mediates the
association of CRABP2 with this transcript.

Apo-CRABP2 interacts with HuR and enhances its affinity
for target mRNAs. The observations that HuR is required for
binding of CRABP2 to target transcripts and upregulate their ex-
pression suggest that the two proteins associate with each other.
Indeed, immunoprecipitation assays showed that HuR and
CRABP2 coprecipitate from MCF-7 cell lysates (Fig. 4A and B).
Treatment of cell lysates with RNase prior to precipitation did not
inhibit the association, indicating that RNA binding is not re-
quired for the interactions (Fig. 4A and B).
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FIG 2 HuR mediates the ability of CRABP2 to stabilize Apaf and Elavil mRNAs. (A) Immunoblot demonstrating overexpression of CRABP2. (B to D) M2/~
cells were transfected with e.v. or vector encoding CRABP2 and treated with actinomycin D (2.5 pg/ml). Levels of Apafl (B), Elavll (C), and Gapdh (D) mRNAs
at various time points following treatment were measured by qPCR. Data were normalized to corresponding values at time zero. Data are means * standard
errors of the means (n = 3). (Inset) mRNA levels of Apafl, Elavll, and Gapdh mRNAs in the absence and presence of CRABP2 overexpression at time zero. (E)
M2/~ cells were transfected with scrambled siRNA (siScrm) or siRNA targeting Elavll (siElavil). Twenty-four hours later, cells were infected with control
adenovirus (Ad0) or adenovirus encoding CRABP2 (Ad2). Forty-eight hours postinfection, ApafI mRNA levels were assessed by qPCR. Data are means *
standard errors of the means (n = 3). *, P < 0.01 versus cells expressing siScrm and Ad0 by two-tailed Student ¢ test. (Inset) Immunoblots demonstrating
decreased expression of HuR in cells expressing siElavll and increased expression of CRABP2 upon infection with Ad2. (F) MCF-7 cells were infected with
lentiviruses containing vector harboring shRNA targeting ELAVLI (shELAVLI) or luciferase (shLuc). Three days postinfection, cells were harvested and levels of
indicated mRNAs were assessed by qPCR. *, P < 0.01 versus shLuc by two-tailed Student  test. (G and H) M2 /™ cells were infected with lentiviruses containing
vector harboring shRNAs targeting Elavl1 (shElavil) or EGFP (shEGFP) and transfected with e.v. or a vector encoding CRABP2 and luciferase reporter harboring
the Apafl (G) or Elavll (H) 3" UTR. B-Galactosidase was used as a transfection control. Data were normalized to corresponding e.v./shEGFP-expressing cells.
Data are means * standard errors of the means (n = 3). *, P =< 0.01, and #, P = 0.045, both versus e.v./shEGFP control by two-tailed Student # test. (Inset)
Immunoblots demonstrating reduced expression of HuR and overexpression of CRABP2.

Confocal fluorescence microscopy was used to examine if
CRABP2 and HuR colocalize in cells. It was previously reported
that in the absence of RA, CRABP2 is located in the extranuclear
milieu, where it appears to be associated with endoplasmic retic-
ulum (ER). However, the means by which this highly soluble pro-
tein is localized at the ER is unknown (6, 9, 37). In agreement with
the previous reports, in the absence of retinoids, both endogenous
CRABP2 in MCEF-7 cells and ectopically expressed CRABP2 in
M2/~ cells were present in the extranuclear milieu (Fig. 4C and
D). HuR shuttles between the nucleus and the cytosol, and it is
present predominantly in the nucleus in cell cycle phases other
than late mitosis (42, 43) (Fig. 4C). The cytonuclear shuttling of
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HuR is regulated by cyclin-dependent kinase 1 (Cdk1)-catalyzed
phosphorylation, and inhibition of the kinase results in retention
of the protein in the cytosol (44) (Fig. 4C). To increase the level of
HuR in the cytosol in resting cells and enhance microscopic ex-
amination of possible colocalization between CRABP2 and HuR,
cells were treated with the Cdk1 inhibitor CGP-74514A prior to
imaging. Immunostaining showed that both endogenously ex-
pressed and ectopically overexpressed CRABP2 extensively colo-
calized with HuR (Fig. 4D).

Two approaches were taken to examine whether association
with CRABP?2 affects the interactions of HuR with target tran-
scripts. RIP assays showed that expression of CRABP2 increased
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the indicated putative HuR binding sites (A1, A2, and A3). B-Galactosidase was used as a transfection control. Data were normalized to luciferase activity
in cells transfected with e.v. and the WT luciferase reporter. Data are means * standard errors of the means (n = 3). *, P < 0.01, and %, P = 0.025, both
versus e.v. control by a two-tailed Student ¢ test. (C) Coomassie blue-stained gels visualizing recombinant, bacterially expressed, and purified GST-HuR.
(D) Fluorescein-labeled RNA containing 39 bases corresponding to site 3 in the Apaf-1 3" UTR (WT RNA) or fluorescein-labeled RNA with the AUUUA
of site 3 deleted (mutant RNA) was titrated with recombinant GST-tagged HuR. Progress of titrations was followed by monitoring the increase in the
fluorescence anisotropy of the labeled RNA (N, iiation = 494 NM; Nission = 518 nm). Data representative of 3 independent experiments are shown. (E)
HuR and CRABP2 were immunoprecipitated from lysates of M2~'" cells stably expressing EGFP-CRABP2 (Fig. 1A). Apafl and Elavil mRNAs that
coprecipitated with the proteins were assessed by semiquantitative PCR. (F) M2/~ cells that stably overexpress CRABP2 were infected with lentiviruses
harboring vectors encoding shRNA targeting ElavlI (shElavil) or luciferase (shLuc), and stable cell lines were generated. (Top) Immunoblot demon-
strating HuR levels in cells expressing shLuc or shElavl]. Actin was used as loading control. (Bottom) CRABP2 was immunoprecipitated and RNAs that

coprecipitated with the protein were assessed by semiquantitative PCR.

the efficiency by which HuR binds both the ApafI and the Elavli
mRNAs (Fig. 4E). The apparent enhancement of the association of
HuR with these mRNAs may result either from increased affinity
toward the transcripts or from increased cellular levels brought
about by CRABP2 expression (Fig. 1C to E). Fluorescence anisot-
ropy titrations were then used to directly examine whether
CRABP2 modulates the mRNA-binding affinity of HuR. Histi-
dine-tagged CRABP2 or CRABP2ANLS were expressed in E. coli
and purified (Fig. 4F). A 39-nucleotide-long RNA containing the
CRABP2-responsive sequence of the Apaf-1 3’ UTR (Fig. 3A and
B) was covalently labeled with the fluorescent probe fluorescein
and titrated with recombinant HuR, CRABP2-bound HuR, or
CRABP2 alone, and fluorescence anisotropy was monitored (Fig.
4G). Titration of the RNA with either CRABP2 or CRABP2ANLS
did not affect the fluorescence anisotropy of the RNA (Fig. 4G,
inset), indicating that these proteins do not directly associate with
the RNA. However, titrations with HuR complexed with either

2140 mcb.asm.org

CRABP2 or its ANLS mutant displayed a markedly steeper curve
and earlier saturation than for binding of HuR alone, demonstrat-
ing a dramatic increase in binding affinity (Fig. 4G). Analyses of
the data (35) revealed that the K, for the HuR-RNA association
decreased from 413 * 147 nM, which characterizes the interac-
tions of the RNA with HuR alone, to <0.1 nM, observed in the
presence of CRABP2. Note that the observed binding affinity was
too high for accurate measurements using this assay, and thus, this
value reflects an upper limit. The data thus strikingly show that
HuR directly binds both CRABP2 and CRABP2ANLS and that
both CRABP2 and its ANLS mutant increase the affinity of HuR
toward the transcript by more than 3 orders of magnitude.

RA triggers transient dissociation of CRABP2 from HuR and
target transcripts. In vitro assays were carried out to examine
whether the formation of the HuR-CRABP2 complex is sensitive
to RA. Bacterially expressed recombinant GST-HuR was immobi-
lized on glutathione-Sepharose beads and incubated with recom-
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HuR alone or in complex with CRABP2 or CRABP2ANLS. To ensure saturation, CRABP2s were precomplexed with HuR at a 4:1 molar ratio. Progress of
titrations was followed by monitoring the increase in the fluorescence anisotropy of the labeled RNA (Ao iation = 494 Nm; N ission = 518 nm). Data
representative of 3 independent experiments are shown. (Inset) Fluorescein-labeled RNA was titrated with CRABP2 or CRABP2ANLS.

binant His-CRABP?2 in the absence or presence of increasing con-
centrations of RA. Beads were precipitated, and CRABP2 that

target RNAs and that CRABP2 dissociates from HuR in the pres-
ence of RA.

coprecipitated with HuR was visualized by Coomassie blue stain-
ing (Fig. 5A). The data showed that CRABP?2 efficiently coprecipi-
tated with HuR in the absence but not in the presence of RA,
indicating that the protein dissociates from HuR when ligated. In
support of this conclusion, fluorescence anisotropy titrations of
the HuR-binding region of the Apafl 3" UTR showed that RA
markedly decreased the affinity of HuR toward the RNA (Fig. 5B).
In the presence of RA, the K that characterizes the HuR-RNA
interactions was found to be 178 = 46 nM, similar to that of the
association of the RNA with HuR alone. These data thus demon-
strate that HuR directly binds CRABP2 both in solution and on
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In agreement with previous reports (6, 9, 37), a 30-min treat-
ment of M2™/" cells ectopically expressing CRABP2 with RA re-
sulted in a massive nuclear localization of the protein (Fig. 5C).
However, the residence of CRABP2 in the nucleus was found to be
short lived, and the protein returned to the extranuclear milieu,
where it again colocalized with HuR 90 min after RA treatment
(Fig. 5C). The cytonuclear shuttling behavior of CRABP2 was
similar in the presence of the protein synthesis inhibitor cyclo-
heximide, indicating that the protein indeed undergoes RA-
induced reversible cytonuclear shuttling and that the observa-
tions do not reflect de novo protein synthesis (data not shown).
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FIG 5 RA triggers transient dissociation of CRABP2 from HuR and target transcripts. In all experiments, cells were cultured in delipidated medium for 48 h to
deplete retinoid stores. (A) Recombinant, bacterially expressed GST-HuR was immobilized on glutathione-Sepharose beads. Beads were incubated in a buffer
containing 1.25 pM recombinant His-CRABP2 in the presence of denoted concentrations of RA. Beads were precipitated and proteins in precipitates visualized
by Coomassie blue staining. (B) Fluorescein-labeled RNA containing 39 bases corresponding to site 3 in the Apaf-1 3" UTR was titrated with His-CRABP2
precomplexed with GST-HuR in the presence or absence of a 2-fold molar excess of RA. Progress of titrations was followed by monitoring the increase in the
fluorescence anisotropy of the labeled RNA. Data representative of 3 independent experiments are shown. (C) M2/~ cells were transfected with a vector
encoding Flag-CRABP2 and pretreated with CGP-74514A (2 uwM for 2 h) prior to treatment with RA (1 wM) for the indicated times. Flag-CRABP2 and HuR were
detected by immunostaining, and cells were counterstained with DAPI. Cells were visualized by confocal fluorescence microscopy. Bars, 10 pm. (D) MCF-7 cells
were treated with 1 uM RA for the indicated times, and CRABP2 was precipitated. Precipitates were immunoblotted for CRABP2 and HuR. (E) MCF-7 cells were
treated with 1 uM RA for the indicated times, and HuR was precipitated. Precipitates were immunoblotted for HuR and CRABP2. (F) M2/~ cells that stably
express CRABP2 (Fig. 1A) were treated with 1 wM RA for the indicated times. HuR and CRABP2 were immunoprecipitated, and the presence of Apafl, Elavll,

and Gapdh mRNAs in precipitates was assessed by semiquantitative PCR.

Moreover, coimmunoprecipitation assays showed that in cells,
a 30-min treatment with RA results in complete dissociation of
CRABP2 from HuR and that the complex reforms 90 min post-
treatment (Fig. 5D and E). RIP experiments similarly showed
that RA induced dissociation of CRABP2 from both the Apafl
and Elavll mRNAs but that the effect was transient and
CRABP2 regained its RNA-binding capacity 90 min following
treatment (Fig. 5F). Taken together, the data indicate that the
residence time of CRABP2 in the nucleus is short and hence
that the ability of the protein to deliver RA to the nucleus does
not significantly interfere with its ability to stabilize mRNA in
conjunction with HuR. The observations that RA treatment
did not significantly affect RNA binding by HuR likely reflect
that the rate of dissociation of HuR from target transcript is
slow and does not proceed to a significant extent during the
short residence time of CRABP2 in the nucleus (Fig. 5F).
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CRABP2 enhances apoptosis and suppresses carcinoma cell
growth through its cooperation with HuR. It has been reported
that HuR displays antiproliferative activities (45—47). In agreement,
reducing the expression of HuR facilitated the growth of M2/~ cells
(Fig. 6A). It has also been reported that CRABP2 suppresses the
growth of various carcinomas (2, 9, 12, 13, 18, 19). In accordance,
overexpression of CRABP2 inhibited cell growth both in parental
cells and in cells in which the expression of HuR was reduced (Fig.
5A). In these experiments, which were carried out in retinoid-de-
pleted cells, downregulation of HuR enhanced cell growth to similar
extents in cells that do not express and that ectopically express
CRABP2 (Fig. 6A). In the presence of RA, both CRABP2 and
CRABP2ANLS suppressed cell growth, but the latter was less effica-
cious than the WT protein in exerting the effect (Fig. 6B). These
observations suggest that CRABP2 inhibits proliferation by two dis-
tinct mechanisms and that one of these but not the other depends on
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FIG 6 CRABP2 enhances apoptosis by cooperating with HuR. In all experiments, cells were cultured in delipidated medium for 48 h to deplete retinoid stores. (A)
M27"" cells stably expressing EGFP or EGFP-CRABP2 and harboring shRNAs targeting ElaviI (shElavll) or luciferase (shLuc) were plated at 35,000 cell/well and
counted after 4 days of growth. Data are means = standard errors of the means (n = 3). Statistical analysis was carried out by one-way analysis of variance and
Bonferroni’s post hoc test. *, P < 0.01 versus cells expressing EGFP and shLuc; #, P < 0.01 versus cells expressing EGFP and shElavl]. (Inset) The number of shElavli-
expressing cells was normalized to the corresponding shLuc control. (B) Growth of M2/~ cells stably overexpressing the indicated proteins in delipidated medium
supplemented with 200 nM RA. Data are means = standard errors of the means (n = 3). *, P < 0.01 versus EGFP control cells and, on day 3, P < 0.01 comparing cells
expressing EGFP-CRABP2 versus EGFP-2ANLS. Analysis was carried out by one-way analysis of variance and Bonferroni’s post hoc test. (C) Growth of M2 ™~ cells stably
overexpressing the indicated proteins in delipidated medium. Data are means = standard errors of the means (n = 3). *, P < 0.01 versus control EGFP-expressing cells
using one-way analysis of variance with Bonferroni’s post hoc test. P > 0.1 for EGFP-CRABP2 versus EGFP-2ANLS on days 2 and 3, as calculated by two-tailed Student
ttest. (D and E) M2/~ cells were transfected with vectors encoding EGFP-CRABP2 or EGFP-CRABP2ANLS. Cells were treated with etoposide (10 uM for 48 h). (D)
Apoptosis was evaluated by FACS to quantitate percentage of cells in G,. The experiment was repeated, with similar results. (E) Apoptosis was evaluated by using
immunoblotting to monitor cleavage of caspase 3. The experiment was repeated, with similar results. (F) M2/~ cells were stably transfected with EGFP or EGFP-
CRABP2 and treated with etoposide (10 M for 48 h), and apoptosis was assessed by monitoring PARP cleavage by immunoblotting. (G) (Top) M2/~ cells stably
expressing EGFP or EGFP-CRABP2 were infected with lentivirus harboring shRNA targeting either ElaviI (shElaviI) or luciferase (shLuc). Cells were then treated with
etoposide (10 wM for 48 h), and apoptosis was evaluated by immunoblotting monitoring caspase 3 cleavage. (Bottom) Quantitation of immunoblots. The experiment
was repeated, with similar results. (H) MCF-7 cells were infected with lentiviruses containing vector harboring shRNA targeting CRABP2 (shCRABP2) or luciferase
(shLuc). Three days postinfection, cells were harvested and the level of CASP7 mRNA was assessed by qPCR. *, P = 0.01 versus shLuc, determined using two-tailed
Student ¢ test. See Fig. 1D and E for knockdown of CRABP2. (I) M2/~ cells were infected with lentiviruses containing vector harboring sShRNA targeting Elavl
(shElavi1) or luciferase (shLuc). Forty-eight hours later, cells were infected with control adenovirus (Ad0) or adenovirus encoding CRABP2 (Ad2). Forty-eight hours after
adenoviral infection, RNA was extracted and Casp7 mRNA levels were assessed by gPCR. Data are means * standard errors of the means (n = 3). *, P < 0.01 versus cells
expressing shLuc and AdO by two-tailed Student ¢ test. (Inset) Immunoblots demonstrating decreased expression of HuR in cells expressing shElavlI and increased
expression of CRABP2 upon infection with Ad2.

its cooperation with RAR. In agreement with this notion, in the ab- ~CRABP2, M2~ cells expressing either CRABP2 or CRABP2
sence of retinoids, CRABP2 and CRABP2ANLS inhibited prolifera- ~ANLS were treated with the proapoptotic agent etoposide (48).
tion with similar efficacies (Fig. 6C). Apoptotic responses were monitored by fluorescence-activated

To examine the basis for the growth-inhibitory activity of cell sorting (FACS) to measure the fraction of cells undergoing
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FIG 7 Model for the parallel involvement of CRABP2 in HuR-mediated
mRNA stabilization and in RAR-mediated transcriptional regulation. Apo-
CRABP2 directly interacts with HuR, dramatically increases its RNA-binding
affinity, and thereby enhances the stability of HuR-targeted transcripts. Liga-
tion of CRABP2 by RA triggers its dissociation from HuR and induces the
protein to mobilize to the nucleus, where it delivers RA to RAR, enhancing
the transcriptional activity of the receptor. The residence time of CRABP2 in
the nucleus is short, and following ligand delivery, the protein rapidly returns
to the extranuclear milieu and reassociates with HuR. The data suggest that the
anticarcinogenic activity of CRABP2 is exerted both by promoting HuR-me-
diated stabilization of transcripts for proteins that suppress proliferation and
by enhancing RA-induced RAR-mediated transcriptional upregulation of
growth-inhibitory genes.

DNA fragmentation (Fig. 6D) and by assessing etoposide-induced
cleavage of caspase 3 (Fig. 6E) and poly(ADP-ribose) polymerase
(PARP) (Fig. 6F). Both CRABP2 and CRABP2ANLS enhanced
etoposide-induced apoptosis, and they exerted similar effects in
this capacity. The data thus indicate that the ability of CRABP2 to
sensitize cells to apoptotic stimuli does not require cooperation
with RAR. In agreement with this notion, decreasing the expres-
sion of HuR abolished the ability of CRABP2 to sensitize cells to
etoposide-induced apoptosis (Fig. 6G).

It is unlikely that the only genes regulated by HuR in coopera-
tion with CRABP2 are ApafI and Elavll. Considering the proapo-
ptotic activities of the HuR-CRABP2 complex, we examined its
effect on the mRNA for caspase 7. Decreasing the expression of
CRABP2 in MCF-7 cells reduced the level of CASP7 mRNA (Fig.
6H), and overexpression of CRABP2 in M2/~ cells upregulated
Casp7 mRNA (Fig. 6I). Notably, downregulation of HuR in
M27'" cells completely abolished the ability of CRABP2 to in-
crease the level of this transcript (Fig. 6I). The data thus indicate
that expression of caspase 7 is cooperatively regulated by HuR and
CRABP2. The full spectrum of genes regulated by the CRABP2-
HuR complex remains to be examined.

DISCUSSION

The observations suggest the following model (Fig. 7): in the con-
text of some transcripts, apo-CRABP2 associates with mRNA-
bound HuR. The association considerably enhances the RNA-
binding affinity of HuR, promoting the stability and increasing
the levels of such target transcripts, including Apaf1, Elavil, and
Casp7 mRNAs. RA binding by CRABP2 triggers dissociation from
HuR and induces its translocation to the nucleus, where it delivers
RA to RAR. The residence of CRABP2 in the nucleus is short lived,
and following ligand delivery, the protein rapidly exits the nucleus
and reassociates with HuR and target transcripts.
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The structural features of CRABP2 and HuR that mediate their
interactions, the mechanism by which CRABP2 enhances the af-
finity of HuR toward target mRNAs, and the structural basis for
the RA responsiveness of the complex remain to be elucidated.
The observation that apo- but not holo-CRABP2 binds to HuR
suggests that the CRABP2 residues that mediate the interactions
are located in a region that can sense ligand binding. One such
region is the protein’s helix-loop-helix domain, which contains its
ligand-controlled NLS (6). Another RA-responsive region is the
RAR interaction domain of CRABP2, comprised of residues Q75,
P81, and K102 (32). The report that RA-induced SUMOylation of
K102 allows CRABP2 to dissociate from the ER and mobilize to
the nucleus in response to RA (37) raises the possibility that K102
is involved in the association of CRABP2 with HuR.

It is well established that CRABP2 enables transcriptional acti-
vation by RAR by delivering RA directly to the receptor in the
nucleus. The data presented here surprisingly reveal that CRABP2
also functions by cooperating with HuR to enhance mRNA stabil-
ity. The observations that the RA-induced nuclear translocation of
CRABP2 is short lived and that the protein rapidly returns to the
cytosol and reassociates with HuR suggest that CRABP2 can exert
its two functions in parallel. In support of this notion, RA treat-
ment does not affect the levels of either the Apaf-1 or the HuR
transcripts (Fig. 1I) or the interactions between HuR and target
transcripts (Fig. 5F). The mechanism by which CRABP2 is ex-
ported from the nucleus remains to be clarified. Notably, while a
nuclear export signal has been identified in other intracellular
lipid-binding proteins, CRABP2 does not appear to contain such a
signal (7,49). An intriguing possibility is that following delivery of
RA to RAR, CRABP2 associates with nuclear HuR and leaves the
nucleus in complex with this protein.

The role that HuR plays in cancer cell biology is incompletely
understood. It has been reported that it stabilizes some mRNAs
involved in cell proliferation (31). However, it was also shown that
HuR is required for apoptosis (47), that it sensitizes cells to DNA-
damaging agents (45), and that it inhibits tumor growth in a
mouse model (46). In addition, low expression levels of HuR were
found to be predictive of a higher risk of breast cancer recurrence
(50). In agreement with these observations, we show here that
HuR stabilizes the transcripts of Apaf-1 and caspase 7, proteins
closely involved in apoptotic responses, and that reducing the ex-
pression of HuR facilitates cell growth. We show further that the
stability of the ApafI transcript is enhanced by the cooperation of
HuR with CRABP2 and that the two proteins, working in concert,
suppress the growth of mammary carcinoma cells and potently
enhance the cellular response to an apoptotic agent. While the
spectrum of antiproliferative genes whose expression is regulated
by HuR in cooperation with CRABP2 remains to be identified, the
data establish that the tumor suppressive activity of CRABP2 are
exerted both by its ability to deliver RA to RAR, resulting in in-
duction of RAR-targeted growth inhibitory genes, and by its in-
volvement in HuR-mediated stabilization of proapoptotic tran-
scripts. Modulation of the interactions of HuR with mRNAs may
comprise a novel strategy for suppressing carcinoma cell growth.
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