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Retinoic acid (RA) plays important roles in development by mod-
ulating gene transcription through nuclear receptor activation.
Increasing evidence supports a role for RA and RA receptors (RARs)
in synaptic plasticity in the brain. We have recently reported that
RA mediates a type of homeostatic synaptic plasticity through
activation of dendritic protein synthesis, a process that requires
dendritically localized RAR«a and is independent of transcriptional
regulation. The molecular basis of this translational regulation by
RA/RARa signaling, however, is unknown. Here we show that
RARu is actively exported from the nucleus. Cytoplasmic RAR« acts
as an RNA-binding protein that associates with a subset of mRNAs,
including dendritically localized glutamate receptor 1 (GIluR1)
mRNA. This binding is mediated by the RAR«a carboxyl terminal
F-domain and specific sequence motifs in the 5’UTR of the GluR1
mRNA. Moreover, RAR«a association with the GluR1 mRNA directly
underlies the translational control of GIuR1 by RA: RAR« represses
GluR1 translation, while RA binding to RARa reduces its association
with the GIuR1 mRNA and relieves translational repression. Taken
together, our results demonstrate a ligand-gated translational
regulation mechanism mediated by a non-genomic function of
RA/RAR« signaling.
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A is a morphogen that plays key roles in neurogenesis,

neuronal development, and cell differentiation (1, 2). How-
ever, the molecular components involved in RA synthesis and
signaling persist in the adult brain (3). RA is rapidly synthesized
in the adult brain (3) and participates in learning-related synaptic
plasticity such as long-term potentiation and long-term depres-
sion (4, 5). Loss of RA signaling through deprivation of vitamin
A (an RA precursor) leads to impaired hippocampal long-term
potentiation and long-term depression, both of which can be
restored by the administration of vitamin A or RA (6). However,
the molecular mechanisms by which RA regulates adult brain
function are not understood.

R A signaling is mediated by receptors that are members of the
nuclear receptor superfamily of transcriptional regulators. RA
receptor @ (RARa, NRI1B1) regulates the transcription of
numerous genes via binding to specific upstream R A-responsive
elements (7). RARa is present at high levels in the hippocampus
and cortex of adult animals (8). Our recent study revealed an
unexpected role in the hippocampus for RA and RARa during
homeostatic synaptic plasticity (9). This type of plasticity, man-
ifested as increased synaptic transmission in response to reduced
neural activity, requires the translation of new proteins and is
characterized by the insertion of newly synthesized homomeric
GluR1 receptors (10). RA synthesis is rapidly enhanced upon
activity blockade, which in turn potentiates synaptic strength
through the activation of glutamate receptor protein translation
in neuronal dendrites (9). Surprisingly, this action of RA is
mediated by a population of dendritic RARa. Knocking down
neuronal RARa expression blocked homeostatic synaptic plas-
ticity induced by either RA or activity blockade. Additionally,
the use of an RARa« specific agonist recapitulated the effects on
both synaptic scaling and local GluR1 synthesis (9). We also
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observed translation of GluR1 mRNA in dendritic RNA gran-
ules containing RARa using immunogold electron microscopy
(11). One of the most striking results in these studies was the
ability of RA or an RARa« agonist to stimulate GluR1 protein
synthesis in synaptoneurosomes, a biochemical preparation that
lacks somatic components and thus operates in a transcription-
independent manner. These results strongly suggest a non-
genomic role for RAR« and imply that RA/RAR« can directly
regulate translation. However, the molecular nature of such
regulation remains unknown.

RARa consists of six modular domains (Fig. 1A). The A/B
domain, or the N-terminal activation domain, plays a role in
transcriptional regulation. The C domain functions as the DNA
binding domain and is adjacent to the hinge region (the D
domain), which contains nuclear localization signals (NLS). The
E domain contains ligand binding and C-terminal activation
domains, and the function of the F domain is largely unknown
(12). It is thought that RARa resides in the nucleus as a
heterodimer with the retinoid X receptor and is associated with
corepressors that silence transcription. Upon ligand binding, the
RARGu« ligand binding domain (LBD) undergoes a conforma-
tional change, resulting in the release of transcriptional core-
pressors and the recruitment of co-activators followed by tran-
scriptional activation (13).

Here we investigated the molecular mechanism by which
RA/RARa« regulates translation of specific mRNAs in neuronal
dendrites. We show that RARa is transported by active nuclear
export into neuronal dendrites and binds a subset of dendritically
localized mRNAs, including the mRNA encoding the glutamate
receptor subunit, GluR1. Importantly, this binding is mediated
by interactions between specific sequence motifs in the 5"UTRs
of target mRNAs and the RAR« F-domain. RA activation of
RARa reduces its RNA binding affinity, which may underlie the
translational de-repression by RA observed both in vivo and in
vitro.

Results

RARa Exits the Nucleus via Active Nuclear Export. We have previ-
ously reported that RARa is found in neuronal dendrites and in
the nucleus (9). Because many transcription factors contain an
NLS, a cytoplasmic delivery mechanism must exist for a tran-
scription factor to be dendritically localized. In the case of
CREB, zif 268, and Elk1, this is achieved by mRNA localization
to dendrites and local translation (14). The lack of dendritic
RARa mRNA by in situ hybridization [supporting information
(SI) Fig. S1], however, suggests that a different mechanism
transports RARa out of the nucleus.
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Fig.1. Dendriticlocalization of RAR« utilizes active export from the nucleus.
(A) Schematic of constructs used to examine RAR« localization. All constructs
encode C-terminal EGFP fusion proteins. (B) Localization of endogenous RAR«
in hippocampal neurons (14 days in vitro) treated with an active nuclear
export inhibitor, LMB. Areas highlighted by white boxes are shown at higher
magnification. Green, RAR« protein; red, microtubule associated protein 2.
(Scale bar, 25 um.)
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Nuclear receptors such as nerve growth factor induced clone
B (NGFI-B, NR4A1), estrogen receptors, and thyroid hormone
receptors contain nuclear export signals (NES), and can be
exported from the nucleus in a classical, Crm1-dependent man-
ner (15, 16). To determine whether direct nuclear export par-
ticipates in RARw localization, we treated cultured rat hip-
pocampal neurons at 14 days in vitro with leptomycin B (LMB),
anuclear export inhibitor (Fig. 1B). Consistent with our previous
report (9), endogenous RAR« was present in the dendrites of
untreated neurons (Fig. 1B). Three hours of LMB led to an 80%
decrease in cytoplasmic/dendritic localization of endogenous
RARa (n = 9 neurons/group, P < 0.005), indicating that its
localization relies on Crm1-mediated export (Fig. 1B). Dendritic
localization was also observed when GFP-tagged RARa was
expressed for 18 h in cultured hippocampal neurons, and such
localization was similarly sensitive to LMB (Fig. S2.4 and B). The
rapid reduction in cytoplasmic RARa signal following LMB is
most likely caused by a shift in the import/export equilibrium
towards nuclear import, which is supported by the observation
that there is a concomitant ~60% increase in endogenous
nuclear RAR« levels after LMB treatment (data not shown).
Another possible but perhaps minor factor that may contribute
to the reduction in cytoplasmic RARa signal is the relatively
short half-life (4 h) of RAR« as a result of active turnover by
proteasomal degradation (17, 18).

Using NetNES, we identified a putative NES (19) in the
ligand-binding domain of RARa (Fig. 14). To examine the
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contribution of this putative NES to nuclear export, we tested a
truncated RARa GFP construct encoding the DNA binding
domain (RARa DBD), which contains both NLS sequences but
lacks the putative NES (Fig. 14). Consistent with NLS function,
RARa DBD expression was confined to the nucleus (Fig. S2 A
and B). We further examined an NES mutant of RARe,
RAR®(NES-3A), in which the key residues within the predicted
NES motif were replaced with alanines (Fig. 14). The cytoplas-
mic/dendritic localization of RAR«a(NES-3A) was greatly re-
duced compared to that of the WT RARa, and was comparable
to that found when the WT RARa GFP was treated with LMB
(Fig. S2 4 and B). Taken together, these data suggest that RAR«
is subject to active nuclear export.

RAR« Is Directly Associated with GluR1 mRNA In Vivo. We have
previously established that dendritic RA signaling plays an
important role in homeostatic synaptic plasticity, which occurs
through RARa-mediated translational regulation in dendrites
(9, 11). As RNA binding proteins are integral to the intracellular
sorting and translational control of mRNAs in dendrites (20),
we speculated whether RARa could directly associate with
mRNAs. We performed cross-linking followed by immunopre-
cipitation (CLIP) on 3-week-old rat hippocampal tissue, a
method previously used by others to identify interactions be-
tween RNA-binding proteins and mRNA (21). CLIP utilizes UV
light to cross-link protein-nucleic acid interactions at their
contact points, retaining endogenous interactions and allowing
for stringent wash conditions during immunoprecipitation. After
cross-linking, we immunoprecipitated RARa and identified
associated mRNAs by semiquantitative RT-PCR using gene-
specific primers spanning two or more exons. We found that
RARa protein co-immunoprecipitated with GluR1 mRNA as
well as mRNAs encoding GluR2 and eukaryotic elongation
factor 2 (eEF2), all of which have been shown to be dendritically
localized by in situ hybridization (22, 23) (Fig. 24 and Fig. S34).
This interaction appears to be specific for a subset of mRNAs,
as RARe did not co-immunoprecipitate with Ca™?/calmodulin
kinase 2, « subunit (CaMKII«), postsynaptic density protein 95
(PSD95) or eukaryotic elongation factor 1o (EFla) mRNAs,
which are also present in dendrites (23, 24) (Fig. 2A and Fig.
S34). We then performed CLIP using hippocampal synapto-
neurosomes as starting material. Similar to our findings with
whole hippocampal tissue, we found that R AR« associated with
GluR1, GluR2, and eEF2 mRNAs, but not those of CaMKlIlq,
PSD95, and EFla (Fig. S3B), suggesting that the interaction
between RARa and mRNAs is preserved in dendrites.

We next examined with CLIP whether another RA receptor
family member, RARP, associated with mRNAs. Although
RARGa is found in hippocampus, cortex, and striatum, RARP is
specifically expressed in the striatum, hypothalamus, and me-
dulla oblongata, and weakly expressed in the cortex and hip-
pocampus (8). Consistent with results from hippocampal tissue,
RARa CLIP with either forebrain or striatal tissue showed
association between RARa protein and mRNAs of GluRl,
GluR2, and eEF2 (Fig. S44). By contrast, we observed only
minimal association between RARB and the aforementioned
mRNAs in striatum, although RARf protein is more abundant
than RARa (Fig. S34). Moreover, the RARa and RARP
antibodies were similarly efficient in immunoprecipitation
(Fig. S4B).

RAR«a Regulates the Translation of a Reporter Construct Containing
the 5" and 3’ UTRs of the GluR1 mRNA. We then sought to determine
whether mRNA binding by RAR« mediates the RA-dependent
translational regulation we observed (9). We transfected
HEK?293 cells with an untagged RARa or RARP construct,
then, 24 h later, with a reporter encoding GFP flanked by the 5’
and 3’ UTRs of GluR1 (R1-UTR-GFP). GFP reporter expres-
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Fig.2. RARainteracts with specific mRNAs in vivo. (A) CLIP in the hippocam-
pus. Triturated rat hippocampal tissue was exposed to UV radiation to cross-
link protein-RNA interactions followed by RARa immunoprecipitation and
gene-specific RT-PCR. Lane 1, no antibody; lane 2, GFP antibody; lane 3, RAR«
antibody. (B) Translational regulation of GIuR1 5'UTR-GFP-3'UTR reporter by
RA in vivo. HEK293 cells were transfected with an untagged RARa or RARB
construct for 24 h, then with a GIuR1 5’-GFP-3’ reporter, which consists of the
GFP ORF flanked by both 5" and 3'UTR regions of GIuR1 mRNA. Cells were then
treated with 1 uM RA for 1 h in the presence or absence of actinomycin D
and/or anisomycin. Reporter levels were quantified by immunoblotting (n =
5/group except for RARB + R1-UTR-GFP = RA and RARa + GFP * RA, which
were n = 4/group; *, P < 0.05, two-tailed paired t test).

sion was significantly lower in cells co-expressing RAR« than in
cells co-expressing RARP (Fig. 2B). When the GluR1 5’ and
3'UTRs were not included, RAR«a-mediated repression was not
observed (Fig. 2B), suggesting that the GluR1 UTRs participate
in RARa-regulated protein translation. Moreover, addition of 1
M RA to cells co-transfected with RAR« and R1-UTR-GFP
increased GFP expression levels by 140%, a regulation not
observed with the reporter lacking GluR1-UTRs or in RARP
co-transfected cells (Fig. 2B).

The direct association between RAR« and GluR1 mRNA and
the lack of an RAR effect on R1-UTR-GFP expression suggest
that RARa regulates GIuR1 translation by UTR binding. In-
deed, the RA-induced increase in R1-UTR-GFP expression was
blocked by the translational inhibitor anisomycin, but not by the
transcriptional inhibitor actinomycin D (Fig. 2B). Levels of
R1-UTR-GFP transcripts were not altered by RA treatment
(Fig. S5), suggesting that RA neither changes RNA stability nor
increases GFP protein expression through transcriptional acti-
vation. Together, these data indicate that RARa-mediated
translational repression of GluR1 is both UTR-dependent and
RA-sensitive.

RARa Binds RNA via the F-Domain. Although RARa binding to
DNA has been well characterized, an interaction with RNA has
been unclear. Others have shown that DNA binding proteins,
such as p53, bicoid, TRA-1, and Xenopus TFIIIA, are able to
bind RNA via their DBD, whereas thyroid and estrogen recep-

Poon and Chen

A DNA binding domain hinge ligand binding domain
FL [[aB] C [ o
DBD [aB ] c [ o]
LBD [N
FL DBD LBD FL DBD LBD FL DBD LBD FL DBD LBD FL DBD LBD FL DBD LBD
GluR1 GluR2 eEF2 CaMKillo PSD95 EF1o

B RARa H12/F-domain

Sequence: PLIQEMLENSEGLDTLSGQSGGGTRDGGGLAPPPGSCSPSLSPSSHRSSPATQSP
---------------- ottt bttt ————— -t -ttt -t -
8996999866554213637888689121333121281817277876988717712
RARB H12/F-domain
Sequence: PLIQEMLENSEGHEPLTPNS SGNTAEHSPSVSPSSVETSGVSQSPLLQ

Prediction:

Prediction:
899699965546124412187178111127312665376151113773

C FLAF a8 ] c

F domain I
S & S & & &
¢ ¢ ¢ & ¢ & ¢ & ¢ &
PR R IR A R A A AR R

GIuR1 GluR2 eEF2 CaMKillo PSD95 EF1o

Fig. 3. RARa LBD binds RNA through the F-domain. (A) Recombinant
full-length and truncated GST fusion RARa proteins used for specific RNA
selection from a pool of synaptoneurosome RNA. Lower, RT-PCR of specific
RARa-bound mRNAs following selection. (B) RARa (but not RARB) F-domain
contains stretches of RNA binding residues as predicted by BindN. Binding
residues (+) are highlighted in red and non-binding residues (—) are black.
Numbers indicate prediction confidence, with 0 being the lowest and 9 being
the highest. (C) Involvement of F-domain in RNA binding. Upper, recombinant
truncated GST-RAR« proteins used to identify the F-domain as necessary for
mRNA binding. Lower, selection of specific mMRNA species from synapto-
neurosome total RNA using GST fusion proteins containing full length RAR«
(FL, lane 1), RARa lacking H12 and F-domain (AH12/F, lane 2), and the F-
domain alone (H12/F, lane 3).

tors bind RNA via other motifs (25, 26). We sought to identify
the RNA interacting domain of RAR« with a modified in vitro
RNA selection assay in which RARa protein domains were
fused to GST and immobilized on glutathione Sepharose beads.
A total RNA pool harvested from 3-week-old hippocampal
synaptoneurosomes (to enrich for dendritic mRNAs) was used
for selection (27). RT-PCR was then used to detect the relative
enrichment of selected RNAs, which indicates selective binding
to RARa protein domains. Consistent with results from our
CLIP experiments, full-length (FL) RARa protein bound
GluR1, GluR2, and eEF2 mRNAs, but not CaMKII«, PSD95, or
EFla mRNAs (Fig. 34). We tested recombinant proteins con-
taining only the RARa DBD or the RARea ligand-binding
domain (RAR« LBD), retaining the hinge region in both (Fig.
3A4). Specific binding to GluR1, GluR2, and eEF2 mRNA was
observed with the RARa LBD, whereas little to no signal was
observed for any of the tested mRNAs using the RARa DBD
(Fig. 34), suggesting that either RARa DBD does not bind
mRNA or the interaction is not specific.

As the LBD does not have an obvious nucleic acid binding
domain, we used two prediction tools, RNABindR and BindN
(28, 29), to identify putative RNA binding motifs in the RAR«
LBD. These tools predicted an RNA-binding region in the C
terminus of RARa (i.e., the F-domain) that is immediately
downstream of helix 12 (H12; Fig. 3B). To test this prediction,
we generated two recombinant proteins, one containing the H12
and F-domain, and the other encoding the entire RARa protein
except for the H12 and F-domain (Fig. 3C). When RNA
selection was performed with these constructs, binding of
GluR1, GluR2, or ¢eEF2 mRNAs was observed with the F
domain, but not the protein encoding the entire RAR« protein
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Fig. 4. RARa LBD interaction with the GIuR1 5'UTR requires the F-domain.
(A) Specific consensus RNA motifs identified by SELEX. Both SELEX-selected
motifs are present in GIuR15'UTR. (B) Filter binding assay using RARa or RARB
LBD recombinant protein containing or lacking the F-domain co-incubated
with 32P-labeled mRNA encoding GFP or GIuR1 5’UTR-GFP as probes (n =
3/group; **, P <5 X 10~4, single-factor ANOVA). (C) Filter binding competition
assay using 32P-labeled GIuR1 5’UTR (no GFP sequence) co-incubated with the
RAR«aLBD inthe presence of 10- and 25-fold amounts of cold GIuR1 or CaMKIla
5'UTR RNA (n = 3/group; *, P < 0.005; **, P <5 X 1074 #%%, P <1 X 107,
single-factor ANOVA).

except for the H12 and F-domain (Fig. 3C), indicating that the
RARa F-domain is necessary for mRNA binding.

RARa Binds to the 5'UTR of GluR1 mRNA. The binding of the RAR«
LBD to a subset of dendritic mRNAs suggests that RAR« binds
specific RNA sequences. To identify sequences recognized by
RARa, we used an unbiased in vitro selection method called
systematic evolution of ligands by exponential enrichment
(SELEX). A pool of RNA oligonucleotides containing a stretch
of random nucleotides flanked by adapter sequences were
synthesized and applied to immobilized recombinant GST-
RARa protein. The RARa-bound oligonucleotides were am-
plified with RT-PCR and transcribed again to generate a new
pool of RNAs for subsequent rounds of selection. Five rounds of
selection were performed before cloning and sequencing. We
analyzed the sequences of positive clones and identified two
putative RNA motifs, CAxyUC and GGnGnG (where x repre-
sents A, C, or G; y represents A, C, or U; and n represents any
nucleotide; Fig. 44 and Fig. S6A4). Both motifs were present in
the 5" UTR of GluR1, GluR2, and eEF2 mRNAs, but not in
those of PSD-95, CaMKIlIe, or EFla (Fig. S6B). It should be
noted that the motifs obtained by SELEX may represent only a
subset of possible motifs as a result of inherent biases incurred
during oligonucleotide synthesis, PCR, and T7 amplification.
Further studies are required to fully understand the properties
of the RNAs that are recognized by RAR«.

We next examined direct binding of RAR«a LBD to in vitro
transcribed RNA using nitrocellulose filter binding assays, a
classical test for RNA-protein interaction in vitro (30) We in vitro
transcribed radiolabeled (3*P-CTP) RNA encoding the GluR1
5'UTR fused to the GFP coding sequence and incubated it with
various recombinant GST-fusion proteins. Compared with GST
alone, the RAR« LBD exhibited significant binding activity to
GluR1 5'UTR-GFP RNA, and this binding activity was abol-
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SELEX motifs (n = 3/group; ***, P < 1 X 10~°). (B) Competition filter binding
assay using 32P-labeled CaMKlla probe fused to the GIuR1 SELEX motifs.
Competition was assayed with excess amounts (10-fold or 25-fold) of cold
GluR1 5'UTR or cold CaMKlla 5'UTR RNA (n = 3/group; *, P < 0.05, single-
factor ANOVA).

ished by F-domain deletion (Fig. 4B). RARB LBD did not
display specific RNA binding activity compared with GST (Fig.
4B). Moreover, a GFP RNA lacking the GluR1 5'UTR did not
bind RARa LBD (Fig. 4B), suggesting that RAR« binds RNA
in a sequence-specific manner. We confirmed this by a compet-
itive binding assay. Addition of non-radiolabeled (i.e., cold)
RNA encoding the GluR1 5'UTR significantly reduced the
binding of 3?P-labeled GluR1 5'UTR in a dose-dependent
manner (Fig. 4C). In contrast, addition of cold CaMKII«a 5'UTR
RNA did not have any effect at 10-fold and only slightly reduced
32P-labeled GluR1 5'UTR binding at 25-fold excess concentra-
tion (Fig. 4C).

We next examined whether the RNA sequence predicted by
SELEX conferred binding of the GluR1 5'UTR to the RAR«
LBD. We generated 3?P-CTP RNA probes containing either the
entire 5’UTR of GIluR1 (Fl 5'UTR) or a truncated GluR1
5'UTR lacking the SELEX-predicted RNA motifs (Tr 5'UTR).
Removal of the predicted RNA sequences dramatically reduced
affinity for the RARa LBD (Fig. 54), suggesting that these
motifs are required for GluR1 mRNA binding to RARa. We
next asked whether the SELEX motifs alone were sufficient for
RARa association. We generated a chimeric probe by adding
the GluR1 SELEX motif to the 3’ end of the CaMKIla 5'UTR
(CaMKII-GluR1 5'UTR), which does not bind RARe«, and
subjected it to filter binding (Fig. 5B). This chimeric RNA
associated with RARa LBD specifically as addition of cold
GluR1 5'UTR at 10- or 25-fold concentrations greatly reduced
the binding activity (Fig. 5B). The CaMKIla 5'UTR did not
contribute to the binding activity, as addition of excess amounts
of cold CaMKII«a 5'UTR had no effect on the chimera binding
activity (Fig. 5B).

RARa LBD Represses Translation via the GluR1 5'UTR in an RA-
Sensitive Manner In Vitro. We have established thus far that RAR«
binds to the 5’UTR of GluR1 mRNA through two RNA motifs
that are also present in the 5'UTRs of two other RARa-
associated mRNAs. The observed GluR1 translational activa-
tion by the addition of RA (9) (Fig. 2B) suggests an RA-sensitive
translational repression mechanism, perhaps involving 43S pre-
initiation complex scanning. A prediction from this would be
that, upon RA binding, a conformational change occurs, leading
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Fig. 6. RARa LBD functions as a retinoic acid-gated translational repressor.
(A) Filter binding assay using the RAR« LBD and a 32P-labeled GIuR1 5'UTR
probe in the presence or absence of 10 uM retinoic acid (n = 3/group; **, P <
5 % 1074). (B) Reconstitution of RAR«a LBD-mediated translational regulation
in an in vitro translation system. RNA encoding GluR1 5’UTR-GFP was added
to RAR« LBD in the presence or absence of 10 M RA. Mixture was then added
to rabbit reticulocyte lysate and incubated for 90 min at 30 °Cin the presence
of 35S methionine. Samples were run with SDS/PAGE and analyzed by auto-
radiography (n = 5/group; *, P<0.01; %, P <1 X 1075, single-factor ANOVA).

to dissociation of RAR« from the GluR1 5’UTR and permitting
translational activation. We tested this hypothesis by first exam-
ining the effect of RA on the affinity between the RARa LBD
and the GIuR1 5'UTR. Indeed, addition of 10 uM RA signifi-
cantly reduced the association between GIuR1 5'UTR and the
RARa LBD (Fig. 64) without affecting RNA stability (Fig. S74).

We next asked whether we could reconstitute RA/RARa-
mediated translational control by using rabbit reticulocyte ly-
sates in an in vitro translation assay. We preincubated protein,
RNA encoding the 5 UTR-GFP or GFP alone, and/or RA
before addition of the reticulocyte lysate. Addition of the RAR«
LBD to GluR1 5'UTR-GFP RNA repressed baseline translation
(as measured by 3°S-Met incorporation), whereas addition of the
RARpB LBD did not (Fig. 6B). In accordance with the filter
binding experiments, the RAR«a LBDAF did not repress trans-
lation, nor was translation of GFP alone repressed by the
addition of the RARa LBD (Fig. 6B and Fig. S7B), presumably
because of a lack of protein-RNA interaction. Importantly,
however, translation of 5’"UTR-GFP incubated with RARa LBD
was de-repressed with the addition of 10 uM RA (Fig. 6B). This
RA-mediated regulation of translation was not observed when
5'UTR-GFP mRNA was incubated with RAR«a LBDAF (Fig.
S7B). Moreover, replacing the SELEX-predicted RNA sequence
in GluR1 5'UTR with its reverse complementary sequence, as a
control, resulted in significantly reduced binding activity with
RARa LBD (Fig. S84) to a level comparable to that of the GFP
RNA (Fig. 4B). In addition, translation of the reverse comple-
mentary SELEX-GFP RNA sequence was not repressed by
RARa LBD when translated in vitro (Fig. S8B). Together, these
experiments demonstrate that the three basic components, the
RARa LBD, the SELEX-predicted sequence in GluR1 5'UTR,
and RA, represent a minimal system of translational regulation.

Discussion

In this article, we provide evidence for a non-genomic role of
RARa as an RNA binding protein that directly regulates
translation in an RA-gated manner. Specifically, we show that (7)
dendritic localization of RARa protein requires active nuclear
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export; (if) RARa directly binds specific mRNAs in vivo, in-
cluding GluR1 mRNA; (iii)) RAR«a binds to RNA via its
C-terminal F-domain; (iv) RAR« binding to GluR1 mRNA is
mediated by consensus sequences in the 5'UTR; and (v) RAR«
binding to GluR1 mRNA represses translation, and this repres-
sion can be relieved by RA.

Our results are partly consistent with another study suggesting
that RARais an RNA-binding protein (31). This study, however,
postulates that RAR« binds mRNAs in a sequence-independent
manner via its DNA-binding domain. It thus remains to be
determined whether RARa has two distinct modes of mRNA
interaction—the sequence-specific binding described here and
the sequence-independent binding described by the other study
(31)—or the sequence-independent interaction described in the
other study (31) reflects a non-specific nucleic acid-binding
reaction.

RAR« Binding to the UTRs of Associated mRNAs. Using SELEX, we
have defined two RNA motifs that are preferentially recognized
by RARa (Fig. 44). The fact that both sequence motifs are
present in the 5'UTRs of associated mRNAs (GluR1, GluR2,
and eEF2) but absent from the 5'UTRs of non-associated
mRNAs (PSD95, CaMKIle, and EFla) suggests that RAR«
binds to the 5'UTRs of mRNAs through specific sequence
recognition, a notion further supported by the gain-of-binding
activity of the CaMKIla-GluR1 5'UTR chimera (Fig. 5B). A
relationship between the 3'UTR and RAR«, however, remains
to be explored. The 3'UTR is often longer than the 5'UTR and
is extensively associated with RNA binding proteins. These
interactions regulate mRNA localization as well as translational
regulation (22). As a result of the length and complexity of the
3'UTR, the presence of SELEX motifs does not necessarily
warrant RARa and 3'UTR binding. However, although RAR«
alone is sufficient to regulate translation, interactions with other
RNA-binding proteins may further tune translation. For exam-
ple, although GluR2 mRNA binds RAR« (Figs. 2 and 3), RA
alone is not sufficient to stimulate GluR2 translation in cells (9),
suggesting multiple translational control mechanisms (e.g.,
FMRI1 protein-mediated repression [24]). The complexity of
translational regulation provided by the differential associa-
tion of mRNAs with various RNA binding proteins may thus
constitute a layer of precise, context-dependent translational
control.

RARa F-Domain and RNA Binding. We show that specific mRNA
binding to RAR« is mediated by the F-domain, a region of high
variability within the RAR family (32). Although unstructured,
the RAR« F-domain is particularly rich in glycine, proline, and
serine residues. The lack of arginine and lysine-rich stretches in
the F-domain, however, suggests a non-classical mechanism of
RNA binding. Examples of these non-classical glycine- and/or
proline-rich RNA binding proteins include cirp (cold inducible
RNA binding protein) and mPrrp (mouse proline rich RNA
binding protein) (33, 34). We have shown that the F-domain is
capable of RNA binding in vitro (Fig. 3C) but it is not clear
whether other RARa domains may influence F-domain binding
affinity, an issue that requires further examination.

In addition to its ligand-dependent regulation, RAR«a can
undergo many post-translational modifications including phos-
phorylation, trimethylation, and sumoylation, leading to differ-
ential functional outputs. These modifications influence tran-
scriptional control, RARa DNA and/or ligand binding affinity,
and possibly protein structure (35). These post-translational
modifications are triggered by other regulatory events and may
serve as mechanisms for fine-tuning RARa RNA binding and
translational control. RARa phosphorylation studies have al-
ready identified sites in the LBD and many within the F-domain
alone (36). Modification of these residues may thus cause the
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F-domain to adopt a rigid structure, which could then confer or
enhance RNA binding. This also suggests that there may be a
distinctly modified form of RARa that can be exported from the
nucleus, bind mRNA, and localize to the dendrite. We postulate
that cytoplasmic RAR« can serve to integrate diverse signaling
pathways through post-translational modification, resulting in
the regulation of RNA binding and translational control.

A Model for RA-Gated RARa-Mediated Translational Control. Based
on our data, and on the RA-induced conformational change in
RARa, we propose a mechanism of translational control
whereby un-liganded RAR«, of which H12 and the F-domain are
extended away from the LBD, binds to the 5'UTR of GluR1
mRNA. This represses translation, possibly by hindering 43S
pre-initiation complex scanning in a mechanism similar to
ferritin mRNA translational control by iron regulatory protein-1
(37). In this repressed state, the RARa mRNA complex may be
mobile, shuttling from the nucleus into the soma (via nuclear
export) and dendrites. Upon RA binding, the RARa LBD
undergoes a well described conformational change in which H12
(and the F-domain) shifts positions, resulting in mRNA de-
repression followed by GluR1 translation (13).

In conclusion, our current findings describe the interactions
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among RA, RARq, and dendritically localized mRNAs in
translation. This expands the scope of the biological function of
RARa beyond its role as a regulator of gene transcription.
Taken together with the role of RA in homeostatic synaptic
plasticity we reported previously (9), RA/RARa signaling in the
adult brain may serve to integrate transcriptional and transla-
tional events and facilitate cross-talk between cell types (e.g.,
between neurons and glia), thus making a significant contribu-
tion to the regulatory events that occur during normal synaptic
function and plasticity.

Materials and Methods

Detailed experimental procedures are described in S/ Text. FISH (23) and CLIP
(21) studies were performed as described previously. Purified GST fusion
proteins and total RNA from synaptoneurosomes were used for in vitro
domain-specific RNA selection.
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