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Two sorts of proteins bind to, and mediate the developmental and homeostatic effects of, retinoic acid (RA):
the RAR and RXR nuclear receptors, which act as ligand-dependent transcriptional regulators, and the
cellular RA binding proteins (CRABPI and CRABPII). CRABPs are generally known to be implicated in the
synthesis, degradation, and control of steady-state levels of RA, yet previous and recent data have indicated
that they could play a role in the control of gene expression. Here we show for the first time that, both in vitro
and in vivo, CRABPII is associated with RARa and RXRa in a ligand-independent manner in mammalian cells
(HL-60, NB-4, and MCF-7). In the nucleus, this protein complex binds the RXR-RAR-specific response element
of an RA target gene (RARE-DR5). Moreover, in the presence of retinoids that bind both the nuclear receptors
and CRABPII, enhancement of transactivation by RXRa-RARa heterodimers is observed in the presence of
CRABPII. Thus, CRABPII appears to be a novel transcriptional regulator involved in RA signaling.

The vitamin A metabolite retinoic acid (RA) is a potent
modulator of cell growth and differentiation. It plays a central
role in development processes, controls adult tissue homeosta-
sis, and is, clinically, a novel tool for the treatment of skin
disorders, the prevention of epidermal cancer, and the treat-
ment of acute promyelocytic leukemia (APL) (12).

The effects of RA are mediated by at least two sorts of
proteins, the nuclear receptors and cellular RA binding pro-
teins (CRABPs). The nuclear receptors belong to the steroid/
thyroid hormone superfamily, members of which act as ligand-
dependent transcription factors (9, 34). CRABPI and
CRABPII are small-molecular-size proteins (15 kDa) which
belong to a family of proteins, the b-clamp protein family,
members of which bind small hydrophobic ligands (39).

So far the function which has been attributed to CRABPs is
to protect retinoids in vivo from other cellular proteins, trans-
form bound retinoids into specific biological compounds, and
modulate the concentration of free RA available to the nuclear
receptors (19). While CRABPI is widely expressed and has
been extensively studied, CRABPII has been less thoroughly
characterized, due to its low abundance in most tissues.
CRABPI and CRABPII have 75% amino acid sequence sim-
ilarity and are the same size (19, 24). Distinct features of
CRABPII such as differential expression in certain tissues (16)
and direct control by an RA-responsive element (RARE) (2,
17) indicate that CRABPII may have a function different from
that of CRABPI. Of the natural isomers, all-trans RA binds
CRABPII with a stronger affinity than 9-cis RA, with Kds of 10
to 20 and 50 to 70 nM, respectively (19).

To date these binding proteins, known to be cytosolic, have
not been implicated in nuclear events, although in vitro data in

different tissues demonstrate that the presence of CRABPs
influences RA efficacy and gene expression (6). Direct control
of gene expression by CRABPI has been ruled out previously
(48), yet we and others have suggested that a nuclear function
of CRABPII may be expected (15, 22, 30). Having observed an
increase in RA receptor alpha (RARa) and CRABPII proteins
during all-trans RA differentiation therapy in APL (12–14), we
investigated the potential role of CRABPII in RAR signaling
both in vitro and in vivo. The results strongly place CRABPII
as a novel ligand-dependent transcription regulator of the
RAR signaling pathway in eucaryotic cells.

MATERIALS AND METHODS

Plasmids. The human RARb2 (hRARb2)–luciferase (Luc) (25 kb to 1155
bp) and RARE3–thymidine kinase (TK)-Luc reporter genes have been described
previously (10, 43, 47). Expression vectors for hRARa (pSG5-hRARa), human
retinoid X receptor alpha (hRXRa) (pSG5-hRXRa), murine CRABPII
(mCRABPII) (pTL1-mCRABPII), and mCRABPI (pSG5-mCRABPI) have
been described previously (22, 43). The Gal4 fusion protein expression vector
Gal4-RAR(DEF) (36) and the 17-mer ERE-G-chloramphenicol acetyltrans-
ferase (CAT) reporter gene (45) have already been described. The Gal4-CRAB-
PII chimeric expression vector was constructed by replacing the human estrogen
receptor (ER) exon 7 from the vector Gal4-exon7-F (52) with full-length
mCRABPII. For in vitro binding assays, the cDNAs for full-length RARa and
RXRa (as well as those for the vitamin D3 receptor [VDR], c-Jun, and ER) were
fused to glutathione S-transferase (GST) in the pGEX2T plasmid (Pharmacia)
(50). Full-length mCRABPII was cloned into the pET15b plasmid, which directs
the synthesis of six-His-tagged fusion protein in Escherichia coli. His-mCRABPII
was expressed in E. coli and purified on HiTrap chelating columns (Pharmacia
Biotech).

Antibodies. Mouse monoclonal antibodies (MAbs) against the F region of
RARa [MAb 9a(F)], the DE region of RXRa (MAb 4RX3A2 and MAb
4RX1D12), CRABPI (3CRA10F5), or CRABPII (5CRA3B3 and 1CRA4C9)
and rabbit polyclonal antibodies against the F region of RARa [RPa(F)] or the
A region of RXRa [RPRXa(A)] were described previously (22, 41).

Cells. HL-60, NB4, MCF-7, and Cos-1 cells were cultured as previously de-
scribed (11, 30, 43).

Retinoids. All-trans RA and 9-cis RA were supplied by Hoffmann-La Roche
(Basel, Switzerland). CD336, CD2307, and CD582 were provided by Cird-Gal-
derma (Sophia Antipolis, France); Am80 and Ch55 were provided by K. Shudo
(Tokyo, Japan).

Transfections and luciferase assays. HL-60 cells were electroporated as pre-
viously described (43) with the CRABPII expression vector (2 mg) and the
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luciferase reporter gene (hRARb2-Luc) or RARE3-TK-Luc (5 mg) in the pres-
ence or absence of all-trans RA. All transfections were performed with 1 mg of
the b-galactosidase expression vector (pCH110) as an internal standard. Cells
were harvested 48 h after transfection, and a luciferase assay was performed by
a standard procedure. Cos-1 cells were transfected with the same vectors by the
calcium phosphate precipitation technique as previously described (43). All the
results are expressed as fold induction based on the basal activity of the reporter
gene (arbitrarily set at 1) observed in the absence of any receptor expression
vector and in the absence of any ligand.

Immunofluorescence. Cytospun NB4 cells and transiently transfected Cos-1
cells were fixed in 4% paraformaldehyde and incubated overnight at 4°C, with
the MAbs 3CRA10F5 (dilution, 1/100), 5CRA3B3 (dilution, 1/50) and 9a(F)
and/or the polyclonal antibody RPRXa(A) (dilution, 1/100) or with purified
normal mouse immunoglobulin G (IgG) (dilution, 1/50) (Dako, Glostrüp, Den-
mark) as a control. Then the cells were incubated with antibodies specific for
mouse or rabbit immunoglobulin subclasses conjugated to fluorochromes (fluo-
rescein, cyanine 3, or cyanine 5) (dilution, 1/100) (Caltag, San Francisco, Calif.).
Nuclei were counterstained with Hoechst 33258. Cells were analyzed by fluores-
cence microscopy using a confocal laser scanning microscope. The scanning
conditions and exposure times in all subsequent photographic processes were
identical for all cells from a given experiment.

EMSA, immunoblotting, and immunoprecipitation. The electrophoretic mo-
bility shift assay (EMSA) procedures used were similar to those previously
described (7). In addition to the extracts (2 to 5 mg), reaction mixtures contained
20 ml of binding buffer and the double-stranded DR5 oligonucleotide probe (37
bp) (30 ng) corresponding to the RARE of the RARb2 natural promoter. Where
indicated, extracts of Cos-1 CRABPII-transfected cells or purified bacterially
expressed His-mCRABPII was added (at 2 mg or in increasing concentrations).
In experiments performed in the presence of RA, Cos-1 cells were cultured in
medium with charcoal-dextran prior to transfection. Proteins were resolved on
nondenaturing polyacrylamide gels and autoradiographed. For immunoprecipi-
tation, nuclear extracts were incubated with protein A-Sepharose beads cross-
linked with MAb 9a(F) or MAb 4RX3A2. The immunoprecipitated proteins
were detected by immunoblotting and chemiluminescence.

In vitro binding assays. In vitro binding assays were performed as previously
described (50). Briefly, GST or GST fusion proteins were expressed in E. coli and
purified on glutathione-Sepharose beads (Pharmacia). Purified proteins were
quantified by a Bradford protein assay and by Coomassie staining after separa-
tion by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Purified recombinant His-mCRABPII (500 ng) was incubated at 4°C for 1 h with
20 mg of each of the different GST fusion proteins bound to glutathione-Sepha-
rose beads in a 100-ml total volume of binding buffer (50 mM Tris-HCl [pH 7.5],
100 mM NaCl, 10 mM MgCl2, 0.3 mM dithiothreitol [DTT], 5% glycerol, 0.1%
Nonidet P-40). Reactions were performed in the absence or presence of all-trans
RA or 9-cis RA (1027 M). Beads were then washed four times with the same
buffer, and bound proteins were eluted with 30 ml of SDS loading buffer, resolved
by SDS-PAGE, and analyzed by Western blotting.

RA binding assay. Extracts (200 mg of protein) were incubated with increasing
concentrations of [3H]all-trans RA (2, 4, 10, 30, and 60 nM) in binding buffer (50
mM Tris-HCl [pH 8]–150 mM NaCl–1 mM EDTA–1 mM DTT) in the presence
or absence of a 200-fold excess of unlabeled all-trans RA. After 18 h of incuba-
tion at 4°C, 0.1 ml of a chilled charcoal-dextran suspension (3% NortiA–0.3%
dextran T70 in 50 nM Tris-HCl [pH 8]–10 mM KCl–1 mM DTT) was added to
0.2 ml of the incubated mixture, mixed vigorously, and left for 15 min at 4°C. The
tubes were then centrifuged at 5,000 3 g for 10 min, and 0.15 ml of supernatant
samples was counted for radioactivity. At each retinoid concentration, the num-
ber of molecules bound was determined. Radioactivity bound in the presence of
a 200-fold molar excess of unlabeled all-trans RA (nonspecific binding) was
subtracted from the total binding to obtain the specific binding.

RESULTS

CRABPII is a nuclear protein which enhances RA-mediated
gene transcription. When CRABPII was coexpressed with
RARa and RXRa in transiently transfected Cos-1 cells, the
RA-dependent activation of the hRARb2 promoter that con-
tains a DR5 RARE (10, 47) was enhanced ;10-fold (Fig. 1a,
columns 7 and 8). A lower level of stimulation was noted when
CRABPII was expressed with either RARa or RXRa (Fig. 1a,
columns 3 to 6). Under similar conditions, overexpression of
CRABPI did not affect transactivation by RARa-RXRa (Fig.
1a, column 9) (47). Transfection experiments performed with a
synthetic RARE3–TK–Luc reporter gene yielded similar re-
sults (data not shown), implying that the observed stimulation
could be mediated by the DR5 RARE sequence.

The use of specific antibodies and confocal microscopy im-
munofluorescence analysis of Cos-1 cells expressing CRABPII,

RARa, and RXRa showed that the distribution of CRABPII
in the nucleus (Fig. 1b) was similar to those of RARa (Fig. 1c
and d), RXRa (Fig. 1e and f), or both RARa and RXRa (Fig.
1g). Therefore, we hypothesized that CRABPII could be asso-
ciated with transcriptional DR5 RARE-receptor complexes.

CRABPII is part of the protein complex which binds to
RARE. EMSAs were performed by using purified recombinant
mouse CRABPII, extracts from Cos-1 cells transfected with
both RARa and RXRa expression vectors (Fig. 1h), and a
labeled DR5 RAREb2 oligonucleotide probe. Upon the addi-
tion of recombinant CRABPII to RARa and RXRa, the DR5-
bound complex (Fig. 1h, lane 1) was clearly shifted by the
CRABPII MAb (Fig. 1h, lane 8) and supershifted upon the
further addition of RARa antibody (Fig. 1h, lane 6); addition
of the RXRa antibody was less efficient in this supershifting,
perhaps reflecting steric hindrance problems (Fig. 1h, lane 7).

CRABPII interacts directly with RARa and RXRa. To fur-
ther investigate the interaction of CRABPII with RARa and
RXRa, extracts from Cos-1 cells expressing CRABPII with
either RARa or RXRa were immunoprecipitated with MAbs
directed against RARa or RXRa. SDS-PAGE, electrotransfer
onto a nitrocellulose filter, and immunoblotting with a CRAB-
PII MAb showed that CRABPII could be immunoprecipitated
with RARa and RXRa (Fig. 2a, lanes 3 and 6). This interac-
tion was a direct one, as shown by the fact that, irrespective of
the presence of ligand, purified bacterially expressed His-
tagged mCRABPII was specifically pulled down by the bacte-
rially expressed fusion proteins GST-RARa and GST-RXRa
bound to glutathione-Sepharose beads (Fig. 2b, lanes 2
through 5). This interaction was specific to the RA nuclear
receptors, as evidenced by the fact that no binding was noted
with either the GST-cJun fusion protein (Fig. 2b, lane 6), a
GST-VDR protein (Fig. 2b, lane 7), or either of the GST-ER
fusions (Fig. 2b, lanes 8 and 9).

Altogether, the above results support the existence of a
protein-DR5 RARE transcriptional complex in which CRAB-
PII directly interacts with the receptors in a ligand-indepen-
dent manner to further enhance the transcriptional activity of
the RXR-RAR heterodimer in the presence of ligand.

How could CRABPII enhance the transcriptional activity of
RARa-RXRa heterodimers in transfected Cos-1 cells?
CRABPII did not exhibit any transcriptional activity in Cos-1
cells in the transient transfection assay shown in Fig. 1a, and we
further confirmed that when it was fused to the DNA-binding
domain of the yeast transcription factor Gal4 (inset in Fig. 2c),
no transactivating activity was noted, irrespective of the pres-
ence of the ligand (Fig. 2c, columns 7 to 10). Under similar
conditions, a control Gal4-RAR(DEF) expression vector in-
duced the expected ligand-dependent increase in CAT activity
(Fig. 2c, column 6). Therefore, it seems obvious that CRABPII
is not, by itself, a transcriptional factor and that the enhance-
ment of transactivation observed in its presence is linked to its
association with RARa and RXRa.

Enhanced transcription through CRABPII requires ligand
binding. Since, in contrast to other known nuclear receptor
transcriptional cofactors (25), CRABPII binds the ligand, we
investigated whether its transcriptional stimulatory activity re-
quired RA binding. The effect of CRABPII on the transacti-
vation of the RARb2 promoter-based reporter by RXRa-
RARa heterodimers was studied in the presence of RA and
synthetic retinoids known to possess different binding affinities
for retinoid receptors and CRABPII (Fig. 3H) (1, 7, 20, 23, 44).
Enhanced transcription in the presence of CRABPII was ob-
served only with retinoids which bind both CRABPII and the
receptors: all-trans RA and 9-cis RA (Fig. 3A and B), Am80

VOL. 19, 1999 CRABPII-RANC INTERACTIONS 7159



(Fig. 3C), and CD270 (data not shown). Incubation with reti-
noids reported not to bind CRABPII (Fig. 3D through F), such
as the RXRa agonists Ch55 and CD582 or an RARa-specific
agonist (CD336), did not elicit transcription enhancement and

even reduced it. Thus, enhancement of transcription by
CRABPII requires ligand binding to both CRABPII and the
nuclear receptors.

The exact mechanism(s) through which CRABPII induces
this enhancement is unknown. As preliminary indications of
research, we studied whether the presence of CRABPII en-
hanced the interaction of all-trans RA with the receptors. In-
creasing concentrations of [3H]all-trans RA were incubated
with either Cos-1 RARa, Cos-1 CRABPII, or a mixture of
Cos-1 RARa and Cos-1 CRABPII extracts. The same quantity
of proteins was added to each reaction mixture. Figure 4A
shows that when CRABPII and RARa are both incubated with
increasing concentrations of [3H]all-trans RA, the number of
bound molecules is greater than the sum of molecules bound to

FIG. 1. CRABPII is a nuclear protein which participates with the DR5-
bound complex to enhance transcription. (a) Cos-1 cells were cotransfected with
the RAREb-Luc reporter gene containing the native RARb promoter region
(25 kb to 1155 bp) (5 mg) and pSG5-hRARa and/or pSG5-hRXRa expression
vectors (0.5 mg each) with or without pTL1-CRABPII (2 mg) (columns 1 to 8) or
pSG5-mCRABPI (2 mg) (column 9) as previously reported (43). Cells were or
were not incubated with all-trans RA (1 mM). The results shown correspond to
a representative experiment among at least five. All experiments were normal-
ized to b-galactosidase (1 mg). The results are expressed as fold induction
compared to the basal activity of the RAREb-Luc reporter. (b to g) Immuno-
fluorescence and confocal analysis of Cos-1 cells cotransfected with RARa,
RXRa, and CRABPII. (b) Green, 5CRA3B3 (anti-CRABPII). (c) Red, MAb
9a(F) (anti-RARa). (d) Yellow, overlapping red and green fluorescence. CRAB-
PII is localized as RARa in the nucleus. (e) Blue, RPRXa (anti-RXRa). (f)
Turquoise, overlapping blue and green fluorescence. CRABPII is in the nucleus
with RXRa. (g) White, overlapping green, red, and blue fluorescence. CRABPII
is in the nucleus along with RARa and RXRa. (h) EMSA performed with a DR5
probe and nuclear extracts (2 mg) from Cos-1 cells overexpressing RARa and
RXRa with added bacterially purified recombinant His-mCRABPII (2 mg). A
supershift was obtained with the CRABPII antibody (lane 8), and a super-
supershift was obtained when this antibody was combined with the RARa MAb
(compare lane 6 with lanes 3 and 8) and, to a lesser extent, with the RXRa MAb.
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each protein incubated separately with [3H]all-trans RA. This
suggests a positive cooperative effect between CRABPII and
RARa.

We further show that incubation of increasing concentra-
tions of CRABPII (Fig. 4B, lanes 3 to 6) drastically increases

the binding of the DR5-bound complex (Fig. 4B, lane 1) which
contains RARa and RXRa, as shown by the supershift ob-
tained in the presence of anti-RARa and anti-RXRa antibod-
ies (Fig. 4B, lane 2). CRABPII could facilitate the delivery or
accessibility of all-trans RA to the receptors, thereby increasing

FIG. 2. CRABPII interacts directly with RARa and RXRa in the absence of ligand. (a) Coimmunoprecipitation of CRABPII with RARa and RXRa. Whole-cell
extracts from Cos-1 cells (1 mg) cotransfected with CRABPII and RARa or RXRa were immunoprecipitated with MAb 9a(F) (lane 3) or MAb 4RX3A2 (lane 6) and
then immunoprobed with RPa(F) (upper panel, lanes 1 to 3), RPRXa(A) (upper panel, lanes 4 to 6), or 5CRA3B3 (lower panels, lanes 1 to 6). Each extract was also
immunoprecipitated with nonimmune antibodies (MAb control IP) (lanes 2 and 5). Lanes 1 and 4, unprecipitated extracts from the different cell lines. CRABPII
interacts with RARa and RXRa. (b) Binding of GST-RARa (lanes 2 and 3), GST-RXRa (lanes 4 and 5), or other GST fusion proteins (GST-Jun [lane 6], GST-VDR
[lane 7], and GST-ER [lanes 8 and 9]) to purified bacterially expressed His-mCRABPII (500 ng) was assessed in a GST pull-down assay as indicated (50). Bound
CRABPII was detected by Western blotting with MAb 1CRA4C9. Lane 1 represents 4% of input His-mCRABPII fusion protein. Addition of all-trans RA (ATRA)
or 9-cis RA (9C-RA) (0.1 mM) does not affect the direct specific binding (lanes 3 and 5). (c) Cos-1 cells were cotransfected with the (17m)-G-CAT reporter plasmid
(36) (1 mg) and chimeric expression vectors encoding the DNA-binding domain of the yeast transcription factor Gal4 fused to either CRABPII (Gal4–CRABPII)
(2 or 5 mg) or the DEF regions of RARa (Gal4–RAR) (45) (50 ng). Fold inductions compared to the activity of the control Gal4 expression vector are indicated. No
significant activation was observed with Gal4-CRABPII even in the presence of the ligand and despite the confirmed presence of the protein by Western blotting.
However, the Gal4–RAR(DEF) (52) expression vector induced an expected increase of CAT activity in the presence of RA.
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the binding or stability of the RA nuclear complex (RANC)
receptors to the promoters of their target genes.

Transactivation of myeloid cells is enhanced by CRABPII.
By Western blotting and immunoblotting with specific CRAB-
PII antibodies, we were able to detect CRABPII in myeloid
cells. Although CRABPII is found in limited amounts, confo-

cal microscopy analysis showed the presence of CRABPII in
both the nucleus and the cytoplasm (Fig. 5 Aa and Bc),
whereas CRABPI remained cytoplasmic (Fig. 5Ab). The pro-
portion of CRABPII found in the nucleus or in the cytoplasm
was found to vary from one cell to another and from one
sample to another, further indicating that CRABPII shuttles

FIG. 3. CRABPII is a ligand-dependent transcriptional regulator. Cos-1 cells were transfected with the luciferase reporter gene hRARb2-Luc (5 mg) and the RARa
and RXRa expression vectors (0.5 mg each) with (■) or without ({) cotransfection of the CRABPII expression vector (2 mg). The cells were then treated with different
retinoids: all-trans RA (A), 9-cis RA (B), Am80 (C), and retinoids which do not bind CRABPII (D through G). (H) The reported relative binding of the different
retinoids to the receptors and CRABPII (1, 7, 20, 23, 44) is summarized. Results of one experiment representative of at least three are shown. All experiments were
normalized to b-galactosidase (1 mg).
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between the cytoplasm and the nucleus. Immunolabeling with
an RARa antibody (Fig. 5Ba) and fluorochrome bound to a
different IgG subtype offered evidence that CRABPII could be
found in the same cellular compartments as RARa (Fig. 5Bd).
A Western blotting assay of myeloid cell line extracts showed
that different amounts of CRABPII were detected in different
cell types (Fig. 5C). Last, coimmunoprecipitation using nuclear
extracts from NB4 cells, which express the highest levels of
CRABPII among myeloid cells (Fig. 5C), allowed us to con-
firm that indeed endogenous CRABPII interacted with both
RARa and RXRa (Fig. 5D, lanes 3 and 6).

The presence of CRABPII in the nucleus and its specific
binding to RARa and RXRa strongly suggest that, as observed
in Cos-1 transfected cells, CRABPII may participate in the
transcription of RA target genes. EMSA studies performed
with extracts of NB4 cells show that, as observed in Cos-1
transfected cells, CRABPII is part of the complex which binds
to the RAREb-DR5 oligonucleotide which contains RARa

and RXRa (Fig. 5E, lane 1), as shown by the supershift in the
presence of anti-RARa and anti-RXRa antibodies (lane 2).
Indeed upon incubation with an anti-CRABPII antibody, the
complex is clearly shifted (Fig. 5E; compare lanes 3 and 4).
CRABPII could facilitate the delivery or accessibility of all-
trans RA to the receptors, thereby increasing the binding or
stability of the RANC receptors to the promoters of their
target genes.

When the same RAREb reporter gene and the CRABPII
expression vector are both transfected in HL-60 or NB4 cells,
enhancement of transcription from the endogenous RARs is
induced 10- or 2-fold, respectively, with the RAREb reporter
gene (Fig. 6C and D). When similar experiments were per-
formed with a synthetic reporter gene bearing only the nucle-
otides of a RARE direct repeat (RARE3-TK-Luc) (43), en-
hancement of transcription was equally observed, confirming
that the RAREs of the RARb promoter are involved (Fig. 6A
and B). Spontaneous high levels of CRABPII in NB4 cells may
be responsible for a less striking enhancement. In the absence
of overexpressed CRABPII, myeloid cells respond to induction
of transactivation only with ligands which bind both the nuclear
receptors and CRABPII. Thus, in myeloid cells, CRABPII
binds the RA nuclear receptors.

CRABPII is immunoprecipitated by RARa and RXRa in
mammary and teratocarcinoma cells. Because RA plays a
pivotal role in the control of differentiation and proliferation in
other tissues (6, 42), we studied the expression of CRABPII in
the nuclear extracts of nonhematopoietic cells, such as mam-
mary and teratocarcinoma cells, known to respond to RA (26).
Indeed, in MCF-7 cells, we observe that CRABPII is expressed
in the nucleus (Fig. 7, lane 1) and is coimmunoprecipitated
with RARa and RXRa. Interestingly, the addition of labeled
DR5 increases the amount of bound CRABPII (Fig. 7, lane 4).

DISCUSSION

In this study, we have confirmed for the first time that
CRABPII interacts in vitro and in vivo with the RARs (RARa
and RXRa) and participates in the RANC that transactivates
RA target genes. Overexpression of CRABPII in transfected
Cos-1 cells, as in myeloid cells and in breast cancer cells, as
recently reported (30), suggests that these interactions could
be implicated in RA-mediated transcription. Indeed, we pro-
vide evidence that physical interactions of CRABPII with the
receptors are observed in both myeloid and breast cancer cells,
bringing strong arguments that these observations may be of
physiological importance.

To date the mechanism of action of retinoids in a given cell
has been shown to result from the integration of a certain
number of signals resulting from specific interactions with pro-
teins of the transcriptional machinery (4, 28, 29), coactivators
or corepressors (37, 46), heterodimeric configuration (53), pro-
tein phosphorylations (40), and ligand structure and concen-
tration, to name a few more widely studied parameters (9, 25,
51). In this report, we present evidence of a novel level of
regulation. CRABPII, a small RA binding protein, which to
date was assumed to be only cytoplasmic and linked to the
control of the intracellular concentration of RA, is shown to be
involved in the enhancement of RA-mediated transactivation
and to participate in the DNA-bound nuclear receptor com-
plex. As such, CRABPII could be included in the already
defined nuclear receptor coregulator family. Indeed, it binds to
RARa and RXRa; its positive control of transcription requires
the presence of the RXR-RAR heterodimer, as it cannot on its
own bind to the RARE; and it has by itself no transcriptional
effect when recruited close to a transcription initiating site.

FIG. 4. The presence of CRABPII increases the binding of all-trans RA to
the receptors and that of the receptors to DR5. (A) RA binding assay. Increasing
concentrations of [3H]all-trans RA (2, 4, 10, 30, and 60 nM) were incubated with
Cos-1 RARa, Cos-1 CRABPII, or a mixture of Cos-1 RARa and Cos-1 CRAB-
PII extracts. Two hundred micrograms of proteins was added to each reaction.
Results are expressed as the number of specifically bound all-trans RA mole-
cules. (B) EMSA performed with a DR5 probe and nuclear extracts (2 mg) from
Cos-1 cells overexpressing RARa and RXRa, with increasing concentrations of
Cos-1 cells overexpressing CRABPII (1.25, 2.5, 5, and 7.25 mg [lanes 3 to 6,
respectively]) added in the presence of 1029 M all-trans RA. The DR5 bound
complex obtained in the presence of 1029 M all-trans RA (lane 1, arrow), which
contains RARa and RXRa, as shown by the supershift (lane 2, arrow) in the
presence of anti-RARa and anti-RXRa antibodies, increases with the concen-
tration of CRABPII added (compare lane 3 to lane 4). The relative increase was
quantified and expressed in relation to the binding intensity obtained in the
absence of CRABPII (lane 1).
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However, specific characteristics distinguish CRABPII from
the coactivators previously described (3, 8, 29, 33, 49). First, it
is the sole identified coregulator which binds the ligand. Sec-
ond, it does not show any structural homology with any of the
known activators and does not have an LXXLL sequence (27).
Third, it is likely to be specific to the RANC, as it does not bind
to any other members of the nuclear receptor family, such as

the ER or VDR. Nevertheless, CRABPII may share some
features with the other RA nuclear receptor cofactors, such as
binding to RXR and RAR in the presence of ligand, with the
interaction involving the D and E domains of RARa (unpub-
lished data). To date, most of the coregulators of the nuclear
receptors have been assigned specific functions (helicase, pro-
tein kinase, histone acetylase, or chromatin activation) (5, 21,

FIG. 5. CRABPII is present in the nuclei of RA-sensitive myeloid cells. (A and B) Confocal microscopy. CRABPII is localized in both the nucleus and the
cytoplasm. (A) Immunofluorescence of NB4 cells with MAbs for CRABPII (5CRA3B3) (a) and CRABPI (3CRA10F5) (b). (B) Immunofluorescence of an NB4 cell
labeled with MAbs for RARa [MAb 9a(F)] (a, red fluorescence) and CRABPII (5CRA3B3) (c, green fluorescence). (d) Yellow, overlapping red and green
fluorescence. (b) Nuclei counterstained with Hoechst 33258. CRABPII is localized with RARa in both the nucleus and the cytoplasm. (C) Western blot analysis of
extracts from NB4 (75 mg), HL-60 (150 mg), and U-937 (150 mg) cells with 5CRA3B3, showing the nuclear localization of CRABPII and the different levels of CRABPII
in the different cell types. (D) Coimmunoprecipitation of CRABPII with RARa and RXRa. Nuclear extracts from NB4 (1.5 mg) cells were immunoprecipitated with
MAb 9a(F) (lane 3) or MAb 4RX3A2 (lane 5) and then immunoprobed with either RPa(F) (upper panel, lanes 1 to 3), RPRXa(A) (upper panel, lanes 4 and 5), or
5CRA3B3 (lower panels, lanes 1 to 5). Unprecipitated extracts were used as controls (lanes 1 and 5). Extracts were immunoprecipitated with nonimmune antibodies
(MAb control IP, lanes 2 and 4). CRABPII interacts in vivo with RARa and RXRa. (E) EMSA performed with a DR5 probe and nuclear extracts (2 mg) from NB4
cells. The CRABPII antibody (lane 4) induces a supershift (arrow 3) of the DR5-bound complex (lane 1 or 3, arrow 1), which is shown to comprise RARa and RXRa
(lane 2, arrow 2).
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31, 35, 38, 50). CRABPII is the first example of a novel func-
tion for a coregulator of the nuclear receptor transcriptional
complex, as it binds the ligand and the receptor equally.

These findings raise numerous questions related to our al-
ready complex understanding of RA-regulated transcription. It
will be interesting to elucidate the specific role of CRABPII in
relation to the other nuclear receptor-bound proteins, the
transport of the nuclear receptors to the RARE, or any other
unknown functions. A hypothesis could be that since CRABPII
is an RA-binding and -metabolizing protein, it could bring
further local control of target genes at the promoter level and
exquisitely coordinate the nuclear signaling of RXR-RAR-
mediated transcription in specific conditions. The existing
model of mice in which the CRABPII gene has been disrupted
will offer us a valuable tool to address these questions.

Indeed, although it may at first appear surprising that de-
spite the novel function of CRABPII, the CRABPII knockout

mice we and others have studied show no major abnormalities
(18, 32), it is now more frequently observed that disruptions of
genes encoding proteins implicated in crucial cell control
mechanisms (and even proteins implicated in nuclear receptor
complexes such as PML or SRC-1) have not always proved
lethal, and their functional consequences have often required
rigorous studies (51, 54). In this respect, it should be kept in
mind that the role of CRABPII might be observed only under
certain conditions which have not yet been addressed.

Numerous features of CRABPs, such as conservation during
evolution, coexpression with RARs, regulation of gene expres-
sion, and direct control by RA of the CRABPII gene were
already indicators that CRABPII played a major role in RA
signaling (2, 16, 17). Our results identify a novel level of spe-
cific receptor control via nuclear in situ ligand regulation which
should be integrated with the already identified interacting
factors of nuclear signaling.

FIG. 6. CRABPII participates in RA-mediated transactivation in myeloid cells. (A through D) HL-60 cells and NB4 cells were cotransfected with either of the
reporter genes RARE3-TK-Luc (5 mg) (A and B) or hRARb2-Luc (5 mg) (C and D) and the CRABPII expression vector (2 mg) and were treated with all-trans RA
at 1 mM. (E and F) HL-60 cells and NB4 cells were transfected with the hRARb2-Luc reporter gene and treated with different retinoids: all-trans RA, 9-cis RA, and
a retinoid which does not bind CRABPII (CD582) at 1 mM. In all cases, similar results were obtained in at least five independent experiments, and the results of a
representative experiment are shown. All experiments were normalized to b-galactosidase (1 mg). Results are expressed as fold induction compared to the activity of
the reporter gene alone.
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