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ABSTRACT. The involvement of cellular retinoic acid-binding protein | (CRABP 1) in the RA signaling
was investigated by examining its effects on the interaction of retinoid receptors (RARs and RXRs) with
RA-response elements (RARES) as well as on the RA-induced transcription mediated by retinoid receptors.
Analysis of the expression of mouse CRABP | from a cDNA expression plasmid in COS-1 cells revealed
that this protein was about 5-fold more abundant in cytosol than in nuclei. The identity and the localization
of CRABP | in the cytoplasm as well as the nuclei were also confirmed by the immunoperoxidase staining
of the transfected COS-1 cells with CRABP I-specific antibody. When the nuclear extract containing a
10-fold molar excess of CRABP | was incubated with R&Rextract in the presence ofH]RA and
resolved on an FPLC size-exclusion column, a 20% decrease in the bound radioactivity in the RAR
fraction was accompanied by a proportional increase in the CRABP | fraction. In contrast, the addition
of CRABP | did not significantly affect the interaction of RA®Ror RAR a—RXR o heterodimers with
RAREs. Moreover, the coexpression of CRABP | in CV-1 cells did not markedly inhibit or enhance the
transcription activated by RARs and RAR-RXR a heterodimers under RA concentrations ranging
from 107%°to 106 M. These results demonstrate that CRABP [, while it might be important for RA
homeostasis, is not directly involved in the retinoid receptor-mediated RA-signaling pathway.

The intricate molecular signaling pathway by whial- unclear, the evidence obtained so far suggests their possible
transretinoic acid (RA} exerts its effects on cellular involvement in the transport of RA to the nucleus (Takase
differentiation, growth, and development during embryo- et al., 1986; Bloomhoff et al., 1990) and regulation of the
genesis as well as in the adult animal involves members of levels of intracellular RA. CRABPs are presumed to achieve
at least two gene superfamilies. One of these encodes a clasthe latter by either sequestering RA in the cytoplasm, thereby
of nuclear receptors belonging to the steroid/thyroid hormone reducing its availability for nuclear receptors (Boylan &
superfamily called RARs (retinoic acid receptors) and RXRs Gudas, 1991), or converting RA into more polar, oxidized
(retinoid X receptors) (Mangelsdorf et al., 1994). These are metabolites (Fiorella & Napoli, 1991; Boylan & Gudas,
DNA-binding proteins which upon activation by specific 1992), some of which may have their own important
retinoid ligands induce gene transcription by interacting with biological activities.
distinct promoter sequences in the target genes. The second There has been no evidence so far that CRABPs function
family of genes codes for a group of low molecular weight a5 pNA-binding transcriptional factors. However, consider-
serum and cellular proteins which bind various retinoids and aple evidence exists that these proteins are partly localized,
are involved in the transport and metabolism of the latter. jn addition to their predominant cytoplasmic occurrence, in
In this class, two cellular RA-binding proteins, CRABP | the nuclei of some tissues and cells (Sani, 1977; Sani &
sequence conservation but are immunologically distinct, 1987). In addition, evidence has also been presented for the
possess different binding affinities for RA and show distinct interaction between CRABP holoprotein and the nuclei from
patterns of expression during the various stages of develop-mammary carcinoma and testicular cells (Mehta et al., 1984;
ment (Maden et al., 1988; Perez-Castro et al., 1989;’Dolle cope et al., 1984; Takase et al., 1986). In light of these
et al., 1990). _ observations, it was important to examine if CRABPs

The genes and cDNAs for CRABP | and Il from various participated in a direct interaction with the RA-binding RARs
species have been identified and characterized (Shubeita epoth in the presence and in the absence of their cognate
al., 1987; Nilsson et al., 1988; Stoner & Gudas, 1989; pNA-binding sequences and, also, if the expression of
Giguere et al., 1990; Wei et al., 1990; Asucet al.,, 1991,  CRABPs affected the RA-induced transcription in an RAR
1992; MacGregor et al., 1992; Eller et al., 1992). Although syptype-specific manner. In this report we show (1) that a
the exact physiological role of CRABPs remains as yet part of CRABP | expressed in COS-1 cells is localized in
the nuclei, (2) that CRABP | does not directly interact with
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MATERIALS AND METHODS RA was added to the cells in serum-free DME medium at a
_ ) final concentration of 0.5 nM. After 2 h in the G@hcubator
Materials. alttrans{11,12°H]RA (40—-60 Ci/mmol)and 5t 37°C| the cells were washed in PBS and harvested by
unlabeledall-trans-RA were purchased from Dupont/NEN gy nsinization for subsequent preparation of cytosol and
and Sigma Chemical Co., respectively.ci8-Retinoic acid  pycleosol (Nervi et al., 1989). Two hundred microliters of
was a gift from Hoffman LaRoche (Nutley, NJ). DME  cytosol and nucleosol was dialyzed against the appropriate
medium, fetal bovine serum (FBS), and antibiotics used for pffer overnight at 4°C and analyzed on Mono Q and
cell culture were purchased from Atlanta biologicals, Atlanta, gyperose-12 FPLC columns as described elsewhere.
GA. CV-1 monkey kidney fibroblast and COS-1 cells were Immunostaining of CRABP | in COS-1 Cell€0S-1 cells

obtained from American Type Culture Collection, Rockville, (2 x 10%) that had been transfected with pSG5-CRABP |
MD. Expression plasmid for mouse CRABP | (pSG5- pa5mid by electroporation (Levin et al., 1992) were grown
CRABP ) was provided by Dr. P. Chambon (Faculte ;75 on superfrost glass slides (Fisher Scientific) in DME
Médecine, Strasbourg, France). Plasmids expressing human,aqium supplemented with 10% FBS. After a brief wash
RAR a (pSG5-hRARa) and human RXRx (pSG5-hRXR in PBS, the cells were fixed in a solution of 50% acetone/

o) were obtained from Dr. Arthur Levin (Hoffman LaRoche, - 5494 methanol and immunostained with the ABC peroxidase

Nutley, NJ). reagent system (Santa Cruz Biotechnology, Santa Cruz, CA)
Expression of CRABP | and RAR in COS-1 Cells.  according to the manufacturer's recommended procedure.

COS-1 cells were maintained in DME medium supplemented Following incubation with monoclonal (mouse) anti-CRABP

with 10% fetal bovine serum. Cells [($) x 107] were | antibody (Affinity Bioreagents, Inc., Boulder, CO), the cells

transfected by electroporation with either pSG5-CRABP | \ere sequentially treated with biotinylated secondary anti-
or pSG5-RARa expression plasmid carrying cDNA for  mouse IgG and the preformed avidihiotinylated horserad-
mouse CRABP | and human RAR respectively (Levin et jsh peroxidase complex (ABC). Subsequently, the cells were
al., 1992). Cytosol and nucleosol from the transfected cells jncubated with the peroxidase substrate (diaminobenzidine)
were prepared (Nervi et al., 1989), after the nuclei were found and counterstained in hematoxylin, and the target protein in
to be homqgeneou_sly_purified under microscopic examination them was visualized by light microscopy.
and used in the binding assays. Gel Retardation AnalysisThe synthetic double-stranded
Assay for H]RA Binding of Cytosol and Nucleosol by oligonucleotides TREpal, containing one copy of thyroid
Anion-Exchange and Size-Exclusion FPLC Chromatography hormone response element (Glass et al., 1989), and human
Approximately 10Qug of cytosol and nucleosol from COS-1  SRARE (de THeet al., 1990) were labeled by polynucleotide
cells transfected with expression vectors for either CRABP kinase (p-32P]JdATP; 4500 Ci/mmol, ICN) and by DNA
| or RAR a (see above) was incubated with 5 nfH]RA polymerase | Klenow fragment [*2P]dATP; 3000 Ci/
in a 200 uL reaction volume. After incubation at 4C mmol, ICN), respectively. Five to ten micrograms of nuclear
overnight, the unbound RA was removed by addition of 50 extract from COS-1 cells expressing either RAR or
ulL of dextran-coated charcoal suspension (0.25% activatedCRABP | was mixed separately or together with binding
charcoal, 0.025% dextran, MW 70,800, 5 mM Tris-HCI, pH buffer (10 mM Hepes, pH 7.9, 50 mM KClI, 2.5 mM Mggl
8.0) to samples on ice for 10 min, followed by a 5 min 1 mM DTT, and 10% glycerol), kg of poly(didC), and
centrifugation at 13 000 rpm (Bailey & Siu, 1990). Two 10> M RA or 9-Cis-RA in a volume of 19uL. After 30
hundred microliters of the supernatant, filtered through a 0.2 min at room temperature, the mixture was incubated with 1
um filter, was injected onto either Mono Q (Pharmacia) uL of 32P-labeled probe (10 000 cpm) for a further period
anion-exchange or Superose-12 (Pharmacia) gel-filtration of 10 min. For competition assay, 10 pmol of unlabeled
FPLC chromatography columns. The Mono Q column was competitor oligonucleotide was used along with the labeled
equilibrated with 5 mM Tris-HCI, pH 8.0 (Bonelli & De  probe. In the case of heterodimer binding analysis, equal
Luca, 1985; Sanquer & Gilchrest, 1994). After the sample amounts of RARx and RXRa were used with or without
was applied, the column was eluted with buffers A (5 MM CRABP I. The DNA-protein complexes were resolved by
Tris-HCI, pH 8.0) and B (0.3 M NaCl and 5 mM Tris-HCI,  electrophoresis on a 5% polyacrylamie25% glycerol gel
pH 8.0) utilizing the gradient profile described by Bonelli in 0.5 x TBE buffer (Sambrook et al., 1989) and visualized
and De Luca (1985) at a flow rate of 1.5 mL/min. For by autoradiography.
fractionation on the Superose-12 size-exclusion column, the  Transient Transfection AssaysCV-1 monkey kidney
samples (20@L) were eluted from the column in buffer C  fibroblast cells were grown in DME medium supplemented
(30 mM sodium phosphate, pH 7.5, and 150 mM NacCl) at with 10% FBS. Transfection of these cells with DNA was
a flow rate of 1 mL/min. Bovine serum albumin (MW  performed essentially as described by Pfahl et al. (1990),
68 000), ovalbumin (MW 44 500), and cytochroméViw Husmann et al. (1991), and Alam et al. (1995) with some
12 400) were used as external molecular size markers. Themodifications. Twenty four hours before the transfection,
bound RA in the eluted fractions was quantitated using a cells were plated at 0.5 10° per well in a 24-well cell
scintillation counter. To determine nonspecific binding in  culture plate. Four hours before the addition of DNA
the samples, a 200-fold molar excess of nonradioactive calcium phosphate precipitates, the cells were fed with DME
RA was used as a competitor during the incubation with medium supplemented with charcoal-stripped FBS. The
[*HIRA. DNA used in the transfections consisted of 200 ng of reporter
In Vizo Analysis of H]RA Binding in COS-1 CellsOn plasmid TRE-tk-CAT (Zhang et al., 1991) and 300 ng of
day 1, 2x 10’ cells, suspended in phosphate-buffered saline -galactosidase plasmid pCH110 in addition to the expression
(PBS), were electroporated in the presence gi@0f pSG5- plasmid for one of the following: CRABP |, RAR, RAR
CRABP | plasmid DNA. Following electroporation, the cells 3, RAR y, and RXRa. In experiments where the effect of
were suspended in 50 mL of DME medium containing 10% CRABP | on the RAR and RXR receptor-mediated tran-
FBS and plated into two 150 é&mcell culture dishes.  scriptional activation was examined;-800 ng of CRABP
Medium was changed on day 3, and on the fourth def{-[ I and 50 ng of either RARx or RXR a receptor plasmids
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Ficure 1: FPLC ion-exchange chromatographic analysis of COS-1 cytosolic and nuclear extracts for the expression of CRABP I. One
hundred micrograms of cytosolic (A) and nuclear (B) extracts from COS-1 cells that had been either mock-transfected (COS-1) or transfected
with pSG5-CRABP |, an expression plasmid for mouse CRABP | (CRABP I), was mixed with SIHNMA alone (-Comp.) or together
with a 200-fold excess of unlabeled RAComp.). After an overnight incubation at’€, the samples (200L) were treated with charcoal
to remove unbound RA and analyzed on a Mono Q anion-exchange FPLC column as described under Materials and Methods. The insets
in (A) and (B) show an enlarged view of the chromatographic profiles for the mock cytosolic and nuclear extracts, respectively.

the incubation, cells were washed with PBS and lysed for
10 min at room temperature in 0.25 mL of lysis buffer (0.5%
Triton X-100 in 100 mM Tris-HCI, pH 7.8). The resultant
cell extracts were assayed f@rgalactosidase activity and
CAT activity as described by Alam et al. (1995). The CAT
12000 activity of individual samples was normalized for transfection
efficiency by the correspondingrgalactosidase activity.

For the analysis of expression of CRABP | in CV-1 cells,
various amounts of pSG5-CRABP | were transfected along
with the f-galactosidase plasmid. ThéH]RA-binding
CRABP | activity in these cell extracts was fractionated on
the Mono Q column and normalized using hgalactosi-
dase enzyme activity observed in the same lysates.

~— 68,000 (BSA)
~— 44,000 (Ovalb.)
~— 12,400 (Cyt. C)
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Expression of CRABP | in COS-1 Celldn order to
analyze the possible interaction between CRABP | and the
retinoid receptors involved in the retinoid signaling pathway
»- A A B A A G A S A at the protein-protein and DNA-protein levels, sufficient

1 3 5 7 3 11 13 16 17 18 21 23 25 27 29 L . )
min quantities of these proteins were isolated from COS-1 cells

FiIGure 2: Analysis of the expression of CRABP | labeliedvivo tr.anS'emly t_ransfect(_ad with pSGS—d?r|ved eukaryotic expres-
with [PH]RA. Cytosol (closed circles) and nucleosol (closed squares) Sion plasmids (Levin et al., 1992; Allenby et al., 1993).
from 2 x 107 COS-1 cells that had been transfected with CRABP  Figure 1 shows the FPLC anion-exchange chromatographic
I expression plasmid, and label&dvivo with 5 nM [3H]RA, were analysis of theJH]RA binding of cytosolic (Figure 1A) and
analyzed on a Superose-12 size-exclusion or a Mono Q anion-nyclear (Figure 1B) extracts prepared from COS-1 cells

exchange (inset) FPLC column (Pharmacia). The elution profile o acsing mouse CRABP I. The extracts were loaded onto
for external protein molecular weight markers bovine serum albumin

(BSA, M, 68 000), ovalbumin (OvalbM; 44 000), and cytochrome a Mono Q column. equilibrat_ed with 5 mM Tris-HQI, pH
¢ (Cyt. C, M, 12 400) is shown at the top of the graph. 8.0, and eluted using a gradient of 800 mM NaCl in 5

mM Tris-HCI, pH 8.0 (Bonelli & De Luca, 1985; Sanquer
were added together. When RAR-RXR a heterodimer & Gilchrest, 1994). Under these conditions, cytosolic and
activities were investigated in the context of CRABP | nuclear extracts from the untransfected (mock) COS-1 cells
coexpression, 50 ng of DNA of each of the expression showed a small amount of RA-binding species in the
plasmids for RARo. and RXRa was used with or without  fractions eluted at 4, 7, and 15 min (see insets, Figure 1A,B).
50 ng of expression plasmid for CRABP | along with the However, when the cDNA for CRABP | was expressed in
other plasmids mentioned above. In all cases, enoughthese cells, only the RA-binding protein that eluted with a
Bluescript plasmid was added to make the final quantity of retention time of 15 min showed a dramatic increase in both
DNA in each transfection sample equal to 1000 ng. After cytosolic and nuclear occurrence (Figure 1A,B). Moreover,
an overnight incubation in the presence of DNA precipitates, as seen in the figure, this protein is about 3.5-fold more
cells were washed once with PBS and grown for 24 h in the abundant in the cytosol than in the nucleosol. The peak is
medium containing 10% charcoal-stripped FBS and various diminished to the background levels in both cytosolic and
concentrations oéll-trans RA or 9cis-RA. At the end of nuclear extracts when a 200-fold excess of unlabeled RA

2000
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Ficure 3: Immunocytochemical analysis of CRABP | localization in COS-1 cells. Untransfected (A and B) and transiently transfected
COS-1 cells (C and D) expressing CRABP | were subjected to immunoperoxidase staining following a sequential incubation with mouse
anti-CRABP | antibody, biotinylated secondary anti-mouse 1gG, and a preformed Awditinylated horseradish peroxidase complex as
described under Materials and Methods. The nuclei (nu) and the cytoplasm (cy) of the overexpressing cells (shown with arrows in panels
C and D) are markedly brown, indicating the distribution of CRABP | at both sites. In untransfected cells CRABP 1 is found almost
exclusively in the cytoplasm (A and B). The cells in panels A and C are magnified ,288ile those in panels B and D are magnified

400x.

was included during the incubation witfHJRA, thus antibody. As seen in Figure 3A,B, the untransfected cells
confirming the specificity of the ligand interaction (Figure themselves contain a small amount of CRABP |, as evi-
1A,B). denced in the predominant distribution of immunostained
The identity and the occurrence of CRABP | in cytosol (brown) grains in the cytoplasm, which is consistent with
as well as nucleosol was also examined by labeling the the RA-binding activity observed in the cytosolic and nuclear
COsS-1 cellsin vivo with [*HJRA after they had been fractions of untransfected COS-1 cells (insets, Figure 1).
transfected with the expression vector for CRABP I. The However, when the cells transfected with the CRABP |
cytosol and nucleosol from these cells were then assayedexpression plasmid were examined, elevated levels of
by both size-exclusion and anion-exchange chromatographicCRABP | were present in the nucleus in addition to the
analysis (Figure 2). As seen previously when extracts were cytoplasm (Figure 3C,D), again in agreement with the results
labeledin vitro (Figure 1), both cytosol and nuclear extracts seen in Figures 1 and 2. Together, these observations clearly
from in vivo labeled cells expressing CRABP | revealed a gemonstrate the occurrence of functionally active CRABP |

prominent RA-bound species that eluted at 15 min when j, the nucleus as well as in the cytoplasm of the transfected
analyzed on a Mono Q column (see inset, Figure 2). When cgs.1 cells.

the same extracts were resolved on a Superose-12 gel- . .
b g Analysis of the Interaction between CRABP | and RAR

filtration column to verify the size of the peak protein, a . )
radioactive peak corresponding to an expected molecularSiNce @ part of the CRABP | expressed in COS-1 cells was

weight of about 15 000 was observed in both cytosol and located in the nuclei, we investigated to see if nuclear
nucleosol ofin zivo labeled COS-1 cells (Figure 2), CRABP I had any effect on the binding of RA to RAR
suggesting that a protein consistent with the size of CRABP a@nd whether there was a direct proteprotein interaction

| is expressed in these cells. Again, in general agreementPeétween CRABP | and RARu that resulted in a larger
with the observation made in the case of extracts labieled complex than either protein when analyzed on a size-

vitro with [BH]JRA (Figure 1), the cells labeledh vivo exclusion chromatographic column. As seen in Figure 4,
showed that the expressed CRABP | is about 5-fold more When nuclear extracts from COS-1 cells expressing either
abundant in cytosol than in nucleosol (Figure 2). CRABP | or RARa were separately incubated witPH]-

To make sure that the CRABP | activity observed in the RA and analyzed on a Superose-12 column, radioactive peaks
nuclear fractions was not due to the contaminating cytosol corresponding to molecular sizes of approximately 15 000
and that the protein was indeed present in the nuclei of theand 50 000, respectively, were observed (Figure 4A,B).
transfected cells, we have also examined the intracellular When a 10-fold molar excess of CRABP | was coincubated
localization of the expressed CRABP | by immunoperoxidase with RAR a in the presence ofH]RA (Figure 4C), a 20%
staining of the COS-1 cells with the CRABP I-specific increase in the bound radioactivity observed in the fractions
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Gel-Shift Analysis of the Effect of CRABP | on the Binding
of RARa and RXRu to TREpal angBRARE DNA Sequence
Elements. We have also examined the effects of CRABP |
on the interaction of RARx and RXRa with their DNA-
binding elements. Two double-stranded oligonucleotide
sequences, TREpal afBRARE, which contain the palin-

A dromic thyroid hormone response sequence (Glass et al.,
1989) and an RA-response sequence from the human RAR
12000 { B gene (de Theet al., 1990), respectively, and have been
shown to bind homo- and heterodimers of RaRnd RXR

o with different affinities (Zhang et al., 1992), were incubated
5000 with COS-1 nuclear extracts containing the retinoid receptor
o0 | RAR a or RXR a or both and analyzed by gel retardation
4000

2000

- 68,000 (BSA)
~a}f- 44,000 (Ovalb,)
<} 12,400 (Cyt C)

*H DPM

assay.

In the presence of nuclear extracts from untransfected
COS-1 cells (mock) both TREpal (Figure 5A) afiRARE
(Figure 5B) probes produced a DN#rotein complex
172 3 &4 5 6 7 & 8 1011 12 13 14 15 16 17 18 19 20 21 (shown by *). When the nuclear extracts from COS-1 cells
18000 expressing RARo. were incubated with the same probe
B fragments, an intense, heavier complex (shown by arrow,

Figure 4A,B) appeared in addition to the background
12000 | complex observed with the mock extracts. A similarly
retarded DNA-protein complex showing a slightly stronger
affinity than the band seen with RAR extract alone was
%000 1 also observed when COS-1 extracts containing RA&nd
oo | RXR o were coincubated with TREpal afiRARE probes
4000
2000

3H DPM

(Figure 5A,B).

The interactions of RARy, with or without RXRa, with
TREpal andfRARE probes were also examined in the
presence of COS-1 nuclear extracts that contained CRABP
1 2 3 4 5 6 7 8 5 10 11 12 13 14 15 16 17 18 19 20 21 I. As seen in Figure 5A, the coincubation of CRABP | had
18000 a slight inhibitory effect on the RAR\—TREp complex.
However, this inhibitory effect was not reproducible in other
C experiments (data not shown). Also, the coincubation of
1200 } CRABP | did not inhibit either the interaction of the RAR
o.—RXR o heterodimer with the TREp sequence (Figure 5A)
or the complexes formed by tHHiRARE DNA with RAR a
alone or both RARx and RXRa (Figure 5B). Importantly,
TREpal angsRARE DNA did not form additional complex-
(es) when CRABP | was added to these sequences either
\ directly or along with the RARx and RXR o receptors.

*H DPM

g 8§ 8 ¢

These results demonstrate that CRABP | does not participate

in DNA—protein interactions with TREpal anfRARE

T L L T b 1ot 1243 94 15 15 17 12 19 20 2t promoter elements either directly or in association with RAR
min o and RXRa. All the complexes formed by TREpal and

FiGURE 4: Chromatographic analysis of the interaction between SRARE probes in the presence of COS-1 nuclear extracts

CRABP | and RARa. Samples withH]RA (5 nM) and COS-1  appear to be specific since only an excess of unlabeled probe

nuclear extracts containing either CRABP | (A) or RARB) or i i indi ;
both CRABP | and RARx (C) were incubated overnight at°€ ;)Ilgonu_c[tgotld;a, tht AnFc))i the contsednsfus tbr:nqug Sltet. for
and analyzed on a Superose-12 size-exclusion FPLC column ranscription tactor » competed ftor their tormation

(Pharmacia). The position of elution for external protein size (Figure 5A,B).

markers bovine serum albumin (BSA, 68 000), ovalbumin Analysis of the Effect of CRABP | on the Transcription
(Ovalb.,M; 44 000), and cytochrome(Cyt. C,M; 12 400) is shown  Mediated by Retinoid Receptorghe effects of CRABP |

at the top of the graph. on the transcription mediated by various retinoid receptors

o ) ) were examined by transient transfection analysis of reporter
comigrating with the 15 000 molecular weight marker was gene expression in CV-1 cells. Initially, the RA-induced

accompanied by a proportional decrease in the fractionstranscription activated by RAR: was analyzed in the
containing the 50 000 MW protein. This suggests that, at presence of increasing amounts-@0 ng) of CRABP |

the concentration of labeled RA used in these assays (5 NM),expression plasmid (Figure 6A). CRABP | by itself did not
CRABP | seems to compete partially with RARfor the support a significant level of RA-induced transcription above
ligand. The coincubation of these proteins did not result in the background expression seen from the TRECAT

the appearance of additional peaks of high molecular weight, reporter gene at any of the concentrations. When expressed
indicating that either these proteins do not directly interact together with RARx, CRABP | inhibited the RARx-medi-

with each other or a stable complex formed by them cannotated RA-induced transcription slightly (2B0%), and

be detected under the conditions used in our assays. such an effect did not vary with the amount of CRABP |

o
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Ficure 6: Analysis of the expression and effects of various amounts
of CRABP | on the transcription mediated by RARN CV-1 cells.
(A) Transcriptional Analysis. CV-1 cells (& 10%) were transfected
with 200 ng of TRE-tk-CAT reporter plasmid and expression
plasmid for RARa (50 ng) or CRABP | (5400 ng) or both as
indicated under the graph. After an overnight incubation in the
presence of DNA precipitates, the cells were treated with either
DMSO (control) or 168 M RA for a period of 24 h and the CAT
- — activity in the cell extracts was assayed as described under Materials
FIGURe 5: Gel mobility shift analysis of the effect of CRABP | on ~ @nd Methods. The CAT activity is presented relative to that obtained

the interaction of RARx and RXRa with RA-response elements, ~ from the cells transfected with RAR and treated with 10 M
32p-| abeled double-stranded oligonucleotides representing RA- RA. (B) FPLC chromatographic analysis of the expression of

response elements TREpal (A) af®ARE (B) were incubated CRABP | in CV-1 cells. TheiH]RA.binding activity in extracts .
with nuclear extract (15ug) from untransfected COS-1 cells from CV-1 cells transfected with various amounts of the expression

(MOCK) or nuclear extract (3:g) from transfected cells that ~ Plasmid for CRABP | (5400 ng) and the internal control
expressed RAR: or a mixture of extracts containing both RAR p-galactosidase plasmid pCH110 was analyzed on a Mono Q anion-

and RXRa (5 ug each). In some samplesyu§ of CRABP | extract exchange column and normalized to {igalactosidase activity.
was added to the probes either by itself or in addition to RAR The values are expressed relative to the background activity in the

both RAR o and RXRo. The amount of protein in each sample Mock (0 ng) extract.

was adjusted to 1%g by addition of the mock extract. For . . . .

competition assays, 10 pmol (100-fold molar excess) of competitor the plasmid used in the transfections. It is also clear from
oligonucleotide DNA (COMP. DNA) was added along with the these data that although the highest level of CRABP I
probe. DNA-protein complexes were analyzed by electrophoresis expression was observed when 400 ng of the plasmid was
on a native 4% polyacrylamide gel. TREp TREpal, the palin- used, even with 5 ng the amount of CRABP | was about

dromic thyroid hormone response sequence (Glass et al., 89); .
BRARE =yRA-response Sequpence fron? human( RARene (de ) 2—2.5-fold higher compared to the basal levels. Moreover,

Theet al., 90); AP1BS= consensus DNA-binding sequence for the amount of CRABP | obtained with 5 ng as well as at
AP1 transcription factor. higher plasmid levels (i.e., 50, 200, and 400 ng) affected
the RA-induced transcription mediated by RARto the
expression plasmid used in the cotransfections. The levelsame degree (Figure 6A), suggesting that, even at a 2.5-fold
of basal transcription observed in the cells did not change excess, the effect of CRABP | on the RA&®Rmediated
significantly when CRABP | was expressed either singly or transcription reaches the saturation level.
together with RARa (Figure 6A). To verify that the lack The possibility that CRABP | might affect the RA-induced
of a more pronounced effect by CRABP | was not due to transcription mediated by various RAR subtypes differently
the low expression of the latter in the cells, extracts obtained was examined by using equal amounts of expression plas-
from CV-1 cells transfected with varying amounts of CRABP mids for CRABP | and one of the RAR subtypesp, and
| expression plasmid were assayed for tfi¢]RA-binding y in cotransfection experiments. As seen in Figure 7,
activity using anion-exchange (Mono Q) chromatography. CRABP | by itself did not support any significant level of
As seen in Figure 6B, the level of CRABP | expressed in RA-induced transcription from the TREK-CAT reporter
the cells increased in response to the increasing amount ofgene. In contrast, each of the RAR subtypess, andy,

-
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Ficure 7: Analysis of the effect of CRABP | expression on the RA-induced transcription mediated by retinoid receptors. CV-1 cells were
transfected with the reporter plasmid TRIE-CAT (200 ng) and 50 ng of expression plasmid for one of the subtypes of RA receptor
[(RAR a (A), RAR g (B), and RARy (C)] or CRABP | or both (50 ng each). The CAT activity in the transfected cells, treated with RA
(10°6to 107" M) or DMSO (control) was determined as described elsewhere and normalized for transfection efficiency by the corresponding
[-galactosidase activity expressed from the internal control plasmid pCH110. (D) Same as in (A) except that the cells were exposed to

lower RA concentrations ranging from 10to 10710 M.

when expressed in CV-1 cells, supported a significant avidly than the homodimers of either RAR or RXR a

enhancement or in the transcription at"4@Gnd 1067 M
concentrations of RA over the controls (Figure 78).
When CRABP | was expressed along with R&Rr RAR

(Figure 5; Zhang et al., 1992), we have examined the effects
of the expression of CRABP | on the heterodimer-mediated
transcription induced by RA and @s-RA. CRABP | by

y, no significant change was observed in either the basalitself did not support any significant level of transcription

(control) or the RA-induced transcription (Figure 7A,C).

induced by either RA or @is-RA from the TRE-tk-CAT

However, in the presence of CRABP I, a 50% increase in reporter gene (Figure 8A). Coexpression of RARand

the RAR3-mediated transcription was observed at®1pl

RA although the fold induction over the basal activity was
still not significantly different from that seen with RAR
alone (Figure 7B). Moreover, at 10M RA, the level of
induced transcription was similar in CV-1 cells transfected
with either RAR 3 alone or both RARS and CRABP |
(Figure 7B), suggesting that the coexpression of CRABP |
did not significantly affect the RA-induced transcription
mediated by RARS.

To see if CRABP | was more effective in influencing the
RA-induced transcription at lower concentrations of the
ligand, the RARa-activated transcription was also analyzed
in cells that were treated with 18to 108 M RA. As seen
from Figure 7D, the coexpression of CRABP | did not have
any effect on the transcriptional activity mediated by RAR
a at any of the RA concentrations.

Analysis of the Effect of CRABP | on the Transcription
Mediated by RAR\—RXR a Heterodimers. Since RA is
known to be a potent activator of RAR—RXR o het-

RXR a, on the other hand, resulted in an enhanced level of
induced transcription with both RA and @s-RA at con-
centrations ranging from 1®to 106 M. However, when
CRABP | was expressed along with RARand RXRa in

the cells, no significant differences were observed in the
induced transcription mediated by RA®—RXR a het-
erodimers at any of the retinoid concentrations (Figure 8A).
Similarly, whenSRARE, which showed strong binding to
RAR a as well as the RAR—RXR a heterodimers (Figure
5B) but not to the RXRx (data not shown), was used as the
inducible promoter in the CAT reporter plasmid, the coex-
pression of CRABP | did not have any effect on the retinoid-
induced transcription mediated by either RARalone or
the RAR o—RXR a heterodimer (Figure 8B). Moreover,
in these cellsBRARECAT showed a very high level of
induced activity in the presence of 70M RA or 9-cis-RA
even when the retinoid receptors were not expressed. RXR
o and CRABP |, when expressed singly or together, did not
activate transcription beyond the background level of tran-

erodimers and many RAREs bind the heterodimers more scription observed froffRARECAT.
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120 reduction or enhancement in the RA-induced transcription
mediated by various RARs as well as RAR-RXR a
heterodimers under ligand concentrations ranging from®10
to 10°® M (Figures 7 and 8).

These results obtained from CV-1 cells, suggesting no role
for CRABP | in RA signaling, are different from those
observed previously with F9 teratocarcinoma cells (Boylan
& Gudas, 1991). In the latter study, stably transfected F9
cells which expressed elevated levels of CRABP | as well
as wild-type F9 cells that had been transiently transfected
with CRABP | expression vector exhibited reduced RAR
o-activated transcription in the presence of low concentra-
tions of RA. This suggested that CRABP | might play an
important role in regulating the amount of RA available for
RAR-activated transcription in the nucleus. It is possible
RAR« +RXR a CRABP 1 RAR +RXR a + CRABP that the reasons for the differences observed between these
00 two studies might lie both in the cell-type and differentiation-
=l ' specific variations and in the amount of exogenous CRABP
A 107 M3-ciskA | expressed in these cells. Since both CRABP | and RARs

show similar binding affinity for RA (Ong & Chytil, 1978;
Ishikawa et al.,1990; Yang et al., 1991), it is likely that the
inhibitory effects of CRABP | on the RAR-mediated
transcription would be obvious only when limited RA and
excess CRABP | exist inside the cell. In this regard, it is
important to note that the F9 cells, which differentiate in
response to RA (Strickland et al., 1980), might be more
sensitive than CV-1 cells to the intracellular levels of the
retinoid. Moreover, in F9 cells, as well as in &nvitro
assay using rat testes microsomes, it has been shown that
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K - + + CRABP I enhances the conversion of RA into a more polar
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retinoid, 4-oxo-RA (Fiorella & Napoli, 1991; Boylan &
FiGUrRE 8: Analysis of the effect of CRABP | expression on the GUdaS.’ 1992). ltis possible that this increased conversion
transcription mediated by RAR—RXR o heterodimers. (A) ~ Of RA into 4-oxo-RA by CRABP | has a more deleterious
Expression plasmids (50 ng each) for RARand RXR o were effect on the differentiation-specific transcription in F9 cells
used with or without the CRABP | plasmid (50 ng) in addition to  since RA is a better activator of cell growth and differentia-

the TRE-tk-CAT (200 ng) reporter DNA in the transfection of  tion than 4-oxo-RA (Williams et al., 1987; Pijnappel et al.,

CV-1 cells. The CAT activity was determined after the cells had . .
been exposed to various concentrations $16 1071° M) of either 1993). In contrast, the transformation of RA into 4-oxo-

RA or 9is-RA for 24 h (B) The CAT activity, expressed in Cv-1 ~ RA by CRABP | might have litle effect on the RAR-
cells from theBRARECAT (200 ng) reporter plasmid, was analyzed mediated transcription in CV-1 cells as the transactivation

after the expression plasmids for RAR and RXR a were potential of the latter retinoid is shown to be similar to that

transfected either together or separately with or without the CRABP i _ . ; .
| plasmid. A 1077 M concentration of either RA or 8is-RA was cl:)’fijsﬁpg]elct\a/t ]élaslvs\algg)as COS-1 cells (unpublished results;

used to treat the transfected cells. In all cases the CAT activity - . . ) )
was normalized to thg-galactosidase activity as described under ~ Studies conducted botm witro and in vivo provide
Materials and Methods and in the legend for Figure 7. evidence for the involvement of CRABP | in the control of
the intracellular level of available RA through sequestration
DISCUSSION and metabolism of the latter (Fiorella & Napoli, 1991; Boylan
Ever since the identification of CRABP as an RA-binding & Gudas, 1992; Fiorella & Napoli, 1994). It is suggested
protein, several studies have been directed at understandinghat such a role on the part of CRABP I, coupled with its
its role in the RA metabolism as well as its effects on the high expression, might be an important factor in determining
RA-induced gene expression. In continuation of those the susceptibility of certain tissues of developing mouse
efforts, we have examined the possible involvement CRABP embryo to the teratogenic effects of excess RA (Dencker et
I in the RA-induced transcription, mediated by nuclear RA al., 1990; Vaessen et al., 1990; Maden et al., 1992; Gustafson
receptors, at the level of proteiprotein and proteir DNA et al., 1993; Lyn & Giguee, 1994; Leonard et al., 1995).
interactions as well as the reporter gene expression. TheHowever, the recently obtained evidence that mutant mice
results presented herein provide evidence that CRABP I, lacking both CRABP | and CRABP Il are indistinguishable
partly localized in the nuclei, does not directly participate from wild-type mice in their physiology and response to the
in the RA-induced transcription activated by RARand exposure to excess RA indicates that CRABPs are not
RXR o through their interaction with RA-response elements. essential components of the RA-signaling pathway (Gorry
This is reflected in the apparent lack of any significant effect et al., 1994; Lampron et al., 1995). Support for such a
by CRABP | on the binding of RAR and RXRa to RARES conclusion also comes from the evidence that some cell lines
in gel retardation analysis (Figure 5), even though, in the lacking CRABP | still retain the ability to support the RA-
absence of response elements, CRABP | competed partiallyinduced cell differentiation (Jetten et al., 1987) and that there
with RAR a for RA (Figure 4). Moreover, overexpression is a lack of complete correlation between the ability of the
of CRABP | in CV-1 cells did not result in a significant retinoids to bind CRABP and their biological activity
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(Tamura et al., 1990; Willhite et al., 1992; Asselineau et al.,
1992; Keidel et al., 1993; Sass et al.,, 1995). Yet, the

evolutionary conservation of CRABPs among various species

and their ability to bind RA suggest an important role for

these proteins in the regulation of the intracellular concentra-

tion of this retinoid. It is possible that a more significant
role for these proteins might lie in their ability to sequester
RA at times of its excess availability and release it when
the animal is under vitamin A stress.
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