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A cDNA clone which encodes a truncation form of the y subtype of the retinoic acid receptor (RARy) has
been isolated. The mutant RARy (RARyBm382) has lost its 65 C-terminal amino acids, thus truncating a part
of the dimerization and activation domains. By using a reverse transcription-coupled PCR technique, it was
shown that RARYBm382 is expressed at different levels in various mouse tissues and that the level of its
expression does not correlate with that of normal RARyB. Cotransfection studies revealed that RARyYBm382
acts as a repressor of normal RARs in a promoter- and cell-type-specific manner. Transcription of BRARE and
TREinv promoters was inhibited by RARYBm382 in both HeLa and F9 cells. Unlike these two promoters,
however, RARYBm382 did not inhibit transcription of the TREpal promoter in HeLa cells but did so in F9 cells.
Moreover, while transcription of the lamRARE promoter was inhibited by RARYBm382 in both HeLa and F9
cells, the inhibition was not observed when F9 cells were induced to differentiate with retinoic acid and
dibutyryl cyclic AMP. DNA-binding analysis revealed that RARyYBm382 is able to form a heterodimer with the
retinoid X receptor and bind to the different types of retinoic acid response elements with almost the same
efficiency as normal RAR. By comparison with effects of other truncation mutants created in vitro, it was
suggested that the C-terminal end of the ligand binding domain of RAR is crucial for determining the
specificity of transactivation by RAR. Given these observations, we discuss the possibility that protein factors

which mediate retinoic acid response element- and cell-type-specific transactivation by RAR are present.

Retinoic acid (RA), a derivative of retinoids, has a divergent
biological effects on vertebrate development, differentiation,
and cell growth (38, 48). In vitro, RA induces a variety of cell
types to differentiate (52, 53), and in vivo, RA is also known to
be teratogen in mammals, causing limb malformations and
defects in brain development (32, 49).

The identification of the nuclear receptor for RA, RAR (3,
5, 19, 29, 34, 46, 62), provided a basis for understanding how
RA exerts its biological effects. RAR, a member of steroid/
thyroid hormone receptor superfamily, is a ligand-inducible
transcription factor in target tissues (2, 14). RAR has three
subtypes (RARa, -B, and -y), which show different expression
patterns during vertebrate embryogenesis, suggesting their in-
volvement in transcriptional regulation of a distinct class of
target genes (31, 34, 36, 40, 62, 63). In addition, a novel class
of retinoid receptor, the retinoid X receptor (RXR), has been
identified, leading to the discovery of a second retinoid trans-
duction pathway (26, 35, 40). RXR is activated only by 9-cis
RA, whereas RARs are activated by all-frans RA as well (27,
37, 39).

RAR binds to a specific DNA sequence termed the RA-
responsive element (RARE) and activates or represses tran-
scription of adjacent target genes in a ligand-dependent man-
ner. It has been shown that RARE consists of repeats of a
consensus half-site sequence, AGGTCA, which is shared
among a subgroup of nuclear receptors including thyroid hor-
mone and vitamin D, receptors (15, 44, 56). Further, the spec-
ificity of a receptor to bind its cognate responsive element
appears to be determined by the orientation and the spacing of
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the repeats. For instance, RAR binds preferentially to a direct
repeat of the half-sites with 5-bp spacing (DRS), whereas the
thyroid hormone and vitamin D5 receptors bind to DR4 and
DR3, respectively (the so-called 3-4-5 rule) (44, 56). Naturally
occurring RAREs, however, are known to be more diverse and
consist of half-sites which are variable in number, orientation,
and spacing (17, 55, 58). RARs bind to RAREs as homodimers
through a dimerization domain (16, 17). More recently, much
evidence has been accumulating that RAR forms heterodimers
with nuclear proteins, so-called coregulators (9, 17, 18, 21, 24).
Formation of such RAR heterodimers results in a higher af-
finity for RARE and thereby an enhanced transactivation of
target genes (65). One group of such coregulators has been
identified to consist of RXRs, which serve as hetrodimeric
partners not only with RARs but also with other members of
nuclear receptors (7, 18, 25, 33, 35, 42, 60, 65). Other nuclear
proteins distinct from RXRs are also known to interact with
and modify RARs, as suggested previously (4, 9, 21). It is still
unclear how RAR discriminates between different types of
RARE promoter to activate or repress in target tissues. It is
therefore essential to determine the identity and characteris-
tics of nuclear proteins which interact (via dimerization or
other interactions) with RAR.

During attempts to isolate new members of nuclear hor-
mone receptor superfamily, we isolated a cDNA clone which
encodes a C-terminal truncation mutant of RARy. In this
report, we showed that the mutant RARvy is expressed at
different levels in various mouse tissues. Moreover, despite its
ability to form a heterodimer with RXR and to bind with
RAREsS, the mutant RAR acted as a negative repressor of
normal RARs in a RARE- and cell-type-specific manner.
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FIG. 1. (A) Schematic representation of C-terminal regions of normal and mutant RARyB. The structure of the C-terminal region of RARyYBm382 is compared
with that of normal RAR+yB. The primers for RT-PCR analysis are indicated by arrows. (B) Sequence comparison between RARyBm382 and normal RARyB.
Nucleotide and amino acid sequences around the ends of the coding regions of RARyBm382 and normal RAR+yB are shown. (C) Amino acid sequences in the
dimerization and activation domains of normal and mutant RARs. The ninth heptad repeat is underlined.

MATERIALS AND METHODS

Isolation of cDNA. cDNA library from F9 cells was screened with a DNA
fragment encompassing DNA binding domain of RARy. Among several cDNA
clones encoding RARY, we isolated a clone (RARyBm382) which shows a
pattern of restriction enzyme digestion different from that of normal RARy
cDNA.

Reverse transcription-coupled PCR. Total RNA was prepared from F9 cells
and adult mouse tissues. cDNA was synthesized in a 50-pl reaction mixture
containing 50 mM Tris-HCI (pH 8.3), 5 mM MgCl,, 75 mM KCIl, 0.5 mM each
of four deoxynucleoside triphosphates (ANTPs), 10 mM dithiothreitol (DTT), 25
ng of oligo(dT);,_,5 per ml, 10 pg of total RNA, and 100 U of avian myeloblas-
tosis virus reverse transcriptase. After 2 h of incubation at 42°C, the reaction was
terminated by heating at 94°C for 5 min. One microliter of the reaction mixture
was used for amplification by PCR. PCR was carried out in 25 pl containing 10
mM Tris-HCI (pH 8.3), 50 mM KCI, 2 mM MgCl,, 0.2 mg of gelatin per ml, 1
mM DTT, 200 ng of each primer, 0.2 mM each of four dNTPs, and 1.25 U of
AmpliTaq DNA polymerase (Perkin-Elmer). Thirty cycles of reaction were per-
formed at 94°C for 1 min, 59°C for 1 min, and 72°C for 1 min. Three primers were
used; primers P1 and P2 encompassed amino acids 311 to 318 and 410 to 417,
respectively of RARYB, and P3 encoded the 3’ untranslated region specific for
RARvYBm382. The amplified DNA was run on a 3% NuSieve gel (Takara Shuzo
Co.) and blotted onto a Hybond-N filter (Amersham). The filter was hybridized
with an oligonucleotide encompassing amino acids 340 to 347 of RARyB.

Poly(A) RNA was selected by using oligo(dT) latex beads (Takara Shuzo).
About 5 pg of poly(A) RNA from adult mouse tissues and F9 cells was run on
a 1% agarose gel. After transfer of RNA onto a Hybond-N filter, the filter was
hybridized with 32P-labeled RARYB ¢cDNA. The same filter was rehybridized
with 32P-labeled B-actin cDNA to normalize the amount of RNA used.

Plasmid DNA. A synthetic oligonucleotide encoding TREpal (23), TREinv
(44), BRARE (13, 54), or lamRARE (45, 58, 59) was inserted upstream of
thymidine kinase gene promoter of ptkCAT DNA and used as a reporter DNA
in transient expression experiments. As a receptor expression plasmid, pPSGRARa,
PSGRARYB, or pPSGRARYBm382 was constructed by inserting each cDNA into
the EcoRI site of the expression vector pSG5. pSGRARam403 was constructed
by deleting the Smal fragment from pSGRARa. For construction of
PSGRARYBm396, pPSGRARYB was digested from its C-terminal end with exo-
nuclease III and then with S1 nuclease. The coding regions of these two in vitro
truncation mutants were terminated by inserting an oligonucleotide encoding
stop codons, 5'-TTAAGTTAACTTAA-3".

Transfection of cells. Transfection of HeLa or F9 cells was performed by the
DEAE-dextran (43) or calcium phosphate (8) method, respectively. For trans-
fection of differentiated F9 cells, F9 cells were treated with 1 uM RA and 0.5 mM
dibutyryl cyclic AMP for 2 days before transfection. In a typical transfection, 1 ng
of the reporter plasmid, 1 to 3 g of the respective expression plasmid, and 1 ng
of an internal control plasmid (pRSVBgal) were used. The amount of simian
virus 40 promoter was held constant in all transfections by addition of pSGS. For
transfection of cells in a 6-cm-diameter dish, the total amount of DNA was
adjusted to 5 pg for HeLa cells and 10 pg for F9 cells with pUC19 DNA. All
transfections were done in duplicate and were repeated at least three times. Cell
extracts were prepared by use of Reporter Lysis buffer (Promega). The amounts
of cell extracts for the chloramphenicol acetyltransferase (CAT) assay were
normalized by the level of B-galactosidase activity.

In vitro synthesis of RARyYBm382 protein and its binding with RAREs.
pPSGRAR+YB, pPSGRARYBm382, and pSGRXRa, which was provided by P.
Chambon, were linearized with Bg/II. Capped mRNAs were synthesized in vitro,
using T7 polymerase in 50 pl of reaction mixture containing 40 mM Tris-HCI
(pH 7.5), 80 mM NaCl, 8 mM MgCl,, 10 mM DTT, 1 mM each ATP, CTP, and
UTP, 0.2 mM GTP, 1 mM capped GTP, 40 U of RNase inhibitor, and 2 pg of
template DNA. After incubation for 60 min at 37°C, RNA was purified and
dissolved in 20 wl of 10 mM Tris-HCI (pH 7.5)-1 mM EDTA. One microliter of
each RNA was used to synthesize RARYB, RARYBm382, or RXRa protein in

vitro, using rabbit reticulocyte lysates (Promega). A total of 3 pl of programmed
reticulocyte lysate was added to each reaction mixture containing 25 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; pH 7.9), 50 mM KCl,
5% glycerol, 1 mM DTT, 0.05% Nonidet P-40, 1 pg of poly(dI-dC) - poly(dI-dC),
and approximately 10* cpm of each probe in a final volume of 10 ul. As a control,
probes were also incubated with the same amount of unprogrammed lysate. A
synthetic oligonucleotide encoding BRARE, TREpal, or lamRARE (see Fig. 3)
was inserted at the Smal site of pUC19 DNA. The isolated EcoRI-HindIII
fragments were labeled at the 5’ ends with T4 polynucleotide kinase and were
used as probes.

RESULTS

Expression of a truncation RAR mutant in vivo. Multiple
isoforms of RAR+y which differ from one another in their 5’
untranslated regions and N-terminal A domains have been
identified (20, 31, 34). A cDNA clone isolated here was iden-
tical to the RARYB (or RARY2) isoform from its 5’ untrans-
lated region to the E domain (Fig. 1 and data not shown).
However, the coding region of the cDNA (RARyBm382) was
terminated at amino acid 382, thus truncating its 65 C-terminal
amino acids. RARYBm382 lacked a part of its dimerization
domain as well as the activation domain. The 3’ untranslated
region differed totally from that of normal RARy (Fig. 1B). To
rule out the possibility that the cDNA is an artificial product of
the cloning process, we first examined whether mRNA corre-
sponding to RARyBm382 is present in F9 cells from which a
cDNA library was created. To distinguish RARyBm382 from
normal RARYy, we carried out RT-PCR of total RNA from F9
cells. In this experiment, three oligonucleotide primers, P1, P2,
and P3, were used for RT-PCR analysis (Fig. 1A). As shown in
Fig. 2A, with these three primers, 323 or 373 bp of DNA
fragment was specifically amplified from normal RAR+yB
cDNA (lane 1) or from RARyBm382 cDNA (lane 2), respec-
tively. Each of these two bands was amplified specifically with
P1 and P2 or with P1 and P3, respectively (data not shown).
Next, when total RNA from F9 cells was amplified with the
three primers by RT-PCR, two major bands identical in size to
the bands amplified from the cloned DNAs were amplified
(lane 3). Under the conditions used here, almost the same
efficiency of amplification was observed from each of the two
cDNAs in the same reaction (compare lanes 1 and 2). This
result clearly indicated that mRNA for RARyBm382 is
present in F9 cells. We further investigated its expression in
various adult mouse tissues and determined its amount relative
to normal RARwy. As shown in Fig. 2B, RARyBm382 was
expressed in all tissues examined. Interestingly, the ratio of its
amount to normal RARYy was variable among various tissues.
The relative level of its expression in the spleen was very high,
about 70% of total RARvy. Brain tissue also expressed
RAR+YBm382 at a high level, about 45% of total. In contrast,
only low-level expression, less than 5% of total, was observed
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FIG. 2. Expression of mutant RARYy. (A). Oligo(dT),,_;s-primed cDNA syn-
thesis was carried out with total RNA from F9 cells. An aliquot of the reaction
mixture was amplified with primers P1, P2, and P3 (lane 3). For a control,
pSGRARYB DNA (lane 1) and pSGRARyBm382 DNA (lane 2) were also
amplified with the three primers. The left-most lane represents a digest of
pBR322 DNA with Hpall as a size marker. The amplified DNAs were analyzed
on a 3% NuSieve-agarose gel. The gel stained with ethidium bromide was
photographed. (B) RT-PCR was carried out with total RNA from mouse tissues.
The amplified DNA was electrophoresed as for panel A. The DNA was trans-
ferred onto a Hybond-N filter (Amersham) and hybridized with an oligonucle-
otide encompassing amino acids 340 to 347. The amount of each band was
determined by using a Fujix BAS2000 image analyzer. The numbers at the
bottom represent the amounts of RARyBm382 as percentages of total RARYy.
Lanes: 1, brain; 2, heart; 3, kidney; 4, liver; 5, lung; 6, muscle; 7, spleen; 8, skin;
9, undifferentiated F9 cells; 10, differentiated F9 cells. (C) Poly(A) RNA was run
on a 1% agarose gel and then subjected to Northern blot hybridization with
RAR~YB cDNA as a probe (top). The same blot was rehybridized with B-actin
cDNA to normalize the amount of RNA applied on the gel (bottom). Lanes: 1,
brain; 2, heart; 3, kidney; 4, liver; 5, lung; 6, muscle; 7, skin; 8, spleen; 9,
undifferentiated F9 cells; 10, differentiated F9 cells. The upper and lower arrows
indicate RARyA and RAR«YB isoforms, respectively.

RARy

in heart and muscle tissue. In other tissues such as kidney,
liver, lung, and skin, the mutant RAR+yB accounted for about
10 to 30% of total expressed RARYy. In F9 cells, the amount of
RAR+YBm382 relative to normal RARy (about 20% of total)
did not change during the differentiation, although total RAR<y
expression was negatively regulated after induction of differ-
entiation by RA and cAMP (Fig. 2C). Next, to determine
whether expression of RARyBm382 correlates with that of the
normal RAR+yB isoform, we performed Northern (RNA) blot
analysis of RARy mRNA from mouse tissues. As shown in Fig.
2C, two major mRNAs, about 3.3 and 3.1 kb in size, were
detected on the blots. From their sizes, the larger and smaller
bands represented mRNAs for the RARyA and RAR«yB iso-
forms, respectively (31). This was confirmed by hybridization
using the N-terminal region specific for each isoform (data not
shown). Consistent with previous reports (20, 31, 40, 62), high-
level expression of RARYy was observed in skin, lung, and F9
cells, whereas brain, heart, kidney, liver, and muscle cells ex-
pressed RARYy at very low levels. In addition, each of the two
isoforms showed a tissue-specific pattern of expression.
RAR+YA was predominant in skin and brain cells, whereas
RAR+YB was predominant in liver, muscle, spleen, and F9 cells.
In heart, kidney, and lung cells, the two isoforms were ex-
pressed at roughly similar levels. Comparison with the results
shown in Fig. 2B and C demonstrated that the abundance of
RARYBm382 in each tissue does not correlate with the level of
normal RAR+yB or total RARYy.

Negative function of the mutant RAR. Because of deletion
of its activation domain, RARyBm382 is expected to lose the
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FIG. 3. Structures of reporter CAT DNAs. Each reporter construct contains
one copy of each synthetic oligonucleotide as shown. The consensus half-sites are
indicated by arrows.

ability to activate transcription of an RA-responsive promoter.
To confirm this, we carried out a transient expression experi-
ment using pTREpaltkCAT DNA as a reporter (Fig. 3). As
shown in Fig. 4, no RA-dependent stimulation of CAT activity
was observed in cells cotransfected with pSGRARyBm382,
whereas cotransfection of a normal RARa or RARYB expres-
sion plasmid increased CAT activities by more than 25-fold in
response to RA. The other three RARE promoters (Fig. 3)
were also not activated by RARyBm382 (data not shown).
Recently, Damm et al. (10) have demonstrated that C-ter-
minal truncation mutants of RARs, which were created in
vitro, acted as dominant negative repressors of normal RARs.
In contrast to such mutants, RARyYBm382 lost a part of its
dimerization domain essential for protein-protein interaction.
We therefore examined whether RARyBm382 is able to act as
a negative repressor of normal RARs. In the following exper-
iments, we analyzed the effects of RARyBm382 on transcrip-
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FIG. 4. Loss of transactivation function in mutant RARs. One microgram of
normal or mutant RAR-expressing plasmid DNA was cotransfected with 1 pg of
pTREpaltkCAT DNA in HeLa cells, and the cells were incubated for 2 days in
the presence (+) or absence (—) of 1 uM RA. The amount of the acetylated
form of [*C]chloramphenicol was determined by using a Fujix BAS2000 image
analyzer and normalized by estimation of the level of B-galactosidase activity
used as an internal standard. The CAT activity in cells transfected with the
reporter DNA alone and cultured in the absence of RA is represented as 1.
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FIG. 5. Promoter- and cell-type-specific negative effects of RARyBm382.
One microgram of the indicated reporter CAT DNA was cotransfected with 2 pg
of pPSGRARYBm382 and 0.5 pg of pPSGRAR« into HeLa, F9 stem, or differen-
tiated (diff) F9 cells. After transfection, the cells were cultured in the presence of
1 uM RA. For each RARE promoter, relative CAT expression is presented in
comparison with that measured in cells cotransfected with the reporter and
pSGRARG, arbitrarily defined as 100. In the presence of exogenous RARa, the
CAT level of TREpal, TREinv, or lamRARE reporter relative to BRARE as 100
was 60, 95, or 14, respectively, in HeLa cells, 93, 120, or 21, respectively, in F9
cells, and 88, 105, or 26, respectively, in F9 differentiated cells.

tion of four different types of RARE promoters by normal
RAR (Fig. 3). TREpal is a synthetic palindrome of the AG
GTCA motif, a modified version of the rat growth hormone T3
response element (22). TREinv is a synthetic inverted form of
TREpal (44). BRARE is a direct repeat of the element with
5-bp spacing which is found within the RARB gene promoter
(13, 54). lamRARE is a complex element consisting of three
motifs which is found in the upstream region of the mouse
laminin B1 gene (45, 58, 59). These RARESs were inserted just
upstream of the tk-CAT DNA. As shown in Fig. 5A, BRARE
and TREinv promoters were activated by endogenous RAR in
response to RA and activated further by ectopically expressed
RARa in HeLa cells, whereas RA-dependent activation of
TREpal and lamRARE promoters required exogenous RARa.
When RARYyBm382 was coexpressed in HeLa cells, the tran-
scription level of the BRARE or TREinv promoter activated
by endogenous and exogenous RAR decreased to about 5 to
10% of control levels. Transcription of the lamRARE pro-
moter activated by exogenous RARa was similarly inhibited by
RARYBm382. In the contrast, transcription of the TREpal
promoter activated by exogenous RARa was not inhibited by
RARvYBm382. In contrast to HeLa cells, however, in F9 cells,
RAR+YyBm382 inhibited transcription of the TREpal promoter
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FIG. 6. Negative effects of RARYBm382 on normal RARyB. One micro-
gram of pBRAREtkCAT (left) or pTREpaltkCAT (right) was cotransfected with
0.5 ng of pPSGRARYB and 2 pg of pSGRARYBm382 into HeLa cells. After
transfection, the cells were cultured in the presence of 1 uM RA. For each
RARE promoter, relative CAT expression is presented in comparison with that
measured in cells cotransfected with each reporter and pPSGRARYB, arbitrarily
defined as 100. wt, wild type.

as well as the other three RARE promoters, although the
degrees of inhibition of TREpal and lamRARE promoters
were lower than those of BRARE and TREinv promoters (Fig.
5B). On the other hand, almost no inhibition of transcription
of the lamRARE promoter by RARyBm382 was observed
when F9 cells were induced to differentiate with RA and
cAMP (Fig. 5C). The selective negative effects of RARyBm
382 on different RARE promoters were also observed with
transcription by its normal counterpart, RARyB (Fig. 6).
RAR+YBm382 again failed to inhibit transcription of TREpal
promoter activated by normal RARYB in HeLa cells, whereas
it inhibited activation of transcription of the BRARE pro-
moter. Activation of the lamRARE promoter by RARYB was
also not inhibited by RARyBm382 in differentiated F9 cells
(data not shown). These data together with the results in Fig.
5 indicated that RARYBm382 acts as a negative repressor of
both RARa and RAR+YB in a promoter- and cell-type-specific
manner.

To determine the mechanism of the negative effects of
RARvYBmM382 on normal RARs, we investigated whether the
mutant RAR+yB is able to form a heterodimer with RXR and
to bind with RARESs. For this purpose, RARYB, RARyBm
382, and RXRa proteins were synthesized in vitro by using
rabbit reticulocyte lysates and analyzed for their abilities to
bind with the three RAREs, BRARE, TREpal, and lam-
RARE, by a gel retardation assay. As shown in Fig. 7, none of
the receptors alone bound efficiently with all three RARE:.
Efficient binding of normal RARYB occurred with the three
RARE:s in the presence of RXRa protein (and also RXR and
-y [data not shown]), although BRARE was the most efficiently
bound of the three RAREs. RARyBm382 also bound to the
three RAREs with a little lower efficiency than normal
RARYB, probably reflecting a fluctuation of efficiency of in
vitro transcription and translation. Importantly, its efficiency of
binding to each RARE was almost the same as that of normal
RAR+YB. After long exposure of the gels, a gel-retarded band
was visible in the reaction supplemented only RARyBm382 or
normal RAR+YB (data not shown). These results clearly indi-
cate that RARyBm382 does not lose the ability to dimerize
with itself and with RXR and to bind with the three different
types of RARE. RARyBm382 inhibited transcription by nor-
mal RARs in a RARE- and cell-type-dependent manner,
which suggested that its negative effect on transcription does
not result simply from its binding with RARES in competition
with normal RAR heterodimer.
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FIG. 7. Binding of RARYBm382 with RAREs. Radiolabeled BRARE, TRE-
pal, and lamRARE were incubated with reticulocyte lysate programmed with
RARYyB, RARYBm382, or RXRa alone or in combination. Probes were also
incubated with unprogrammed lysate as a control (the left-most lane in each
panel). Specific complexes are indicated by arrows. mut, mutant; wt, wild type.

Finally, to examine whether the RARE promoter- and cell-
type-specific negative effect on normal RARs is characteristic
of RARyBm382, we constructed truncation forms of RARyB
and RARa which were deleted of their activation domains but
retained their dimerization domains (Fig. 1C) and compared
their negative effects on transcription with that of RARyBm
382. As shown in Fig. 8, unlike RARYyBm382, RARyBm396
inhibited transcription of the TREpal promoter in HeLa cells
and the lamRARE promoter in differentiated F9 cells. Simi-
larly, RARam403 efficiently inhibited transcription of BRARE,
TREpal, and lamRARE promoters irrespective of cell type.
Thus, it appears that a region from amino acids 382 to 396 of
RAR+YB determines the specificity of RAR function in trans-
activation of RA-responsive promoters.

DISCUSSION

The experiments described here demonstrated the presence
of a novel isoform of RAR which is deleted of its C-terminal
region and part of the dimerization and activation domains. All
isoforms of RAR identified so far differ from one another in
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FIG. 8. Promoter-specific negative effect of RARyYBm382 by deletion of its
dimerization domain. One microgram of the indicated reporter DNA was co-
transfected with 2 pg of the mutant RAR-expressing plasmid in the presence of
0.5 ng of pPSGRAR into HeLa or differentiated (diff) F9 cells. After culture in
the presence of 1 pM RA for 2 days, CAT activity was measured. For each
RARE promoter, relative CAT expression is presented in comparison with that
measured in cells cotransfected without the mutant RAR expressing plasmid,
arbitrarily defined as 100.
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their 5’ untranslated and N-terminal regions and are produced
from a common gene by alternative splicing (20, 31, 34, 36, 63).
Thus, this is the first report to demonstrate the presence of a
C-terminal truncation mutant of RAR present in normal tis-
sues and cells. It has been previously demonstrated that a
truncation mutant of RARa is present in a mutant cell line of
P19 cells nonresponsive to RA (47). In that case, the mutant
RARa was shown to be produced from a RARa gene mutated
at the C-terminal region. Southern hybridization analysis of
mouse genomic DNA showed that any recombination within
the RARY gene does not occur in normal cells and tissues (our
unpublished observation). RARyBm382 was exactly the same
as normal RAR+yB except for its C-terminal truncation. These
observations suggest that RARyBm382 is transcribed from the
normal gene and is produced by alternative splicing at its
C-terminal region.

The amounts of mRNA for RARyYBm382 relative to normal
RAR+YB were different in various adult mouse tissues. For
instance, the mutant RARyB accounted for about 70% of total
RARYy in the spleen, which expresses predominantly (about
70% of total RAR<) the RARYB isoform. About 10% of total
RAR<y was the mutant RARvYB in the skin, which expresses
predominantly (more than 80% of total RARYy) the RARYA
isoform. Thus, almost all RARvyB in these two tissues appears
to be the mutant form. In contrast, heart and muscle tissues, in
which RAR+YB is predominant, expressed RARyBm382 at only
low levels, about 3% of total RARYy. Thus, almost all RARYB
appears to be the normal form in these tissues. In the other
tissues and F9 cells, the mutant form was estimated to account
for about 25 to 40% of total RARyB. As in the case of normal
RARY, under the conditions used in RT-PCR, the same size of
DNA would be amplified from any similar truncation mutants
of other RAR'y isoforms. Moreover, it is not clear at present
whether RARYB382 is expressed stably at the translational
level. More studies are required to understand its physiological
significance, although the differential distribution among vari-
ous tissues raises the possibility that it plays some role in the
RA-signaling pathway.

On the basis of their structural similarity, RARyYBm382 re-
sembles the v-erbA oncogene product, a mutated form of c-
ErbA (thyroid hormone receptor) (50). Like v-ErbA (11, 51,
64), RARYBm382 acted as a negative repressor of normal
RAR:s. Interestingly, however, the negative effects on normal
RARs were dependent not only on the type of RARE pro-
moter but also on the cell type. For instance, the TREpal
promoter in HeLa cells and the lamRARE promoter in differ-
entiated F9 cells escaped the negative effects of RARyYBm382.
These observations suggest that transcriptional repression by
RAR+YBm382 results neither from its direct interaction with
normal RARs nor from competitive binding of its homodimer
to the respective RAREs. Despite its deletion of the dimeriza-
tion domain, RARyBm382 was able to dimerize with RXRs
and to bind in vitro with at least three different types of RARE
(BRARE, TREpal, and lamRARE) as efficiently as normal
RARyB. If binding of the RAR-RXR heterodimer with
RARE simply confers activation of transcription, RARyBm
382 should act as a negative repressor irrespective of RARE
promoter and cell type. It has been previously demonstrated
that cooperativity in transactivation between RAR and TFIID
requires an activity analogous to Ela (4). Such an activity
(mediator) might mediate an interaction between the RAR-
RXR heterodimer with the basal transcription machinery. Fur-
ther, since specificity of conformation of the RAR-RXR het-
erodimer appears to depend on the spacing and orientation of
the AGGTCA repeats (61), mediators might be distinct from
every RARE type and might be cell type specific. Therefore,
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RARE-type-dependent negative effects of RARyYBm382 may
be based on its selective interaction with mediators. However,
this model requires the assumption that RAR-RXR het-
erodimers bind stably to RARE in vivo only when they interact
with mediators to form an active transcription complex.

Alternatively, since RAR is known to form a heterodimer
with cell-type-specific nuclear proteins as well as RXRs (21), it
is also possible that RARE- and cell-type-dependent negative
effects of RARYBm382 reflect the heterogeneity of such het-
erodimeric partners. Unlike RARyBm382, the two truncation
mutants RAR«403 and RARyBm396, which retain their
dimerization domains, acted as negative repressors of normal
RARs irrespective of RARE promoter and cell type. This
finding indicates that the region from amino acids 382 to 396
may be essential for mediating the interaction of RAR with
mediators and/or its heterodimeric partners, while the nine
heptad repeats within the dimerization domain conserved
among nuclear hormone receptors have been shown to medi-
ate diverse responses by affecting homodimer and heterodimer
formation (1, 17, 40, 42, 66). In either case, RARyBm382 may
provide an important tool with which to identify proteins in-
teracting with RAR which are involved in discrimination and
activation of a variety of RARE promoters.

It should be noted that unlike BRARE, TREpal promoter
was not activated by endogenous RAR in HeLa cells. Since in
vitro binding of the RAR-RXR heterodimer to BRARE was at
most three- to fourfold higher than that to TREpal, the dif-
ferential activation in response to endogenous RAR appears
not to result simply from the difference in their binding effi-
ciencies. Rather, because of their low level of expression in
HeLa cells, RARs might interact only with a distinct class of
heterodimeric partners and/or mediators and thereby activate
BRARE but not the TREpal promoter. Upon its ectopic ex-
pression, however, RAR could interact with a partner or me-
diator which is involved in activation of the TREpal promoter.
In contrast to HeLa cells, F9 cells express RAR at a relatively
high level, and so the TREpal promoter is activated by endo-
genous RAR in response to RA. Therefore, the relative con-
centrations of RAR and its heterodimeric partners and medi-
ators within different cells or tissues are likely to determine
which target genes are activated.

Finally, aberrant forms of nuclear receptors, as dominant
negative repressors for their normal receptor counterparts,
have been found in patients with a variety of endocrine and
neoplastic diseases and in cell lines nonresponsive to ligands
(6, 12, 28, 30, 47, 57). Expression of RAR'y and its isoforms is
strictly regulated at specific stages of early embryogenesis and
at development of specific tissues (20, 31, 40, 62). It was pre-
viously demonstrated that a dominant negative RAR mutant,
RAR®403, caused malformations of the palate in transgenic
mice, which died within 24 h after birth (10). Since, unlike the
case for RARa403, the function of RARYBm382 as a negative
repressor was dependent on RARE promoter and cell type, it
might cause more moderate and restricted effects on develop-
ment of such transgenic mice. Analysis of their developmental
fates would give clues to the mechanism by which RAR regu-
lates early embryogenesis, development, and cellular differen-
tiation in response to RA.
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