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Cells utilize ubiquitin-mediated proteolysis to regulate the activity of numerous proteins involved in signal
transduction, cell cycle control, and transcriptional regulation. For a number of transcription factors, there
appears to be a direct correlation between transcriptional activity and protein instability, suggesting that cells
use targeted destruction as one method to down-regulate or attenuate gene expression. In this report we
demonstrate that retinoid X receptors (RXRs) which function as versatile mediators of nuclear hormone-
dependent gene expression are marked for destruction upon binding agonist ligands. Interestingly, when RXR
serves as a heterodimeric partner for retinoic acid (RAR) or thyroid hormone (TR) receptors, binding of
agonists by RAR or TR leads to degradation of both the transcriptionally active RAR or TR subunits as well
as the transcriptionally inactive RXR subunit. Furthermore, using a series of mutants in the ligand-dependent
activation domain (activation function 2), we demonstrate that agonist-stimulated degradation of RXR does
not require corepressor release, coactivator binding, or transcriptional activity. Taken together, the data
suggest a model for targeted destruction of transcription factors based on structural or conformational signals

as opposed to functional coupling with gene transcription.

Proper regulation of gene expression is an essential feature
of eukaryotic development and cellular homeostasis. To this
end organisms have evolved a number of mechanisms to tightly
control the activity of the trans-acting factors that regulate
gene expression at the transcriptional level. Members of the
nuclear hormone receptor superfamily illustrate one well-stud-
ied example of tightly regulated transcriptional control (for a
review, see reference 40). Nuclear receptors are sequence-
specific DNA-binding proteins that regulate target genes in
response to the direct binding of small lipophilic ligands. Like
many transcription factors, nuclear receptors are modular with
separable DNA-binding and ligand-binding domains (LBD).
Ligand binding to receptors initiates a conformational change
throughout the LBD that disrupts interactions with corepres-
sors and promotes interactions with coactivators (for a review
see reference 22). A conserved helix near the carboxy terminus
(helix 12) occupies unique positions when structures of unli-
ganded, agonist-occupied, and antagonist-occupied LBDs are
compared (for reviews, see references 22 and 43). Importantly,
mutagenesis experiments indicate that helix 12, also referred to
as the activation function 2 (AF-2) helix, is necessary for li-
gand-dependent transactivation by nuclear receptors (21). Re-
cent work indicates the AF-2 helix contributes an essential
surface to the formation of an agonist-dependent hydrophobic
pocket that serves as a binding site for coactivators (14, 18, 24,
41, 46, 64). The alternative positions occupied by the AF-2
helix in the unliganded or antagonist-occupied conformations
preclude the formation of the coactivator pocket and often
favor the binding of corepressors (26, 44, 49). Thus, by mod-
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ulating protein-protein interactions, a conformational change
induced by hormones or other small molecule ligands is trans-
lated into a transcriptional response.

In contrast to the wealth of knowledge regarding the induc-
tion of transcription by nuclear receptors and other transcrip-
tion factors, far less is known about how cells turn off tran-
scription factors once activated. Nonetheless, inappropriate
transcription or too much transcription factor activity is often
detrimental, and indeed misregulation of several transcription
factors has been shown to contribute to oncogenesis (for re-
views, see references 27, 31, and 62). Recent work indicates
that the half-lives of many transcription factors, including nu-
clear receptors, are controlled by ubiquitin-dependent prote-
olysis. Interestingly, agonist binding appears to decrease recep-
tor half-life (2, 5, 12, 23, 32, 37, 45, 70), suggesting that one
mechanism to shut off or attenuate receptor-mediated tran-
scription is by targeting transcriptionally active receptors for
destruction. A correlation between protein stability and tran-
scriptional activity has also been made for other transcription
factors (30, 42, 52). Based on these observations, several in-
vestigators have suggested that interactions between transcrip-
tion factors and coactivators or other components of the tran-
scriptional machinery may serve as the signal that targets active
transcription factors for ubiquitin-mediated proteolysis.

Retinoid X receptors (RXRs) play important roles in nu-
merous nuclear receptor-dependent signaling pathways. Not
only can RXR function as a homodimer, but this receptor also
serves as an obligate heterodimeric partner for many other
receptors, including those for retinoic acid (RARs), thyroid
hormone (TRs), vitamin D, prostanoids (peroxisome prolifera-
tor-activated receptor [PPARY]), oxysterols, bile acids, xenobi-
otics, and several orphan receptors (39). In this study, we used
receptor-specific synthetic ligands and a series of AF-2 domain
mutations to examine the stability of RXR homo- and het-
erodimers. Activation of one subunit of an RXR-dependent
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heterodimer leads to degradation of the entire dimeric com-
plex, indicating that the complex is recognized as a single entity
by the degradation machinery. Strikingly, we show that al-
though receptors must assume an active conformation to signal
destruction, transcriptional activity or interaction with cofac-
tors is not required.

MATERIALS AND METHODS

Plasmids and inhibitors. The receptor and reporter vectors used in this study
have been previously described (19, 54-57, 63). RXR point mutants were gen-
erated by PCR using oligonucleotides containing the desired mutation or by
using a QuickChange site-directed mutagenesis kit (Stratagene). FLAG-tagged
RAR403 was generated by introducing two copies of the FLAG epitope
(DYKDDDDK) at the amino terminus of RAR403. The proteasome inhibi-
tors N-acetyl-Leu-Leu-Nlc-CHO (ALLN) and MG132 were purchased from
BIOMOL. The kinase inhibitors PD98059 and AG-490 were purchased from
Calbiochem.

Cell culture and transfection. CV1 cells were cultured in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum. Prior to
transfection, cells were seeded in 10-cm-diameter plates (4 X 10° cells/plate) for
Western blotting experiments or 48-well plates (1.5 X 10* cells/well) for lucif-
erase assays in DMEM supplemented with 10% charcoal-resin-split fetal bovine
serum. After 12 to 16 h of growth at 37°C, cells were transfected with the
DOTAP transfection reagent as instructed by the manufacturer (Roche Molec-
ular Biochemicals). For Western blots, cells were transfected with 10 ng of RXR
expression plasmids. When heterodimers with RAR and TR were examined, 5
pg of each expression plasmid was transfected. To determine the effect of
proteasome activity on RXR transactivation, each well was transfected with 36 ng
of the UASgx4-tk-luc reporter, 36 ng of pCMX-GAL4-hRXRa LBD (amino
acids 222 to 462) or pPCMX-GAL4 (amino acids 1 to 147), and as an internal
control 60 ng of pCMX-B-galactosidase. For functional analysis of RXR ho-
modimers, each well was transfected with 36 ng of the CRBPII-tk-luc reporter,
36 ng of pCMX-hRXRa, or the appropriate RXR mutant and as an internal
control 60 ng of pCMX-B-galactosidase. For two-hybrid assays, each well was
transfected with 36 ng of UASsx4-tk-luc reporter, 36 ng of the pPCMXGAL4-
SRC-1 (amino acids 381 to 891), pPCMXGAL4-GRIP1 (amino acids 322 to 1121),
pCMXGALA4-TRAP220 (amino acids 637 to 656), or pPCMXGAL4-SMRT (ami-
no acids 2004 to 2517) fusion (9, 57, 58), 36 ng of VP16-RXR LBD (wild type or
mutant; amino acids 222 to 462), and as an internal control 60 ng of pCMX-p-
galactosidase. After 5 h at 37°C, the medium was removed, the cells were washed
once, and 200 pl of fresh medium was added with or without the ligands de-
scribed in the figure legends. Cells were harvested after an additional 36 h of
growth at 37°C. Luciferase activity of each sample was normalized by the level of
B-galactosidase activity. Each transfection was carried out in duplicate and re-
peated at least three times.

Nuclear extract preparation and Western blotting. Nuclear extracts were
prepared from transfected CV1 cells as described by Schreiber et al. (53). For
Western blots, 10 pl of each sample was resolved on sodium dodecyl sulfate
(SDS)-10% gels, transferred to polyvinylidene difluoride membranes, and
probed with the appropriate antibodies. Anti-human RXRa (hRXRa) (sc-774;
0.1 pg/ml; Santa Cruz Biotechnology), anti-TATA-binding protein (TBP (E4151;
285 ng/ml; Promega), anti-mouse RXRB (MA3-812); 10 ng/ml; (Affinity Biore-
agents) anti-hRARa (sc-551; 0.1 pg/ml; Santa Cruz Biotechnology), anti-hTRB
(MA1-215; 2.0 pg/ml; Affinity Bioreagents), anti-FLAG M5 (F4042; Sigma), and
anti-progesterone receptor (PR) (11). For all experiments, an identical gel was
stained with Coomassie blue to ensure that equal amounts of total protein were
loaded in each lane.

Immunoprecipitation and pulse-chase analysis. CV1 cells were cultured in
DMEM supplemented with 10% fetal bovine serum. Prior to transfection, cells
were seeded in 10-cm-diameter plates (4 X 10° cells/plate) and transfected with
10 pg of pPCMX-hRXRa. After 36 h, cells were labeled with [**S]methionine
(100 wCi/ml) for 4 h (Fig. 3A) or 45 min (Fig. 3B). After labeling, cells were
either directly lysed or chased with a 200-fold excess of unlabeled methionine in
the presence or absence of LGD1268. Upon completion of the experiment,
medium was removed, and cells were washed twice with 5 ml of ice-cold phos-
phate-buffered saline, then scraped off the plate in 1.0 ml of phosphate-buffered
saline, and transferred to an Eppendorf tube. Cells were pelleted for 1.0 min at
14,000 X g at 4°C and and then lysed in 50 .l of lysis buffer (50 mM Tris [pH 8.8],
5 mM EDTA, 2.0% SDS, 10 mM dithiothreitol, 100 uM sodium vanadate, 10
mM sodium fluoride, Complete protease inhibitors, EDTA free [Roche Molec-
ular Biochemicals]). Following lysis, the extract was diluted with 950 pl of
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dilution buffer (20 mM Tris [pH 8.8], 150 mM NaCl, 2 mM EDTA, 100 pM
sodium vanadate, 10 mM sodium fluoride, Complete protease inhibitors, EDTA
free [Roche Molecular Biochemicals]) and passed through a 25-gauge needle to
shear DNA. The extract was pelleted for 10 min at 14,000 X g at 4°C, and the
supernatant was transferred to a new tube. To clear the supernatant, 15 pl of
protein A/G-agarose (sc-2003; Santa Cruz Biotechnology) was added, and the
samples were incubated with gentle rocking for 1 h at 4°C. Following this
incubation, the beads were pelleted, the cleared supernatants were transferred to
new tubes, 2 ug of anti-hRXRa (sc-774; Santa Cruz Biotechnology) prebound to
10 wl of protein A/G-agarose was added, and the mixture was incubated with
gentle rocking for 3 h at 4°C. The beads were then pelleted and washed three
times for 10 min at room temperature with 1.0 ml of high-salt buffer (20 mM Tris
[pH 8.8], 500 mM NaCl, 2 mM EDTA, 0.2 mM dithiothreitol, 100 pM sodium
vanadate, 10 mM sodium fluoride, Complete protease inhibitors, EDTA free
[Roche Molecular Biochemicals]), followed by a quick rinse with 1.0 ml of 10
mM Tris (pH 8.8). Bound protein was eluted with 10 wl of SDS-gel sample buffer.

Immunoprecipitation-Western blot analysis. CV1 cells were cultured in
DMEM supplemented with 10% fetal bovine serum. Prior to transfection, cells
were seeded in 10-cm plates (4 X 10° cells/plate) and transfected with 10 pg of
pRSV-mRXRp (38) or pRSV as a negative control. After transfection, cells were
incubated with and without LGD1268 and MG132 as described in the legend to
Fig. 4C. Upon completion of the experiment, ubiquitinated proteins were im-
munoprecipitated as described above, using 2 pg of antiubiquitin polyclonal
antibody (sc-9133; Santa Cruz Biotechnology) prebound to 10 pl of protein A/G.
Bound protein was eluted with 10 pl of SDS-gel sample buffer. Precipitated
mouse RXRB was detected by Western blotting as described above.

RESULTS

Ubiquitin-mediated degradation of RXR. To examine the
influence of ligands on the stability of RXR, CV1 cells were
transfected with an hRXRa expression plasmid and treated
with the RXR-specific agonist LGD1069 (also known as bex-
arotene or Targretin) (3) or LGD1268 (4). After incubation
with ligands, RXR protein levels were examined by Western
blotting. As shown in Fig. 1A and B, treatment with either
agonist results in a >90% decrease in RXR levels (lanes 1 to
3). Dose-response studies indicate that the 50% effective con-
centrations for receptor degradation and transactivation are
similar (approximately 5 nM [Fig. 1C and D]) (4). In addition,
similar results are obtained when endogenous CV1 RXR pro-
tein is examined in the absence of transfection (Fig. 2). Since
the Western blots in Fig. 1 and 2 utilized high-salt extracts
from isolated nuclei, we were concerned that the decrease in
RXR proteins levels may represent relocalization of RXR to
the cytoplasm or to a subnuclear compartment that prevents
quantitative extraction. To address this issue, cells were treated
with LGD1268 for 36 h as in Fig. 1 and labeled with [**S]me-
thionine, and RXR was immunoprecipitated from whole-cell
extracts made by lysis with 2% SDS. The results of the immu-
noprecipitation in Fig. 3A clearly show a dramatic decrease in
RXR levels in whole-cell extracts from LGD1268-treated cells
(compare lanes 3 and 4). Pulse-chase immunoprecipitation
analysis and time course experiments using Western blotting
indicate that the half-life for ligand-dependent degradation is
approximately 2 h, compared to 4 h in the absence of ligand
(Fig. 3B and C) (47). Consistent with effects on RXR stability,
ligand-dependent destruction of RXR does not require new
protein synthesis, and the effects of ligand on relative receptor
stability are similar in the presence and absence of protein
synthesis (Fig. 4A, compare lanes 1 and 2 with lanes 3 and 4).
Furthermore, treatment of cells with the proteasome inhibitor
ALLN or MG132 blocks degradation (Fig. 4B), and immuno-
precipitation-Western blot experiments demonstrate a ligand-
stimulated ubiquitination of RXR (Fig. 4C, compare lanes 4
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FIG. 1. RXR agonists decrease the amount of transfected RXR in
CV1 cells. (A and B) CV1 cells were transfected with an expression
plasmid for hRXRa and incubated for 36 h in the absence (lane 1) or
presence of 1.0 uM RXR-specific agonist LGD1069 (lane 2) or
LGD1268 (lane 3). After incubation with ligands, nuclear extracts were
prepared and examined by Western blotting using anti-RXR and anti-
TBP antibodies. (A) Western blots. (B) Coomassie blue-stained gel
demonstrating that equal amounts of total protein are present in all
lanes. (C) CV1 cells were transfected with an expression plasmid for
hRXRa and incubated for 36 h in the absence (lane 1) or presence
(lanes 2 to 5) of the RXR-specific agonist LGD1268 at the concentra-
tions noted. RXR and TBP levels were analyzed as described for panel
A. (D) CV1 cells were transfected with hRXRa along with the
CRBPII-tk-luc reporter and a B-galactosidase expression plasmid. Fol-
lowing transfection, cells were incubated in the presence of different
concentrations of LGD1268. After 36 h, luciferase activity was deter-
mined and normalized by B-galactosidase activity. ECs,, 50% effective
concentration.

and 5). Taken together, the data shown in Fig. 1 to 4 indicate
that binding of agonists to RXR induces degradation of the
activated receptor via the ubiquitin/proteasome pathway.
Since treatment of cells with proteasome inhibitors stabilizes
RXR in the presence of agonists, we sought to determine
whether increasing RXR protein levels influences transcrip-
tional activity. To this end, the effect of the proteasome inhib-
itor MG132 on the activity of a GAL4-RXR LBD fusion was
examined (Fig. 5). As shown in Fig. 5A, the GAL4-RXR LBD
fusion is also degraded in an agonist-dependent fashion, indi-
cating that the LBD itself is sufficient to signal destruction.
Interestingly, in the presence of MG132, the response to the
RXR agonist LGD1268 is reduced by 65% (Fig. 5B), while the
constitutive activity of GAL4(1-147) assayed on the same re-
porter is not significantly altered (Fig. 5C). Similar effects of
proteasome inhibitors on the activity of the estrogen and thy-
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FIG. 2. Ligand-dependent degradation of endogenous RXR. CV1
cells were cultured for 24 h in the absence (lane 1) or presence (lane
2) of 1.0 nM LGD1268. After incubation with ligands, nuclear extracts
were prepared and examined by Western blotting using anti-RXR and
anti-TBP antibodies.
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FIG. 3. Agonists decrease the half-life of RXR. (A) CV1 cells were
transfected with an expression plasmid for hRXRa and incubated in
the absence (lane 2) or presence (lane 3) of 1.0 uM LGD1268. After
36 h, cells were labeled with [**S]methionine for 4 h in the continued
absence or presence of LGD1268, and RXR was immunoprecipitated
from whole-cell extracts as described in Materials and Methods. Lane
1, "C-molecular weight markers; lane 2, [*>S]methionine-labeled in
vitro-translated (IVT) RXR; lanes 3 and 4, immunoprecipitated sam-
ples. (B) CV1 cells were transfected with an expression plasmid for
hRXRa and incubated in the absence of ligands for 36 h. Cells were
pulsed for 45 min with [>*S]methionine and chased in absence (lanes 3
and 5) or presence (lanes 4 and 6) of LGD1268 for the times noted.
RXR was immunoprecipitated from whole-cell extracts as described in
Materials and Methods. Lane 1, [>*S]methionine-labeled in vitro-trans-
lated RXR. (C) CV1 cells were transfected with an expression plasmid
for hRXRa and incubated for 36 h in the absence of ligands to allow
expression of RXR. LGD1268 (1.0 M) was then added, and nuclear
extracts were prepared at the times after ligand addition indicated and
examined by Western blotting using anti-RXR

roid hormone receptors have recently been observed (12, 37).
Thus, proteasome activity appears to be a general requirement
for maximum transactivation by nuclear receptors (see Discus-
sion).

Ligand-dependent degradation of RXR requires agonist ac-
tivity. In contrast to agonist-dependent degradation, adminis-
tration of the RXR homodimer antagonist LG100754 (8, 34),
which binds RXR specifically, has little or no effect on RXR
levels (Fig. 6A). LG100754, however, does competitively in-
hibit agonist-dependent degradation (Fig. 6B). The failure of
an antagonist to induce degradation supports the hypothesis
that transcriptional activity serves as a signal for ubiquitin-
mediated proteolysis (12, 23, 37, 42, 52). To confirm this con-
clusion, the relative stability of an RXR mutant that has the
essential helix 12 deleted (RXR443) was examined. Although
this mutant cannot activate transcription or interact with co-
activators, it binds LGD1268 with little change in affinity (54,
55). Consistent with the results observed with the antagonist
LG100754, removing the AF-2 domain (helix 12) from RXR
inhibits destruction (Fig. 6C). Interestingly, in the presence of
LGD1268 the amount of RXR443 appears to slightly increase
(Fig. 6C, compare lanes 3 and 4). This ligand-dependent sta-
bilization most likely results from the overall compaction of the
LBD that occurs upon ligand binding (6, 7, 51, 68). Similar
stabilization by agonists is readily observed in vitro when par-
tial protease protection experiments are used to probe ligand-
dependent conformational changes (29, 36, 57).

Inhibition of MKK destabilizes RXR. Phosphorylation has
been shown to serve as a positive signal for the degradation of



4912 OSBURN ET AL.

A Cycloheximide = = 4
LGD1268 = 4 =
RXR

B MG132 = = = = 4 +
ALUN = = 4 4 = =
LGD1268 = 4 = o = o

RXR|=— — = mmem
123 45 6

(o IP Anti-Ub/Blot Anti-RXR(
MG132 4 = = 4 <+
LGD1268 = = & = o4

RXR = + + + +

1 2 3 4 5

FIG. 4. Ligand-dependent degradation of RXR requires protea-
some activity and is independent of protein synthesis. CV1 cells were
transfected with an expression plasmid for hRXRa and incubated for
36 h in the absence of ligands to allow expression of RXR. (A) After
36 h, cells were pretreated for 30 min in the absence (lanes 1 and 2) or
presence (lanes 3 and 4) of cycloheximide (10 wg/ml). Following the
30-min pretreatment, LGD1268 (1.0 M) was then added (lanes 2 and
4), and the cells were incubated for an additional 2 h in the presence
of cycloheximide as indicated. RXR protein levels were examined by
Western blotting with anti-RXR and anti-TBP antibodies. The num-
bers under the RXR blot indicate the percentage of RXR relative to
the untreated control (lane 1). Quantitation was done using a Storm
840 PhosphorImager (Molecular Dynamics). (B) After 36 h, cells were
pretreated for 30 min in the absence (lanes 1 and 2) or presence of 100
wM of the proteasome inhibitor ALLN (lanes 3 and 4) or MG132
(lanes 5 and 6). Following the 30-min pretreatment, LGD1268 (1.0
wM) was then added (lanes 2, 4, and 6), and the cells were incubated
for an additional 6 h in the presence of proteasome inhibitors as
indicated. RXR levels were analyzed as described for panel A. (C)
CV1 cells were transfected with either an empty expression vector
(lane 1) or an expression vector for mouse RXR (lanes 2 to 5), and
cells were incubated for 36 h in the absence of ligands to allow expres-
sion of RXR. After 36 h, cells were pretreated for 30 min in absence
(lanes 2 and 3) or presence (lanes 1, 4, and 5) of 10 uM MG132.
Following the 30-min pretreatment, LGD1268 (1.0 uM) was then
added (lanes 3 and 5), and the cells were incubated for an additional
6 h in the presence of MG132 as indicated. Upon completion of the
incubation, cells were lysed and whole-cell extracts were immunopre-
cipitated (IP) with a polyclonal antibody to ubiquitin (Ub) as described
in Materials and Methods. Proteins bound to the beads were eluted,
and RXR protein levels were examined with a monoclonal antibody
against mouse RXR}.

several proteins, including IkB (10), cyclin D1 (16), cyclin E
(67), B-catenin (48), and recently PR (35). In the case of PR,
mitogen-activated protein (MAP) kinase phosphorylation of a
single site in the amino-terminal domain (serine 294) is re-
quired for agonist-dependent degradation (35). Since RXR is
also a substrate for MAP kinase (1), we examined the effect of
kinase inhibitors on RXR stability (Fig. 7). Inhibition of MAP
kinase signaling using the MAP kinase kinase (MKK) inhibitor
PD98059 reduces the level of RXR, mimicking the RXR ag-
onist LGD1268 (Fig. 7A, lanes 1 to 3). The combination of
PD98059 and LGD1268 appears to act synergistically (lane 4).
The decrease in RXR levels observed upon MKK inhibition
contrasts the observations made for PR which is stabilized by
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FIG. 5. Proteasome activity is required for RXR transactivation.
(A) CV1 cells were transfected with an expression plasmid for GAL4-
hRXRa LBD (lanes 1 and 2) or full-length hRXRa (lanes 3 and 4) and
incubated for 36 h in the absence (lanes 1 and 3) or presence of 1.0 uM
LGD1268 (lanes 2 and 4). After incubation with ligands, RXR protein
levels were examined by Western blotting with anti-RXR and anti-TBP
antibodies. (B and C) CV1 cells were transfected with a reporter with
four GALA4 binding sites (UASgx4-tk-luc), a B-galactosidase expres-
sion plasmid, and a construct expressing a GAL4-hRXRa LBD fusion
(amino acids 222 to 462) (B) or GAL4(1-147) (C). After transfection,
cells were cultured for 24 h in the absence of ligands to allow expres-
sion of the GALA4 constructs. After 24 h, cells were incubated for 16 h
with vehicle (bar 1), 10 nM MG132 (bar 2), 1.0 uM LGD1268 (bar 3),
or 10 uM MG132 plus 1.0 uM LGD1268 (bar 4); luciferase activity was
determined and normalized by B-galactosidase activity. The activity
relative to that observed with the reporter alone is expressed. The
numbers listed above bars 3 and 4 are the fold inductions by LGD1268
in the absence (bar 3) or presence (bar 4) of MG132.

PD98059 even in the presence of the agonist R5020 (Fig. 5B)
(35). Furthermore, the effect of PD98059 is specific, as AG-
490, a tyrosine kinase inhibitor, has no effect on RXR levels
(Fig. 7C).

The results of Fig. 7A indicate that RXR can be destabilized
by either inhibition of MKK activity or agonist binding. Inter-
estingly, MKK inhibition also reduces the levels of the RXR
AF-2 deletion mutant, RXR443 (Fig. 7D, compare lanes 1 and
2). However, in contrast to the wild-type receptor, the effect of
the combination of PD98059 and LGD1268 on RXR443 is no
different from the effect observed with PD98059 alone (com-
pare lanes 2 and 3), again demonstrating that helix 12 is re-
quired for the destabilizing effect of agonist binding. Taken
together, the results suggest two independent mechanisms to
regulate RXR stability, one dependent on and the other inde-
pendent of the integrity of helix 12.

Both subunits of RXR-dependent heterodimers are de-
stroyed. To examine the stability of RXR-dependent het-
erodimers constructs expressing RXR and hRARa were trans-
fected into CV1 cells and treated with RAR-specific (TTNPB)
(66) and RXR-specific (LGD1268) agonists (Fig. 8A). Inter-
esting, when the RAR subunit is activated by TTNPB, both
RAR and RXR levels are decreased (Fig. 8A, compare lanes 1
and 3), indicating that both subunits of the dimeric complex
are degraded. The quantitatively weaker effect of the RXR
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FIG. 6. Agonist activity and helix 12 are required for ligand-stim-
ulated degradation. (A) CV1 cells were transfected with an expression
plasmid for hRXRa, and cells were incubated for 36 h in the absence
(lane 1) or presence of 1.0 uM LGD1268 (RXR-selective agonist; lane
2) or 100 nM LG100754 (RXR-specific antagonist; lane 3). After
incubation with ligands, RXR protein levels were examined by West-
ern blotting with anti-RXR and anti-TBP antibodies. (B) CV1 cells
were transfected with an expression plasmid for hRXRa and incubated
for 36 h in the absence (lane 1) or presence of 10 nM LGD1268
(RXR-selective agonist; lane 2), 1.0 puM LG100754 (RXR-specific
antagonist; lane 3), 10 nM LGD1268 plus 1.0 uM LG100754 (lane 4).
RXR levels were analyzed as described for panel A. (C) CV1 cells
were transfected with an expression plasmid for hRXRa (lanes 1 and
2) or the helix 12 (AF-2) deletion mutant RXR443 (lanes 3 and 4).
Cells were incubated for 36 h in the absence (lanes 1 and 3) or
presence (lanes 2 and 4) of 1.0 uM LGDI1268. RXR levels were
analyzed as described for panel A.

agonist LGD1268 on RAR levels (lane 2, approximately 50%
decrease) most likely arises from the weaker binding of RXR
ligands to RXR-RAR heterodimers (19, 33, 65). To further
define the mechanisms controlling heterodimer stability,
dimers formed between a stabilized RXR (RXR443) and RAR
were examined. Similar to the wild-type RXR-RAR het-
erodimer, treatment with the RAR agonist TTNPB reduces
the levels of both subunits of the RXR443-RAR heterodimer
(Fig. 8B, compare lanes 1 and 3), including the RXR helix 12
deletion that is stable as a RXR homodimer (Fig. 6C). In
contrast, when a transcriptionally inactive dominant-negative
RAR helix 12 deletion mutant (RAR403) (13) is paired with
wild-type RXR, both subunits of the RXR-RAR403 het-
erodimer are now resistant to TTNPB treatment (Fig. 8C). A
FLAG-tagged RAR403 construct was used for this experiment
because the 403 deletion removes the epitope recognized by
the RAR antibody. Placement of the FLAG epitope at the
amino terminus of wild-type RAR has no effect on ligand-
dependent degradation (I. Schulman, unpublished data) (Fig.
5). Thus, only a single transcriptionally active subunit is nec-
essary to target the dimeric complex for degradation. When
activation is blocked by a dominant-negative subunit, the com-
plex is stabilized. To support the above conclusions, we again
turned to the RXR-specific ligand LG100754. Although
LG00754 antagonizes RXR homodimers (Fig. 6A) (8, 34), this
ligand activates RXR-RAR heterodimers via a unique mech-
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FIG. 7. Inhibition of MKK activity decreases RXR levels. (A) CV1
cells were transfected with an expression plasmid for hRXRa and
incubated for 36 h in the absence of ligands to allow expression of
RXR. After 36 h, cells were pretreated for 30 min in the absence (lanes
1 and 2) or presence (lanes 3 and 4) of 100 M MKK inhibitor
PD98059. Following the 30-min pretreatment, LGD1268 (1.0 M) was
then added (lanes 2 and 4), and the cells were incubated for an
additional 6 h in the presence or absence of PD98059 as indicated.
Upon completion of the experiment, RXR protein levels were exam-
ined by Western blotting. (B) Same as panel A except an expression
plasmid for human PR-B and the synthetic PR agonist R5020 (20 nM)
were used. (C) Same as panel A except the tyrosine kinase inhibitor
AG-490 was used in place of PD98059. (D) Same as panel A except the
RXR AF-2 deletion mutant RXR443 was used and treatment with
LG1268 alone was omitted. RXR443 is stable in the presence of
LGD1268 (Fig. 6C).

anism dependent on RAR'’s helix 12 that we have termed the
phantom ligand effect (34, 56). Thus, in contrast to LG100754’s
lack of effect on the stability of RXR homodimers, we would
predict this ligand to mark RXR-RAR heterodimers for de-
struction. As shown in Fig. 8 (compare lanes 1 and 4), the
predicted results are observed, indicating that the relative sta-
bility of RXR in the presence of LG100754 is dependent on
dimerization status.

To extend the observation that activation of a single subunit
targets RXR-dependent heterodimers for destruction, we de-
termined the influence of receptor-specific ligands on
RXR-TR heterodimers (Fig. 9A). Western blot analysis of
CV1 cells transfected with RXR and human TR indicate that,
as observed with RXR-RAR, both the TR and RXR subunits
are degraded in response to T; (TR specific; lane 3) or
LGD1268 (RXR specific; lane 2). Similar results have been
observed for RXR-PPARYy heterodimers (23). To eliminate
concerns that the heterodimer stability experiments utilize
overexpressed receptors, we used a nontransfected cell culture
system to examine RXR-TR stability in response to T;. The
GHI cell line, a pituitary-derived cell line that has been used to
study induction of the growth hormone gene by RXR-TR
heterodimers (15, 20, 61), was cultured in the absence or pres-
ence of T;. After 24 h, nuclear extracts were prepared and
RXR-TR levels were determined by gel shift analysis (Fig. 9B).
Consistent with the transfection results, treatment with T re-
sults in a >90% decrease in RXR-TR DNA binding activity as
determined by PhosphorImager analysis (compare lanes 2 and
3).

Transcriptional activity and coactivator interactions are not
required for ligand-dependent degradation. The data on the
stability of RXR homo- and heterodimers described above
present a paradox. On one hand, the observations are consis-
tent with the idea that transcriptional activity and coactivator
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FIG. 8. Ligand binding destabilizes both subunits of RXR-RAR
heterodimers. CV1 cells were transfected with equal amounts of the
expression plasmids encoding hRARa and hRXRa and incubated for
36 h in the absence (lane 1) or presence of 1.0 uM LGD1268 (RXR
specific; lane 2) 100 nM TTNPB (RAR specific, lane 3), or 100 nM
LG100754 (RXR specific: lane 4). After incubation with ligands, RAR
and RXR protein levels were examined by Western blotting with
anti-RAR or anti-RXR antibodies. The RAR antibody does not rec-
ognize the RAR403 AF-2 deletion mutant; therefore, a construct with
two copies of the FLAG epitope was used and detected with anti-
FLAG antibodies. For each blot, all four samples were run on the same
gel. The positions of lanes 3 and 4, however, were reversed in the figure
for clarity of presentation.

interactions are necessary for ligand-dependent degradation of
RXR homo- and heterodimers. Nevertheless, at least when
dimerized with a transcriptionally active partner, an RXR mu-
tant (RXR443) incapable of directly activating transcription
can be targeted for destruction. To further examine the corre-
lation between transcriptional activity and protein stability, five
point mutations in the AF-2 domain of RXR were examined.
All five mutants bind ligand with wild-type affinities (54); nev-
ertheless, their ability to activate transcription is compromised
(Fig. 10A). Two of the mutants (E453K and E456K [Fig. 10B,
lanes 9 to 12]) are stable in the presence of the RXR agonist
LGD1268, a result consistent with the hypothesis that stability
correlates with transcriptional activity. Surprisingly, however,
the other three transcriptionally inactive mutants are still de-
graded in a ligand-dependent manner (Fig. 10B, lanes 3 to 8).
We further compared wild-type RXR with the M454A/L455A
mutant to determine if the kinetics of ligand-stimulated deg-
radation were significantly altered. However, as shown in Fig.
10C, the time courses of ligand-stimulated degradation are
similar for both transcriptionally active and inactive receptors.

To characterize the functional activity of the AF-2 mutants
in greater detail, mammalian two-hybrid analysis was used to
examine interactions with coactivators and corepressors. As
expected, little or no interaction is observed between the AF-2
mutants and the coactivators steroid receptor coactivator 1
(Fig. 11A), glucocorticoid receptor-interacting protein 1 (Fig.
10B), TR-associated protein 220 (Fig. 10C), TBP (54), or
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FIG. 9. Both subunits of RXR-TR heterodimers are destabilized
by ligand binding to TR. (A) CV1 cells were transfected with equal
amounts of expression plasmids for hRXRa and hTR and incubated
for 36 h in the absence (lane 1) or presence of 1.0 uM LGD1268 (RXR
specific; lane 2), 100 nM T; (TR specific; lane 3), or 1.0 puM LGD1268
plus 100 nM T; (lane 4). After incubation with ligands, protein levels
were examined by Western blotting with anti-TR antibodies, anti-RXR
antibodies, and anti-TBP antibodies. (B) GH1 cells were cultured for
24 h in the absence (lane 2) or presence (lane 3) of 10 nM Tj;. Nuclear
extracts were prepared and equal amounts of total protein were used
to examine binding to a **P-labeled probe derived from the palin-
dromic TR element in the growth hormone gene. Lane 1 contains
baculovirus-expressed RXR and TR.

SUG1 (Schulman, unpublished). Thus, coactivator interaction
is not required for ligand-stimulated degradation. Although
RXR by itself interacts poorly, if at all, with corepressors (Fig.
11D), deletion of the RXR helix 12 allows a robust receptor-
corepressor interaction to be observed (55, 69). Since deletion
of helix 12 also stabilizes RXR in the presence of agonists (Fig.
6C), we hypothesized that the stability of the E453K and
E456K mutants could result from increased interactions with
corepressors. As shown in Fig. 11D, however, this hypothesis is
incorrect. While two of the AF-2 mutants (L451A and M454A/
L455A) do exhibit increased interaction with the silencing me-
diator of retinoid and thyroid receptors (Fig. 11D), the stable
E453K and E456K mutants behave like the wild-type receptor.
The results of Fig. 10 and 11 clearly separate ligand-dependent
degradation from ligand-dependent regulation of transcrip-
tion, indicating that transcriptional activity and corepressor-
coactivator interactions per se cannot be necessary to target
RXR for destruction.

DISCUSSION

In this report we demonstrate that binding of agonists to
RXR not only leads to positive transactivation but also signals
a rapid destruction of active receptors. By the apparent cou-
pling of transactivation of target genes with destruction of the
triggering receptor, cells have built a fail-safe mechanism to
ensure that transcription will persist only in the continued
presence of the signal inducer (hormone or small molecule).
By serving as an obligate DNA-binding partner for numerous
other receptors, RXR can influence a wide array of hormonal
signaling pathways (39). Examination of both RXR-RAR and
RXR-TR heterodimers indicates that in response to activation
of one subunit, the entire heterodimeric complex is targeted
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FIG. 10. Transcriptional activity is not required for ligand-stimulated degradation. (A) CV1 cells were transfected with equal amounts of
plasmids for hRXRa or the RXR AF-2 mutants noted indicated along with the CRBPII-tk-luc reporter and a -galactosidase expression plasmid.
Following transfection, cells were incubated in the absence (open bars) or presence (black bars) of 1.0 uM LGD1268. After 36 h, luciferase activity
was determined and normalized by B-galactosidase activity. Relative activity compared to the reported alone is expressed. The fold induction
(+LGD1268/—LGD1268) for each receptor is reported over the black bars. (B) CV1 cells were transfected with equal amounts of plasmids for
hRXRa or the RXR AF-2 mutants indicated and incubated for 36 h in the absence (lanes 1, 3, 5, 7, 9, and 11) or presence (lanes 2, 4, 6, 8, 10,
and 12) of 1.0 pM LGD1268. After incubation with ligands, RXR protein levels were examined by Western blotting with anti-RXR antibodies.
(C) CV1 cells were transfected with expression plasmids for wild-type hRXRa or the M454A/L455A mutant and incubated for 36 h in the absence
of ligands to allow expression of RXR. LGD1268 (1.0 M) was then added, and nuclear extracts were prepared at the times after ligand addition
indicated. RXR protein levels were examined by Western blotting with anti-RXR antibodies.

for destruction. Kopf et al. arrived at a similar conclusion for
RXR-RAR heterodimers (32). The concurrent destruction of
both dimeric subunits whether transcriptionally active or not
contrasts with the results observed for oligomeric complexes of
stable and unstable variants of the yeast a2 repressor. In the
case of a2, only the unstable subunits of the complex are
degraded (25). The targeted destruction of both subunits of
RXR-dependent heterodimers has implications for the global
regulation of nuclear receptor signaling within cells. Reduction
of RXR levels by activation of a particular heterodimeric part-
ner may decrease the availability of RXR for other dimeric
partners. Thus, the hormone-dependent destruction of a com-
mon essential subunit provides an additional mechanism for
cross talk among seemingly independent hormonal signaling
pathways. Additionally, the observation that MAP kinase sig-
naling can influence RXR stability suggests the possibility that
cell surface receptors can directly and differentially (compare
the effects of PD98059 on PR and RXR [Fig. 7A and B])
influence nuclear receptor-dependent gene expression.
Although treatment with proteasome inhibitors increases
the quantity of RXR in cells, transcriptional activity is reduced.
Similar observations have been made for the estrogen receptor
(37) and TR (12), suggesting that proteasome activity is gen-
erally required for nuclear receptor activity. Two nonexclusive
mechanisms to explain the proteasome requirement come to
mind. First, degradation of a labile repressor may be required
for transactivation. Second, ubiquitination of receptors and/or
cofactors may directly inhibit their transcriptional activity in-
dependent of degradation as has recently been reported for the
yeast transcription factor MET4 (28). Importantly, our studies
have shown only that overexpressed RXR is directly ubiquiti-
nated. Thus, we cannot rule out the possibility that endogenous
RXR is degraded via a ubiquitin-independent pathway. Iden-
tification of the sites of ubiquitination on nuclear receptors and

the creation of mutants that are unable to be tagged for de-
struction will help to distinguish between these and other
mechanisms.

A number of recent studies have demonstrated a correlation
between transcriptional activity and protein stability for nu-
clear receptors as well as other transcription factors (5, 12, 23,
32,37,42,45,52,70). Indeed, point mutations in the activation
domains of c-Myc and VP16 that reduce transactivation in-
crease relative protein stability (42, 52). Similarly, liganding
RXR with an antagonist or blocking the agonist-mediated con-
formational change by removing helix 12 results in an increase
in receptor stability. Nevertheless, the observation that the
same stable RXR helix 12 deletion mutant is degraded when
dimerized with an active partner prompted a more detailed
examination of the relationship between transcriptional activ-
ity and protein stability. Interestingly, three transcriptionally
inactive AF-2 mutants, two in helix 12 and one in helix 3, are
still degraded in a ligand-dependent manner. Our results thus
indicate that agonist binding and helix 12 are necessary and
sufficient to signal receptor degradation. Transcriptional activ-
ity, corepressor interaction, or coactivator binding is not re-
quired.

One mechanism consistent with the ability to separate tran-
scription and receptor stability would be that receptors in the
holo or active conformation are recognized for ubiquitin-me-
diated proteolysis, independent of their transcriptional activity.
Thus, we would suggest the relatively unstable transcriptionally
inactive point mutants are competent to assume a conforma-
tion that resembles the active form and signals degradation.
These mutants nonetheless fail to activate transcription be-
cause amino acids critical for interactions with coactivators
have been altered. At first glance, this transcription-indepen-
dent mechanism is at odds with the results for other constitu-
tively active transcription factors such as c-Myc and VP16 for
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FIG. 11. Coactivator and corepressor interactions are not required for ligand-stimulated degradation. In a mammalian two-hybrid assay, CV1
cells were transfected with constructs expressing a GAL4-coactivator or- corepressor fusion, VP16-RXR LBD fusions (wild type or mutant), a
reporter with four GAL4 binding sites (UASgx4-tk-luc), and a B-galactosidase expression plasmid. After transfection, cells were cultured for 36
h in the absence (white bars) or presence of 100 nM LGD1268 (black bars). Luciferase activity was then determined and normalized by
B-galactosidase activity. The activity relative to that observed with GAL4-fusion plus the empty VP16 vector is reported. (A) human steroid
receptor coactivator 1 (SRC-1; amino acids 381 to 891); (B) mouse glucocorticoid receptor-interacting protein 1 (GRIP1; amino acids 322 to 1121);
(C) human TR-associated protein 220 (TRAP220; amino acids 637 to 656). (D) human silencing mediator of retinoid and thyroid receptors

(SMRT; amino acids 2004 to 2517).

which transcriptional activity and stability correlate (42, 52).
However, the activation domains of many constitutively active
transcription factors appear to be relatively unstructured in
solution, and it is only upon interaction with coactivators that
an ordered structure is achieved (50, 60). In a similar fashion,
helix 12 of nuclear receptors appears to be relatively flexible,
capable of assuming multiple conformations in the absence of
ligand. Therefore, we suggest that for nuclear receptors bind-
ing of ligand, and for constitutively active transcription factors
interaction with coactivators, functionally serves to drive tran-
scription factors into a conformation that is favorably recog-
nized by the degradation machinery.

Interestingly, mutation of either glutamic acid 453 or 456 to
lysine produces receptors that are relatively stable in the pres-
ence of agonists. An explanation for the stability of these two
mutants consistent with the conformational change hypothesis
described above would be to propose that these amino acid
changes do not allow the proper repositioning of helix 12 upon
agonist binding. A recent crystal structure of the RXR LBD
bound to the agonist 9-cis retinoic acid, however, indicates that
both E453 and E456 appear to be surface exposed (17). There-
fore, the possibility that E453 and E456 contribute to a surface
that mediates direct interaction with the degradation machin-
ery cannot be ruled out. A similar mutation of a glutamic acid
residue in helix 12 of PPARY also results in a stable receptor
(23).

These studies examining RXR mutants and RXR-depen-
dent heterodimers raise important questions about the recog-

nition of agonist-bound receptors by the ubiquitin-mediated
proteolytic machinery. First, what factor(s) recognizes ligan-
ded receptors and targets them for destruction? Although
proper positioning of helix 12 is apparently required, our data
strongly suggest that recognition is not via the typical LxxLL-
receptor interaction that has been defined for nuclear receptor
coactivators (14, 24, 41, 46, 59). Second, it would be of interest
to know how the transcriptionally silent subunits of het-
erodimers are targeted for degradation. The observation that
even a stabilized RXR mutant is degraded in the context of a
transcriptionally active RXR-RAR heterodimer clearly sup-
ports the conclusion that both subunits of the dimer are rec-
ognized as a single functional entity. In conclusion, the ability
to genetically separate transcriptional activity from receptor
stability suggests an additional level of cellular control beyond
ligand-mediated transcriptional control and provides the basis
for novel pharmacological approaches to receptor regulation.
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