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Analyzing the pathways by which retinoic acid (RA) induces pro-
myelocytic leukemia/retinoic acid receptor « (PML/RARq) catabo-
lism in acute promyelocytic leukemia (APL), we found that, in
addition to caspase-mediated PML/RAR« cleavage, RA triggers
degradation of both PML/RARa and RAR«. Similarly, in non-APL
cells, RA directly targeted RARa and RAR« fusions to the protea-
some degradation pathway. Activation of either RARa or RXRa by
specific agonists induced degradation of both proteins. Con-
versely, a mutation in RARa that abolishes heterodimer formation
and DNA binding, blocked both RARa and RXRa degradation.
Mutations in the RARa DNA-binding domain or AF-2 transcriptional
activation region also impaired RARa catabolism. Hence, our re-
sults link transcriptional activation to receptor catabolism and
suggest that transcriptional up-regulation of nuclear receptors by
their ligands may be a feedback mechanism allowing sustained
target-gene activation.

In acute promyelocytic leukemia (APL), the t(15;17) translo-
cation fuses a nuclear receptor, RARe, to a nuclear matrix
protein, PML (1). PML/RARGa transgenic mice show impaired
neutrophilic differentiation and develop leukemia, demonstrat-
ing that expression of the fusion protein suffices to initiate this
malignancy (2). PML/RARa impairs both nuclear receptor-
induced differentiation and PML-triggered apoptosis, likely
accounting for the differentiation block and the unrestrained
growth of the leukemic cells (3, 4). Inhibition of the retinoic acid
(RA) response appears to involve the stabilization of corepres-
sor proteins—histone deacetylase complexes on RA response
elements (5-8). The PML protein, which is localized on nuclear
subdomains (PML nuclear bodies), has growth-suppressive and
proapoptotic properties (9-16). PML/RAR« expression delo-
calizes nuclear body proteins, which was proposed to account for
apoptosis resistance (17).

RA promotes differentiation of APL cells and induces clinical
remissions in patients (18). Arsenic trioxide (AS) also induces
remissions, through combined induction of apoptosis and dif-
ferentiation (19). Both RA and AS treatments trigger PML/
RARa degradation and nuclear body restoration (20-23), ini-
tially suggesting that the therapeutic action of these two drugs
could be due to the down-regulation of the oncogenic fusion
protein. However, data to support this hypothesis are conflicting
(24, 25). Nevertheless, PML/RARa degradation is most likely
responsible for the dramatic cross-facilitation of RA and AS
effects, either in vitro or in vivo (4, 26).

Two classes of retinoic acid receptors, the RARs and the
RXRs, have been identified whose natural ligands are trans-
retinoic acid (frans-RA) and 9-cis retinoic acid (9-cis-RA),
respectively. Studies using retinoic acid response elements
(RARE) have shown that most elements bind a RAR/RXR
heterodimer. All nuclear receptors are characterized by a highly
conserved structure including a zinc-finger DNA-binding do-

main and a hormone-binding domain. The major ligand-
dependent activation domain (AF-2) is present in a highly
conserved a-helix (AF-2 AD core) which mediates ligand-
induced interactions with transcriptional coactivator proteins.
Whereas some of these proteins harbor domains suggestive for
an involvement in chromatin remodeling (such as transcription
intermediary factor la or TIFla), another one is the 26S
proteasome regulatory subunit 1 (SUG-1) (27). The exact con-
tribution of these proteins to the function of nuclear receptors is
still unclear.

Dissecting the pathways involved in PML/RARa degrada-
tion, we confirm the implication of caspases, which become
activated during RA- or AS-treatment of APL cells, and cleave
a specific site in the PML moiety of PML/RARa. We demon-
strate that RARw itself, like RAR« fusion proteins, is catabo-
lized by the proteasome after exposure to RA. RAR«a degra-
dation requires a functional receptor, because mutations in the
DNA-binding domain, AF-2 function, and RXR dimerization
interface severely impair RA-induced receptor degradation. The
whole RAR/RXR heterodimer is degraded when activated by
specific agonists for either receptor. These findings provide a
direct link between ligand-dependent transcriptional activation
and nuclear receptor catabolism.

Materials and Methods

Protein Analysis. Cells (NB4, CHO, COS-6) were grown as
previously described (26). Immunofluorescence and Western
blot analysis were performed as before by using specific rabbit
polyclonal antibodies: anti-RARa (RPaF') or anti-RARa (C-
20) (Santa Cruz Biotechnology) or the EGFP monoclonal
antibody (CLONTECH). In vitro transcription/translation with
T7 polymerase and rabbit reticulocyte lysates was performed
according to the manufacturer’s instructions (Promega). Immu-
noprecipitations were performed by using standard proce-
dures(28) with an anti-R AR« monoclonal antibody Ab-9«F (29)
or anti-PML monoclonals (M. C. Guillemin, unpublished re-
sults).

Vectors and Transfections. RARa-SRaMSVtkNeo was con-
structed by cloning the RAR«a EcoRI fragment of pSG5-RAR«
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Fig. 1. (A) RAtriggers PML/RARa and RARa down-regulation in NB4 cells by
Western blot analysis. APML/RAR« is a cleavage product of the fusion, and *
denotes a nonspecific protein sometimes detected with the RAR« antibody.
(B) Comparison of RARa agonists (trans-RA, AM580, 9-cis-RA, and TTNPB) or
antagonists (Roche Molecular Biochemicals; RO-415253, RO-61-8431, and
RO-40-8757) for their ability to modulate PML/RARa and RARa expression.
NB4 cells were treated for 2 days with the various compounds; all were at a
10-5M concentration. (C) Kinetics of PML/RARa down- regulation induced by
AS (1076 M). (D) Effect of protease inhibitors on a decrease in PML/RARa.. NB4
cellswere treated as indicated for 8 h (allowing for the decrease in PML/RARe,
but not RARq, expression). Note the presence of higher molecular weight
species with AS and inhibitors, which could represent a PML/RARa-Pic1 mod-
ification adduct («). (E) PML/RAR« is degraded by caspases through a specific
site in PML. 35S-labeled in vitro translated PML/RARa (Upper) or PML (Lower)
were incubated with recombinant caspase 1, 3, 4, 6, 7, or 8 for 4 h and analyzed
by PAGE. (F) PML is a functional caspase target in vivo. CHO cells overexpress-
ing PML were treated with z-VAD, etoposide (a DNA-damaging agent that
activates caspases), or both for 24 h. PML is cleaved (<) in a z-VAD-reversible
manner.

into the EcoRI site of the SRaMSVtkNeo plasmid (30) and
stable CHO-RAR« clones were Neo-selected from transfected
CHO cells. pPEGFP-RAR« was constructed by cloning the
Mscl-Apal RARa fragment of pSG5-RARa in the Ecll 13611-
Apal site of pPEGFP-c1 vector (CLONTECH). RAR« (380, 383
RR), and RAR«a194T195P were created by site-directed mu-
tagenesis (31) and sequenced. All other RARa mutants were
described elsewhere. Gel-shift analysis was perfomed by using
the RARB RARE, as previously described (32). COS-6 cells
were transiently transfected by using the fugene procedure
(Boehringer Mannheim).

Chemicals. Retinoids: AMS580 was synthesized by CIRD-
Galderma (Sophia Antipolis, Valbonne, France). Trans-RA and
9-cis-RA were purchased from Sigma. BMS 453 and SR 11237
were kindly provided by H. Gronemeyer (Institut de Génétique
et de Biologie Moléculaire et Cellulaire, Strasbourg, France).
Inhibitors: LLnL, N-ethylmaleimide (NEM), E64 ester, PAO,
and cycloheximide (CHX) were from Sigma. Leupeptin, Pefa-
blocR, TPCK, and TLCK were from Boehringer Mannheim.
Lactacystin and MG132 were from Biomol (Plymouth Meeting,
PA). z-VAD-fmk was from Bachem.

Results

In APL Cells, RA Down-Regulates Expression of Both PML/RAR« and
RARa Proteins. PML/R AR« was shown to be rapidly catabolized
in response to RA in NB4 cells, either in a proteasome- or
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caspase-dependent manner (21, 23, 24). A kinetic analysis
showed that RA caused a biphasic PML/RARa degradation
(Fig. 14). A rapid decrease in PML/RARa expression was
observed within 1 h, whereas a second degradative step occurred
after 12 h and was characterized by the appearance of a 90-kDa
PML/RARa« cleavage product (APML/RARa). RA also in-
duced a progressive disappearance of RARa expressed from the
nonrearranged allele, clearly visible after 12 h (Fig. 14). North-
ern blot analysis demonstrated that RA did not down-regulate
the PML/R AR« transcript, and rather up-regulated RAR« (not
shown), as described (33), suggesting involvement of posttran-
scriptional mechanisms in PML/RARa and RARa down-
regulation.

Synthetic retinoids with RAR« agonist activities (AMS580,
9-cis-RA, tetrahydro-tetramethyl-naphthalenyl-propenyl ben-
zoic acid; TTNPB) also induced PML/RARa and RAR«a
down-regulation. In contrast, RAR« antagonists all stabilized
both RAR«a and PML/RARG« (Fig. 1B), suggesting that endog-
enous retinoids present in the serum suffice to induce a baseline
level of catabolism. PML/R AR« degradation was always asso-
ciated with the restoration of PML nuclear bodies as assessed by
immunofluorescence detection of the PML or Sp100 proteins
(not shown). Association of a RXRea agonist to a RARa
antagonist (BMS453, SR11237) was previously shown to induce
NB4 differentiation, coupled to PML nuclear bodies reforma-
tion (34). This treatment was also associated to PML/RAR«
down-regulation, coupled to the appearance of APML/RAR«
(not shown). Finally, although AMS580 or TTNPB (107 M)
induced the same kinetics of NB4 differentiation that 107¢ M
RA, these two compounds induced the complete degradation of
PML/RARe only 24-48 h later than RA does (not shown),
suggesting that receptor activation does not strictly parallel its
down-regulation by synthetic retinoids (see below).

Caspases Cleave PML and PML/RARa. Therapeutic doses of arsenic
trioxide (107® M) also induce rapid PML/RARa catabolism
(20). In this setting, RARa expression was unaffected and
APML/R AR« was rarely detectable even after a 2-day exposure
(Fig. 1C), suggesting that the degradative pathways triggered
by the two drugs are not identical. Yet, protease inhibitors
(lactacystin, MG132, and LLnL), thiol reagents (TPCK, TLCK,
N-ethylmaleimide, and PAO), or caspase inhibitors (z-VAD and
Ac-Asp-Glu-Val-Asp) all significantly (but not completely)
blocked both RA- or AS-induced PML/RAR« degradation at
8 h (Fig. 1D and not shown). Taking the inhibitory effect of
z-VAD on PML/RARa degradation, recombinant caspases
were then assayed for their ability to cleave in vitro-translated
PML/RARe.. Caspase 1, 6, and 7 degraded PML/RARa in a
z-VAD-reversible manner (not shown), whereas caspase 3, 4,
and 8 did not (Fig. 1E). The same caspases also degraded PML
(Fig. 1E), but not RARa (not shown). When assaying a set of
C-terminal PML mutants, we identified a caspase site at D523.
This finding is consistent with a previously mapped site in
PML/RARGa« (24). PML-overexpressing cells were then treated
with z-VAD, etoposide (which induces caspase activation), or
both. Etoposide led to the disappearance of full-size PML (Fig.
1F) and z-VAD restored PML expression, demonstrating that
PML is a caspase target in vivo.

RA-Induced Degradation of RARa in Non-APL Cells. To ascertain
whether a RA-induced decrease in RARa expression was also
observed in other cellular systems, CHO clones overexpressing
RARal, U937, HL-60, or COS cells were or were not treated
with 107® M R A overnight. Again, RA sharply decreased RAR«
protein expression detected by Western blotting (Fig. 24). In
transiently transfected COS-6 cells, RARal expression was
sharply decreased on RA exposure (Fig. 2B). RA induced a
decrease in the intensity of RAR« fluorescence but did not
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Fig. 2.

Endogenous or transfected RARa is catabolized after RA exposure. (A) RAR« is down-regulated after an overnight exposure to 107 M RA in U937 and

HL-60 cells as well asin parental CHO cells or clones overexpressing RARa 1 from a retroviral vector. (B) COS cells were transfected with expression vectors encoding
RARq, EGFP-RARq, or EGFP and were or were not treated with RA overnight. Western blot analysis was performed with anti-RAR« antibodies (Left) or anti-GFP
antibodies (Right). (C) COS cells were transfected with RARq, translation was blocked with CHX, and various doses of RA applied for 5 h as indicated. An actin
control is provided. (D) Proteasome inhibitors (106 M) block RA-induced RAR« catabolism. (E and F) RAR« or PML/RAR« degradation is associated to receptor
ubiquitination. COS cells were cotransfected with expression vectors encoding RARa or PML/RARa and (or and not) Ha-tagged ubiquitin. Cells exposed to RA
for 3 h either were or were not immunoprecipitated (IP). Western blot analysis was performed by using anti-RARq, anti-PML, or anti-Ha as indicated. *, Heavy
and light chains of the mouse antibodies used for immunoprecipitation; €, a RARa—ubiquitin adduct observed with both anti-Ha and anti-RAR antibodies,

whereas those marked by [> are visible with anti-Ha alone.

change the number of transfected cells. Therefore, RA does not
induce the death of RARa-overexpressing cells and we conclude
that RA induces RARa degradation. Because transfected PML/
RARa or PML zinc finger/RARa were also degraded after RA
treatment (ref. 35 and unpublished work), we hypothesized that
the presence of a moiety RARa« suffices to cause RA-triggered
degradation of RAR« fusion proteins. Hence, cDNAs encoding
RARa and EGFP were fused in frame. Western blot analysis of
transfected COS cells demonstrated that the chimeric EGFP-
RARa protein was catabolized in response to RA, whereas the
EGFP protein was not (Fig. 2B). This experiment predicts that
all oncogenic RARa fusion proteins will be degraded after RA
exposure.

Zhu et al.

To assess whether RARa catabolism requires R A target gene
activation, RAR« degradation was analyzed in the presence of
CHX. After 5 h, RA induced a 10-fold decrease in the level of
the receptor, demonstrating that degradation of RAR« occurs
independently of de novo protein synthesis (not shown). Because
the apparent rate of RAR« degradation is accelerated in such
a CHX chase setting, these conditions were used thereafter. A
dose-response analysis demonstrated a progressive RAR« deg-
radation from 10~ M to 10~ > M (Fig. 2C), corresponding to the
doses required for receptor activation. Protein catabolism often
involves proteasome degradation of ubiquitin-tagged molecules.
Indeed, all three proteasome inhibitors tested (lactacystin,
MG132, and ALLN) blocked RA-induced RARa degradation
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Fig.3. Analysis of RA-induced degradation of RARa mutants. COS cells were
transfected with expression vectors for the indicated RARa mutants, sepa-
rated in equal parts, exposed to CHX, and treated or not treated with 10-6 M
trans-RA for 6 h. Extracts were analyzed by Western blot. *, A modified RAR«
protein, possibly a polyubiquitin adduct.

(Fig. 2D). To assess whether RA exposure is associated to
ubiquitination of RARa, COS cells were transfected with ex-
pression vectors for RARa with or without HA-tagged ubiquitin
and were treated or not with RA for 3 h. Probing a RAR«
immunoprecipitate with an anti-HA antibody demonstrated the
ubiquitin tagging of RARa (Fig. 2E). Identical results were
obtained for PML/RARa (Fig. 2F). However, no obvious
enhancement was observed after RA exposure, possibly reflect-
ing either the presence of endogenous retinoids in the serum or
the extreme lability of polyubiquitin adducts. Hence, RA-
triggered proteasomal degradation of RAR« is associated to its
ubiquitination, as described for many other proteins (36).

Mutational Analysis of RA-Induced RAR«a Degradation. A set of
RARa mutants were transfected in COS cells and treated with
or without RA for 12 h. RAR« degradation was assessed by
Western blotting (Fig. 3 and data not shown). Deletion of the
N-terminal A region (A 1-60) or mutation in the N-COR binding
site (194-195TP) did not induce significant differences with
wild-type receptor with respect to RA-induced degradation. In
contrast, a mutation in the DNA-binding domain (C88G) that
completely abolishes DNA-binding in gel-shift assays, severely
impaired RA-induced RARa degradation. Similarly, deletion of
the core sequence required for AF-2 activation (amino acids
408-416), also blocked RAR« catabolism (Fig. 3). Point muta-
tions were then introduced in this region. Amino acids 409 and
410 are critical for degradation, whereas residues 412 and 415
impair, but do not block catabolism. Finally, residues 413 and 414
do not affect RARa catabolism. For the AF-2 mutants that do
not degrade, the RAR« doublet often shifted to its upper form,
possibly corresponding to a ligand-induced change in phosphor-
ylation (not shown). RAR« amino acids 409-410 were consis-
tently expressed at much higher levels than the wild-type, and
high molecular weight species with a ladder-like appearance
were observed after trans-RA exposure (star in Fig. 3). Hence,
some of the highly conserved acidic and hydrophobic residues in
the AF-2 activation domain are required for ligand-induced
degradation.

Role of RXR Dimerization. Kinetic analyses comparing the degra-
dation of RARa alone or in association with RXRe in trans-
fected HeLa cells demonstrated that RXRe accelerated trans-
RA-induced RAR« degradation (Fig. 44). However, the mag-
nitude of this acceleration depended very much on the cell line
used (see Fig. 4B below), possibly reflecting variations in the
endogenous RXR content. COS cells were then transfected with
RARa, RXRa, or both and treated with trans-RA or 9-cis-RA
(Fig. 4B). When the receptors were separately overexpressed,
both retinoids degraded RARa, whereas 9-cis-RA degraded
RXRa much more efficiently than trans-RA. When receptors
were coexpressed, either ligand degraded both RARa and
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Fig. 4. RARa and RXRa catabolism requires their heterodimerization. (A)

RXR accelerates RA-induced RARa degradation in transfected Hela cells.
Degradation was assessed in a CHX chase as in Fig. 3. A B-actin control is
provided. (B) Kinetics of RARa, RXRa, or RARa/RXRa degradation in the
presence of trans- or 9-cis-RA (10~6 M). COS cells were transfected with RXRa,
RARe, or both, translation was blocked with CHX, and cells were exposed to
retinoids for 0, 1, 3, or 6 h as indicated. No significant variations in the levels
of RARa or RXRa were observed during the chase in the absence of retinoids
(not shown). (C) Gel-shift analysis of RARa/RXRa or RXRa/RAR«(380,383RR)-
transfected COS cell extracts on a RARB RARE. (D) COS cells were transfected
with RXRa and either RAR«a (Left) or RAR«(380,383RR) (Right). Specific ago-
nists for RARa (BMS 753) or RXRa (BMS 649) or RA were added for 5 h. (E)
Schematic representation of the GAL4-RAR« fusion used. The D, E, and F
domains of RARa (amino acids 154-462) were fused to a GAL4 DNA-binding
domain (N-terminal) and to an estrogen receptor tag [domain F, ER(F)].
Mutations that abolish RXR binding were introduced in this expression vector,
yielding GAL4-RAR«(380,383 RR). COS cells were transfected with either of
these expression vectors, treated or not treated with trans-RA for 6 h after CHX
exposure, and analyzed by Western blot. <, Fusion proteins; *, nonspecific
protein.

RXRa (Fig. 4B). These observations strongly suggest that the
DNA-binding RAR/RXR heterodimer complex is the substrate
for degradation.

Because 9-cis-RA binds both RARa and RXRa, we then
examined the effect of receptor selective synthetic retinoids
(BMS 753 and BMS 649 for RARa or RXRa, respectively) on
the catabolism of these receptors (Fig. 4D). By using the same
experimental setting, we demonstrate that in the presence of a
specific RAR« agonist, RXRa was also catabolized and vice
versa. Exposure to both agonists resulted in additive effects on
degradation (Fig. 4D Left). Note, however, that similar concen-

Zhu et al.



trations of frans-RA induced a more rapid catabolism of the
receptors.

By using the crystal structure of the RARa/RXRa ligand
binding domain heterodimer, contact positions between the two
proteins were identified at residues 380 and 383 (D. Moras,
personal communication). These mutations did not impair RA
binding or AF-2 activation function as demonstrated by RA-
induced transactivation of a chimeric GAL4-RARa construct
(see below). When coexpressed with RXRe, this RAR« point
mutant (380, 383 RR) was completely defective in DNA-binding
on a DR5 RARE by gel-shift analysis (Fig. 4C), suggesting that
these mutations inhibit RXRa binding and hence target the
DNA sequence binding. RAR«(380,383RR) was cotransfected
with RXRa in COS cells and treated with RARa and RXRa-
specific agonists as above. Inhibition of heterodimerization
blocked the degradation of both RAR«a and RXRa, at least
during this 5-h assay (Fig. 4D). RARa agonist (BMS 753 and
trans-RA) even appeared to stabilize RXRa; however, even
when coexpressed with RAR«(380,383RR), RXRa degradation
could still be triggered by 9-cis-RA (not shown). Because these
two changes abolish both RXR and DNA binding, the 380,383
RR mutations were introduced in a GAL4-RAR« construct in
which RARa D, E, and F domains (encompassing the RXR
binding site and AF-2) are tethered to DNA by the GAL4
DNA-binding domain (Fig. 4E). COS cells were then transfected
with a CAT reporter gene containing a GAL4 binding site and
either of these two GAL4-R AR« expression vectors. Analysis of
CAT activity demonstrated that GAL4-RARa-(380, 383RR)
could, like GAL4-RARa, activate transcription in a RA-
dependent manner (not shown). Western blot analysis demon-
strated that both GAL4-RAR«a and GAL4-RAR«(380,383 RR)
were degraded in response to RA exposure, independently of
RXRa coexpression (Fig. 4E and data not shown). Hence, the
inability of the RAR« mutant defective in RXR binding to be
degraded likely results from its inability to bind DNA.

Discussion

We demonstrate that RA directs proteasome-mediated degra-
dation of RARe, thereby accounting for the degradation of
APL-associated fusion proteins. The domains required for tran-
scriptional activation are also required for receptor catabolism,
providing a striking illustration of how transcription factors are
turned off following activation.

Our findings demonstrate that RA degrades PML/R AR« by
two distinct pathways: caspase activation and direct proteasome
targeting, accounting for the biphasic degradation in Fig. 14 and
also for the fact that both caspase and proteasome inhibitors
were previously shown to antagonize PML/RARa catabolism
(21, 24, 25). Both RA and AS induce the activation of caspases
(not shown), accounting for the fact that z-VAD partially
inhibited both RA- and AS-induced PML/RARa degradation.
Inhibitor studies suggest that arsenic also targets PML/RAR«
through an as yet unidentified proteasome-dependent pathway
(Fig. 1D). This unidentified pathway may be the one responsible
for AS-induced PML degradation (20), because PML/RARAaq,
like PML, is targeted onto nuclear bodies (NBs) after AS
treatment (20). Alternatively, arsenic appears to alter RAR«
phosphorylation and induces its progressive depletion (20, 26).
Such AS-induced RARa« alterations may also be implicated in
PML/RAR« catabolism.

What is the relevance of PML/RAR«a degradation to the
therapeutic response? RA resistance of some APL cell lines is
associated with failure to degrade the fusion protein (37, 38); yet,
AS-induced PML/RARa degradation (or RA-induced PLZF/
RARa catabolism) is not sufficient to induce terminal differ-
entiation or apoptosis (26, 34, 39). However, in all of these cases,
a moderate maturation was noted which may result from PML/
RARa degradation and the relief of the differentiation block.

Zhu et al.

Use of caspase inhibitors suggested that RA-induced terminal
differentiation can proceed without full PML/RARa degrada-
tion (not shown; ref. 24). Finally, up-regulation of PML/RARa,
but not RARe, by proteasome inhibitors partially restored RA
response in an NB4 subline (25). Interpretation of these findings
is complex because partial degradation of the fusion often
occurs, and in some studies, differentiation is assessed only by
gene activation rather than by morphologic or functional assays.
In that sense, PML/RARa and RARa appear to control distinct
sets of target genes (37), not all of which may be involved in
differentiation. The balance between the active receptor and its
dominant-negative counterpart is a highly dynamic one, because
RARa2, but not PML/RARa« will be transcriptionally induced
after RA exposure. Yet, our studies strongly suggest that deg-
radation of PML/RARa, like that of RARa, is a postactivation
phenomenon. Nevertheless, PML/R ARa degradation by RA or
AS likely plays a key role in the synergy between the two agents,
that cross-facilitate each others effects (4, 26).

Signaling molecules need to be turned off after activation.
Cytoplasmic transmembrane receptors are often internalized
following ligand binding and later recycled to the cell surface.
For the nuclear factor k B (NF«B) response pathway, the active
p50/p65 complex will transcriptionally activate its IkB inhibitor.
Finally, for nuclear transcription factors (such as AP1), activa-
tion often induces the ubiquitin-dependent degradation of the
activated complex. In many cases, a specific phosphorylation will
recruit ubiquitin-conjugating enzymes (36). Following the co-
valent binding of poly-ubiquitin residues, the protein will be
degraded by the proteasome. A similar scheme is likely to occur
here: one of the first modifications induced by RA exposure is
a shift toward higher molecular weight species that might
represent receptor phosphorylation and the presence of ubig-
uitin adducts. Interestingly, AF-2 was previously shown to bind
the SUG-1 proteasome component (27) in a hormone-enhanced
manner. The estrogen and vitamin D3 receptors were also shown
to be catabolized by the proteasome after ligand exposure (40,
41). Finally, the progesterone receptor PR is down-regulated on
progesterone exposure (42). The very high conservation of the
AF-2 AD core domain would be consistent with a common
degradative pathway involving AF-2/SUG-1 interactions. In that
respect, note that the AF-2 mutants that are degraded in
response to RA are those previously shown to retain SUG-1
binding (27); yet, formal proof for SUG-1 involvement would
require inhibition of RAR« degradation by dominant-negative
SUG-1 constructs.

Our results demonstrate that inhibition of RXR binding
abrogates RAR«a degradation through the blockage of DNA
binding. The requirement for DNA binding and AF-2 for
degradation suggests that some allosteric signal is transduced
from the DNA-binding domain to AF-2. Interestingly, in the case
of the glucocorticoid receptor, similar allosteric signals were
proposed to modulate the function of AF-2 (43). Alternatively,
involvement into a transcriptionally active complex could induce
specific modifications, in particular transcription factor II H-
induced AF-1 phosphorylations (44) in the B domain that could
be a signal for subsequent degradation. Altogether, the require-
ment for AF-2 function and DNA-binding strongly suggests that
degradation is a postactivation step only affecting transcription-
ally active receptors, providing a feedback mechanism on re-
ceptor activity.

Apart from the major activation function AF-2, RARs may
control target gene expression through their ligand-independent
AF-1 activation and corepressor-induced histone deacetylase-
mediated transcriptional repression. RA-induced receptor ca-
tabolism could potentially relieve transcriptional repression or
abrogate AF-1 activation mediated by RARa isoforms that are
efficiently degraded, yet not transcriptionally activated by RA
(such as RARal or RARY). This could prove to be a novel

PNAS | December 21,1999 | vol.96 | no.26 | 14811

BIOCHEMISTRY



mechanism by which RA could activate or repress target genes.
Such ligand-induced catabolism sheds a new light on the com-
mon observation that many nuclear receptors (in particular the
RARS) are transcriptionally up-regulated by their ligand (32).
Such transcriptional up-regulation may provide a way to circum-
vent the degradation feedback mechanism and hence allow
sustained target gene activation.
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