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Human acute promyelocytic leukemia is causally linked to
chromosomal translocations that generate chimeric retinoic
acid receptor-� proteins (x-RAR� fusions). Wild-type RAR� is
a transcription factor that binds to the SMRT/NCoR family of
corepressors in the absence of hormone but releases from
corepressor and binds coactivators in response to retinoic
acid. In contrast, the x-RAR� fusions are impaired for core-
pressor release and operate in acute promyelocytic leukemia as
dominant-negative inhibitors of wild-type RAR�. We report
that the two most common x-RAR� fusions, PML-RAR� and
PLZF-RAR�, have gained the ability to recognize specific
splice variants of SMRT and NCoR that are poorly recognized
by RAR�. These differences in corepressor specificity between
the normal and oncogenic receptors are further magnified in
the presence of a retinoid X receptor heteromeric partner. The
ability of retinoids to fully release corepressor from PML-
RAR� differs for the different splice variants, a phenomenon
relevant to the requirement for supraphysiological levels of
this hormone in differentiation therapy of leukemic cells. We
propose that this shift in the specificity of the x-RAR� fusions
to a novel repertoire of corepressors contributes to the domi-
nant-negative and oncogenic properties of these oncoproteins
and helps explain previously paradoxical aspects of their
behavior.

Retinoic acid receptors (RARs)3 are members of the nuclear
receptor family of ligand-regulated transcription factors.
RARs bind to specific target genes and activate transcription
in response to cognate agonists, such as all-trans-retinoic acid
(ATRA) (1, 2). Conversely, in the absence of ATRA, RARs can
repress transcription of their target genes below basal levels
(1, 2). This bimodal transcriptional regulation is possible
through the differential recruitment of coactivator and core-
pressor proteins to the RAR, which in turn creates the bio-

chemical milieu to support or repress transcription (1, 2).
Two corepressor paralogs, SMRT and NCoR, play important
roles in nuclear receptor-mediated repression. Both SMRT
and NCoR contain CoRNR box motifs ((I/L)XX(I/V)I) near
their C termini that bind a hydrophobic groove on the surface
of the unliganded nuclear receptors. The SMRT and NCoR
N-terminal domains, in turn, recruit additional proteins that
help confer repression, including histone deacetylases, TBL-1,
TBLR-1, and GPS-2 (3–5). RARs can bind to their DNA-bind-
ing sites (retinoic acid response elements, or RAREs) as ho-
modimers or as heterodimers with retinoic X receptors
(RXRs) (1, 2).
The RAR� locus, on chromosome 17, undergoes reciprocal

chromosomal translocations at high frequency in human
acute promyelocytic leukemia (APL), generating x-RAR� fu-
sion proteins that play a causal role in this malignancy (6, 7).
In �98% of APL, the x-sequences originate from the PML
(promyelocytic leukemia) open reading frame on chromo-
some 15. Although more rare, yet other x-RAR� fusions have
been identified, including PLZF (promyelocytic leukemia zinc
finger)-RAR�, STAT5b-RAR�, NPM (nucleophosmin)-
RAR�, and NuMA (nuclear mitotic apparatus protein)-RAR�
(6, 7). Despite the diversity of these x-fusions, they inevitably
include a protein dimerization motif contributed by the x-
partner, fused to the DNA-binding and hormone-binding
domains of RAR� (8–10). The ectopic dimerization domain
has been proposed to unmask the oncogenic properties of
RAR� by enhancing the ability of the x-RAR� fusion to bind
to DNA as homodimers and as heterotetramers with RXR (11,
12). These x-RAR� dimers and oligomers either fail to release
corepressor in response to ATRA or require higher than nor-
mal levels of agonist to do so (8–10); as a result, x-RAR� fu-
sions can function as dominant-negative inhibitors of RAR�,
a property that is closely linked to their oncogenic properties
(11, 12). Consistent with this concept, forced release of core-
pressor in response to supraphysiological levels of ATRA (or
other manipulations) can cause differentiation of APL cells in
vitro and remission of the disease in vivo (6). However, the
molecular mechanism by which x-RAR� homodimerization
or oligomerization impairs corepressor release is poorly un-
derstood, and paradoxically, x-RAR� fusions can display a
wide range of transcriptional properties, including transcrip-
tional activation, in different cells and on different response
elements (13, 14).
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Both SMRT and NCoR are expressed by alternative mRNA
splicing as a series of corepressor variants that possess differ-
ent configurations of CoRNR box motifs and have different
affinities for different nuclear receptors (15–18). As a result,
the repertoire of corepressor variants available in a particular
cell type can dictate the repression capability of the nuclear
receptors within that cell. We report here that the PML-
RAR� and PLZF-RAR� fusions do not simply alter corepres-
sor binding per se, as proposed previously, but produce a
striking change in their affinities for specific SMRT and
NCoR variants. In general, both PML-RAR� and PLZF-RAR�
have gained the ability to recognize corepressor variants that
are poorly recognized by RAR�. Heteromer formation with
RXR� resulted in still greater differences in the corepressor
specificities of RAR� and the x-RAR� oncoproteins. Further,
the ability of retinoids to fully release corepressor from PML-
RAR� differs for the different variants. These observations
help explain several previously confusing aspects of x-RAR�
function and may suggest better methods for clinical manage-
ment of APL.

EXPERIMENTAL PROCEDURES

Cell Culture—CV-1 cells were grown at 37 °C in DMEM
with high glucose plus L-glutamine (Invitrogen) and 9% heat-
inactivated FBS (Hyclone, Logan, UT). NB4, HL-60, and
U937/PR9 (19, 20) cells were grown at 37 °C in RPMI 1640
(plus L-glutamine) and 10% heat-inactivated FBS. Sf9 insect
cells were grown in Insect-Xpress with L-glutamine (Lonza,
Walkersville, MD) in suspension at 28 °C.
Protein Expression—RAR�, PML-RAR�, and PLZF-RAR�

were subcloned into the pF3AWG (BYDV) vector (Promega,
Madison, WI) and were expressed using the TNT SP6 high
yield protein expression system following the manufacturer’s
instructions (Promega, Madison, WI). Three micrograms of
plasmid were used per translation. The relative yields of pro-
tein were quantified by SDS-PAGE and by immunoblotting
with anti-RAR� antibody (sc-551; Santa Cruz Biotechnology,
Santa Cruz, CA); this antibody recognizes a C-terminal
epitope shared by all the RAR� constructs. RXR� was ex-
pressed using a recombinant baculovirus/Sf9 cell system.
DNAs representing the receptor-interaction domain of the

corepressors (amino acid 1851 to C terminus of SMRT or
amino acid 1817 to C terminus of NCoR) were inserted in-
frame into Fastbac1 expressing an N-terminal GST affinity
tag and were reconstituted into infectious baculovirus using
the Bac-to-Bac Expression system (Invitrogen). After two or
three rounds of viral amplification in Sf9 cells, 2 ml of baculo-
virus stock was used to infect 5 � 107 Sf9 cells grown in sus-
pension (2 � 106 cells/ml). After 48 h at 28 °C, the cells were
harvested by centrifugation, washed with TBS (10 mM Tris,
pH 7.5, 150 mM NaCl), and snap frozen in liquid nitrogen.
Cell pellets were thawed on ice, resuspended in 3� pellet vol-
ume in Sf9 whole cell extract buffer (20 mM HEPES, pH 7.9,
200 mM KCl, 1 mM EDTA, 0.5% Igepal CA-630, 10% glycerol,
1 mM DTT, and Complete protease inhibitor mixture; Roche
Applied Science). The cell suspensions were again frozen and
thawed, and clarified at 20,000 � g for 10 min at 4 °C. The
supernatants were incubated with glutathione-agarose

(Sigma) at 4 °C for 90 min with rocking. The immobilized
GST proteins were pelleted, washed three times with PBS,
0.1% Tween 20, and were eluted with 20 mM glutathione in
100 mM TBS, pH 8.0, for 30 min at 4 °C. The proteins were
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining
to quantify yield and quality, using a Fluorchem 8900 photog-
raphy system and AlphaEase FC analysis software (Alpha In-
notech, San Leandro, CA).
Plasmids expressing the individual CoRNR box motifs were

described previously (21) and were expressed in Escherichia
coli. Bacterial cell lysates were prepared as described (22), and
the GST fusions were purified as above.
Electrophoretic Mobility Supershift Assays—Consensus DR5

oligonucleotides (top strand: 5�-agcta aAGGT CAgat aaAGG
TCAgc agga-3� bottom strand: 5�-tcgat cctgc TGACC Tttat
cTGAC CTtt-3�) (IDT, Coralville, IA) were annealed and ra-
diolabeled by Klenow polymerase fill-in using [�-32P]dGTP
(3000 Ci/mmol; PerkinElmer Life Science) plus the three re-
maining unlabeled dNTPs. EMSAs contained the RAR� or
x-RAR� of interest, with or without RXR�, 1 pmol of the ra-
diolabeled DR5 probe, and the specified amount of GST-core-
pressor, in 20 �l of binding buffer/reaction, minus or plus
ATRA. Protein-DNA complexes were resolved by native elec-
trophoresis at 180 V for 105 min through a 4% polyacrylamide
gel polymerized over an 8% polyacrylamide gel cushion, both
buffered in 0.5� TBE (45 mM Tris borate, 1 mM EDTA). The
gels were visualized by Storm phosphorimaging analysis (GE
Healthcare). The percentage of supershift by the corepressor
was calculated by quantifying the loss of shifted homodimer
or heteromer band and subtracting the loss from 100. Curve
fitting was performed using Prism 5.0 for Macintosh
(GraphPad Software Inc., San Diego, CA).
Transfections, Coimmunoprecipitations, and Reporter

Assays—For coimmunoprecipitations, CV-1 cells (two 10-cm
plates/corepressor) were transfected with 0.5 �g of pSG5.1-
RAR�, 0.5 �g of pSG5-PML-RAR�, 0.5 �g of pUC18, and 1.0
�g of either pSG5HA-mSMRT� or pSG5HA-mNCoR� using
Effectene per the manufacturer’s instructions. The cells were
maintained in DMEM containing 9% heat-inactivated FBS
(hormone-stripped) for 48 h, washed twice with ice-cold PBS,
and harvested by scraping and centrifugation. The cell pellets
were resuspended in 0.5 ml of immunoprecipitation buffer
(1� PBS, 1 mM EDTA, 0.5% Triton X-100, 1� Complete pro-
tease inhibitor) and sonicated for 30 s using a Branson Sonifer
250 microtip at the number 3 setting and 50% duty cycle
(Branson, Danbury, CT). After a 5-min centrifugation at
500 � g, 5% of the clarified cell lysate was set aside as an input
control. The remainder was incubated with either 1 �l of anti-
SMRT (Affinity Bioreagents, Rockford, IL) or 1 �l of anti-
NCoR (raised in rabbits against amino acids 1953–1966 of
mouse NCoR�) for 2 h at 4 °C with rocking. Forty microliters
of a 50% slurry of protein A-Sepharose (Sigma) equilibrated in
immunoprecipitation buffer were added, and the incubations
were continued 2 h at 4 °C. Immunoprecipitates were col-
lected by centrifugation for 1 min at 1000 � g at 4 °C, were
washed four times with 1 ml of immunoprecipitation buffer,
and were eluted with SDS-PAGE sample buffer at 95 °C for 5
min. Each sample was resolved by SDS (4–15%) PAGE at 100
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V for 20 min, followed by 180 V for 50 min. The proteins were
detected by immunoblotting using goat anti-RAR� (1/500
dilution, ab28767; Abcam, Cambridge, MA) and rabbit anti-
goat IgG-HRP (1/1000, ab6741-1; Abcam). The blots were
developed with ECL Plus (GE Healthcare) and visualized/
quantified with the Fluorchem 8900 photography system and
AlphaEase FC analysis software. Luciferase reporter assays
were performed as described previously (23) using 10 ng of
pSG5-xRAR� plasmid and 50 ng of pGL4-tk-3X-�RARE or
pGL4-tk-3X-conRARE.
Quantification of Corepressor mRNAs—Total RNA was iso-

lated from NB4, HL-60, and U937/PR9 cells using TRIzol rea-
gent (Invitrogen) and quantified by optical absorbance. Com-
plementary DNA was synthesized using 1 �g of RNA and the
QuantiTect kit (Qiagen); semi-quantitative RT-PCR were per-
formed for 35 cycles (94 °C for 1 min, 55 °C for 1 min, and
72 °C for 1 min) using GoTaq DNA polymerase (Promega,
Madison, WI). Primers for evaluating splice variants at the
SMRT S1 CoRNR box were Forward (5�-CAAGA AGCTG
AACAC CCACA-3�) and Reverse (5�-CGAGT GCACT
GAGGA GACAG-3�); primers for SMRT S3 CoRNR box
splice variants were Forward (5�-CGGAC CCGCA CCGGG
AAAAG AC-3�) and Reverse (5�-AGGTG CTTGG GGAGC
CCCTT G-3�); and primers for NCoR S3 CoRNR box splice
variants were Forward (5�-ACAGA GACCC AGTGT TTTCC
AAG-3�) and Reverse (5�-GCAGG ACTTA TCACC TCAAT
AGCA-3�). Each primer pair spans an intron to permit de-
tection of genomic DNA contamination; none was ob-
served. GAPDH RT-PCR was performed for 20 cycles with
primers GAPDH-forward (5�GCTGA ACGGG AAGCT
CACTG G-3�) and GAPDH-reverse (5�-GCCTG CTTCA
CCACC TTCTT GATG-3�). PCR products were resolved by
agarose gel electrophoresis, visualized by ethidium bromide
staining, and quantified using AlphaEaseFC software and Flu-
orchem 8900 photography system.
Frozen mouse APL cells (24) were rapidly thawed and pel-

leted, and total RNA was extracted using the Qiagen RNeasy
mini kit. cDNA synthesis and PCR were performed as before
but using murine primers. Primers for evaluating splicing
were: at the SMRT S1 CoRNR box: Forward (5�-AACAA
GAAAC TCAAC ACCCA CAAC-3�) and Reverse (5�-
CACAC GGTTG GTGAG TGGTG-3�); at the SMRT S3
CoRNR box: Forward (5�-CAGAT CTGCA CCGAG
AAAAG AC-3�) and Reverse (5�-TCACC GGGCT GATGG
GCTC-3�); and at the NCoR S3 CoRNR box: Forward (5�-
CTGGC TGCTC TTGTG GATGCT-3�) and Reverse (5�-
CTGTC CCATT CCCTC TGACTG-3�).
For quantification of total corepressor expression, gene-

specific primers were designed for regions of NCoR or SMRT
not subject to alternative mRNA splicing, denoted SMRT-
forward (5�-ATGGC TAATG AGGCC AACAG-3�) and
SMRT-reverse (5�-ACACT GCGAC ACAGT CTTGG-3�)
and NCoR-forward (5�-CTGAC AGGCC TCAAG AAAGG-
3�) and NCoR-reverse (5�-AACCT GTTCC AGACG TG-
GTC-3�). DNA standard curves were generated by PCR using
the above primers and NB4 cDNA; the resulting PCR prod-
ucts were quantified by optical absorbance and were amplified
in parallel with the NB4 cell cDNAs using a DyNamo SYBR

Green qPCR kit (New England Biolabs, Ipswich, MA) for 40
cycles (10 s at 95 °C, 15 s at 60 °C, and 30 s at 72 °C), and the
relative expression levels of pan-SMRT versus pan-NCoR ex-
pression were calculated as described above.

RESULTS

Acute Promyelocytic Leukemic Cells Express a Specific Sub-
set of the Known Corepressor Variants—Most prior studies of
the interaction of corepressors with RAR� and with the x-
RAR� fusion proteins were restricted to studies of SMRT� or
NCoR� (which were among the first corepressor variants dis-
covered). Subsequent work, however, has shown that the abil-
ity of nuclear receptors to interact with corepressor depends
on the specific corepressor splice variant employed (15–18,
25). We therefore investigated whether the x-RAR� fusions in
APL, which are known to display an altered corepressor re-
lease by ATRA, were also altered in their affinities for the dif-
ferent corepressor variants.
To establish the corepressor variants most relevant in the

APL context, we began by analyzing the pattern of corepres-
sor expression in NB4 cells (26). NB4 cells are a standard ex
vivomodel for human APL, bear a t(15:17) translocation, ex-
press detectable levels of the resulting PML-RAR� fusion, and
differentiate into granulocytes when treated with supraphysi-
ological concentrations of ATRA. We first compared total
SMRT expression to total NCoR expression in NB4s by RT-
PCR, employing primers directed at conserved exons not in-
fluenced by alternative mRNA splicing. Slightly greater total
mRNA expression was found for the SMRT locus versus the
NCoR locus (Fig. 1A).
We next used RT-PCR primer pairs spanning the alterna-

tive splice sites to quantify the different splice variants gener-
ated at each corepressor locus. Alternative mRNA splicing at
exon 44 gives rise to three distinct versions of SMRT: a full-
length S1 CoRNR box (exon 44�), a deletion of S1 flanking
sequences (exon 44b�), or an entire excision of the S1
CoRNR box (exon 44�) (Fig. 1B). The 44� SMRT form pre-
dominated in the NB4 cells, with the 44b� next most abun-
dant and the full-length, 44� variant representing a minority
of the total population (Fig. 1C, top pie graph). Similarly, al-
ternative splicing either incorporates the S3 CoRNR box into
SMRT (exon 37b�) or deletes this motif (exon 37b�); the
latter was the dominant version expressed in the NB4 cells
(Fig. 1C,middle pie graph). Unlike SMRT, exon 44 of NCoR is
not subject to alternative RNA splicing. However, alternative
splicing does occur at NCoR exon 37b, either including the
N3 CoRNR box (37b�) or eliminating it (37b�) (Fig. 1B); the
former version predominated in the NB4 cells (Fig. 1C, bot-
tom pie graph).
Assuming alternative mRNA splicing occurs independently

at each corepressor splice site, as has been shown for other
cells and tissues, the corepressor variants expressed in these
NB4 cells are, in decreasing order of abundance, NCoR
(37b�), SMRT (37b�, 44�), SMRT (37b�, 44b�), NCoR
(37b�), SMRT (37b�, 44�), SMRT (37b�,44b�), and SMRT
(37b�,44�). We assigned Greek symbols to each of these
combinatorial splice variants to simplify discussion and ana-
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lyzed appropriate representatives in our in vitro experiments,
below (Fig. 1D).
Homodimers of PML-RAR� and of PLZF-RAR� Interact

with Different Repertoires of Corepressor Variants Compared
with Homodimers of RAR�—We next employed an EMSA-
supershift assay to determine the interaction of wild-type and

x-fusion forms of RAR� with the different corepressor vari-
ants. In these assays, a constant amount of each RAR� deriva-
tive (shown schematically in Fig. 2A) and 32P-labeled DR5
probe were incubated with increasing concentrations of each
of the corepressor constructs depicted in Fig. 1D. A repre-
sentative electrophoretogram for the different RAR� deriva-
tives interacting with the SMRT� construct is shown (Fig. 2B).
Consistent with prior studies, all three forms of RAR� bound
to the DR5 DNA probe as homodimers under these condi-
tions (e.g. in the absence of RXR) (27, 28) and were super-
shifted by SMRT� near equally (Fig. 2B). No shifted or super-
shifted complexes were detected using control extracts (e.g. in
the absence of RAR� or an x-RAR�), and the identity of the
various complexes was further confirmed by their interaction
with anti-RAR� antisera (Ref. 28 and data not shown).

We repeated this same protocol with additional NCoR and
SMRT splice variants and quantified the results (Fig. 3). All
three forms of RAR� and all six different corepressor splice
variants displayed hyperbolic binding kinetics, consistent with
theoretical expectation for these protein/DNA interactions

FIGURE 1. SMRT and NCoR splice variants expressed in APL cells. A, com-
parable expression of SMRT versus NCoR mRNAs. Quantitative RT-PCR and
splice-independent primer pairs were used to measure total SMRT and total
NCoR mRNA levels in NB4 cells. The mean and S.E. of three experiments are
shown. B, alternative splicing events within the SMRT and NCoR receptor
interaction domains. Exons (numbered from the 5� start site), alternative
splicing events (V-shaped lines), and CoRNR motifs (S1, S3, or N3) are indi-
cated. C, relative expression of the different SMRT and NCoR mRNA splice
variants in NB4 cells. Messenger RNA isolated from NB4 cells was subjected
to RT-PCR using primers spanning the splice sites in B; the products were
resolved by gel electrophoresis to determine the percentage of each alter-
natively spliced mRNA produced at each splice site. The means of six experi-
ments are presented. D, schematic of the GST-SMRT and GST-NCoR protein
constructs. Exons deleted by alternative mRNA splicing are depicted as hori-
zontal lines. The nomenclature is described in the text. SMRT� and SMRT�
were described previously (17, 18). SMRT�, SMRT�, NCoR�, and NCoR� were
previously referred to as SMRTsp18, SMRTsp2, full-length NCoR, and
RIP13�1, respectively (25, 46).

FIGURE 2. Comparable recruitment of SMRT� by RAR�, PML-RAR�, and
PLZF-RAR� homodimers. A, schematic representation of RAR�, PML-
RAR�, and PLZF-RAR�. DNA-binding, hormone-binding, and corepressor-
binding domains in RAR� and protein dimerization domains in PML and
PLZF are noted. B, comparison of SMRT� binding by RAR�, PML-RAR�, and
PLZF-RAR� homodimers utilizing EMSA. A fixed amount of 32P-DNA probe
and each RAR� derivative were mixed with control extract (�) or with a
2-fold increasing series of GST-SMRT� (Fig. 1D). The resulting DNA-protein
complexes were resolved by native gel electrophoresis and visualized by
phosphorimaging analysis. The positions of the RAR� (RR), PML-RAR� (PP),
or PLZF-RAR� (ZZ) homodimer-DNA complexes in the absence of corepres-
sor, and the corresponding corepressor-homodimer-DNA complexes (*) are
indicated. The entire electrophoretogram, including the unbound DNA
probe (free), is shown for RAR�, whereas only the regions containing pro-
tein-DNA complexes are shown for PML-RAR� and PLZF-RAR�.
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(Fig. 3, A–F). Apparent Kd values were extracted from these
curves and plotted as their reciprocal (1/Kapp) (Fig. 3G); we
adopted this convention so that the stronger the affinity, the
higher the bar in the plot. In agreement with prior studies
(29), wild-type RAR� interacted more strongly with SMRT�
than with NCoR� in these assays (Fig. 3, B versus E, dotted
curves, and Fig. 3G, filled bars). However, alternative splicing
clearly further influenced the apparent affinity of RAR� for
SMRT-derived versus NCoR-derived corepressors, with
RAR� binding better to NCoR� than to NCoR� and better to
SMRT� than to SMRT�. The difference in affinity for RAR�
homodimers between the strongest (SMRT�) and weakest
corepressor (NCoR�) was �3-fold. These data indicate that
RAR� does not preferentially partner with SMRT versus
NCoR corepressor per se, but rather both SMRT and NCoR
produce splice variants that bind RAR� with distinct and par-
tially overlapping affinities.

Notably, both PML-RAR� and PLZF-RAR� possessed
corepressor specificities that were substantially altered com-
pared with that of RAR�. Although displaying the same ap-
parent affinity for SMRT� as did RAR�, PML-RAR� exhibited
significantly higher affinities for most other splice versions of
SMRT and for both splice versions of NCoR (Fig. 3, A–G).
Specifically, PML-RAR� exhibited a �6-fold stronger interac-
tion with SMRT� than did RAR� under these conditions and
a 7.5-fold stronger interaction with NCoR� (Fig. 3, C, E, and
G). The relative affinity of PML-RAR� for SMRT� and for
NCoR� were 2.0- and 4.4-fold stronger, respectively, com-
pared with RAR� (Fig. 3, B and F); although less dramatic,
significant increases were also observed for the interaction of
PLZF-RAR� with SMRT�, SMRT�, NCoR�, and NCoR� (Fig.
3, C–G). Our results indicate that the x-RAR� fusions, rather
than exhibiting a generic increase in their affinity for core-
pressor as proposed previously, have instead undergone a se-
lective shift in their ability to recognize specific corepressor
variants.
To determine whether the changes in specificity of RAR�

and PML-RAR� for the different corepressor variants were
also observable in a cellular context, we explored the ability of
full-length corepressor splice variants to interact with RAR�
and PML-RAR� in CV-1 cells using a coimmunoprecipitation
protocol. We simultaneously expressed RAR� and PML-
RAR� together with full-length SMRT� or full-length
NCoR�. We then immunoprecipitated the corepressor and
visualized the amount of associated RAR� or PML-RAR� by
SDS-PAGE and immunoblot (Fig. 3H). Under these condi-
tions, RAR� efficiently copurified with SMRT�, the corepres-
sor variant with the highest apparent affinity for RAR� in
our EMSA supershift experiments, but much less effi-
ciently with NCoR�, the corepressor variant with the low-
est affinity for RAR� in our EMSA supershifts (Fig. 3H). In
contrast, PML-RAR� efficiently copurified with both core-
pressor variants (Fig. 3H). These results are consistent with
our conclusion that the PML-RAR� fusion has gained the
ability to recognize corepressor variants that are poorly
recognized by RAR�.
Heteromer Formation with RXR� Further Distinguishes the

Different Corepressor Specificities of RAR�, PML-RAR�, and
PLZF-RAR�—RAR� and the x-RAR� fusions bind DNA not
only as homodimers but also as heteromers with RXRs. RAR�
forms a RAR�/RXR� heterodimer, whereas PML-RAR� and
PLZF-RAR� generate heterotetramers representing a dimer
of dimers (RXR�/x-RAR�:x-RAR�/RXR�) (28, 30). We next
investigated the effect of RXR� on corepressor recruitment by
RAR�, PML-RAR�, and PLZF-RAR� using our EMSA/super-
shift assay. A representative electrophoretogram using a sin-
gle concentration of the NCoR� construct is presented in Fig.
4A. RXR�, tested alone, resulted in no detectable binding to
the DNA probe in either the absence or the presence of core-
pressor (Fig. 4A, lanes 13 and 14). In the absence of corepres-
sor, RAR�/RXR� heterodimers migrated more slowly and
displayed higher affinity for the DNA probe than did RAR�
homodimers (Fig. 4A, compare lanes 1 and 2). Interestingly,
these RAR�/RXR� heterodimers lost virtually all ability to
interact with NCoR� (Fig. 4, compare lanes 3 and 4). The ad-

FIGURE 3. Differential recruitment of different corepressor variants by
RAR�, PML-RAR�, and PLZF-RAR� homodimers. A–F, corepressor bind-
ing assayed by EMSA supershift. The experiment in Fig. 2B was repeated
using different corepressor variants (Fig. 1D), the results were quantified,
and the means and S.E. were calculated (n � 3). G, relative affinities of RAR�,
PML-RAR�, and PLZF-RAR� homodimers for the different corepressor vari-
ants. The 1/Kapp values were calculated from A–F; the means and S.E. are
presented. *, values that differ from that of the corresponding RAR� value
at a 95% CI. H, corepressor binding by coimmunoprecipitation analysis. Ly-
sates of CV-1 cells expressing RAR�, PML-RAR�, and the full-length core-
pressor variant indicated below each panel were immunoprecipitated with
antibodies to either SMRT or NCoR, as indicated above each panel. The im-
munoprecipitates were resolved by SDS-PAGE and visualized by immuno-
blotting; the positions of the proteins are indicated on the right. Compara-
ble results were observed in three independent experiments. IP,
immunoprecipitation.
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dition of RXR� to either PML-RAR� or PLZF-RAR� also pro-
duced a more slowly migrating complex (Fig. 4A, lane 5 versus
lane 6 and lane 9 versus lane 10, respectively) characteristic of
a heterotetramer and with a more modest gain in affinity for
the DNA probe. In clear contrast to the RAR�/RXR� het-
erodimers, these x-RAR�/RXR� heterotetramers retained a
significant ability to interact with NCoR� (Fig. 4A, compare
lanes 6 and 8 and lanes 10 and 12).

We repeated and quantified these heteromer experiments
using a range of corepressor concentrations and focusing on
SMRT� (recognized near equally by RAR�, PML-RAR�, and
PLZF-RAR� homodimers), NCoR� (preferentially recognized

by PML-RAR� and PLZF-RAR� homodimers compared with
RAR� homodimers), and SMRT� (preferentially recognized
by PML-RAR� homodimers but not by PLZF-RAR� or RAR�
homodimers) (Fig. 4, B–E). RAR�/RXR� heterodimers dis-
played a very weak interaction with all three corepressor vari-
ants (Fig. 4, B–D, dotted lines); SMRT�, the only corepressor
with which we could obtain sufficient binding to RAR�/RXR�
heterodimers to allow determination of an accurate Kapp, dis-
played a near 160-fold decrease in affinity compared with
RAR� homodimers (Fig. 4E). In contrast, heterotetramer for-
mation of oncogenic x-RARs with RXR� only slightly dimin-
ished their affinity for these corepressor variants (a 2.5–3-fold
reduction) compared with the corresponding homodimers
(Fig. 4, B–E). As a result, interaction with RXR� further mag-
nified the differences in corepressor recruitment observed
when these proteins were assayed as homodimers (compare
Figs. 4 and 3).
The Altered Corepressor Specificity of the x-RAR� Fusions Is

Due to Addition of the x-Sequences Rather than Loss of RAR�
Sequences—Although the identity of the x-sequence in the
oncogenic x-RAR� fusions differs with the chromosomal
translocation, the site of fusion within the RAR� moiety al-
ways occurs between codons 60 and 61, deleting the RAR�
N-terminal domain. Conceivably, the altered corepressor
specificity observed for the x-RAR� fusions in our studies
could arise either from the loss of these N-terminal RAR�
sequences or from the gain of PML or PLZF sequences. To
differentiate these possibilities, we created an �N-terminal
deletion of RAR� identical in location to the fusion site in
PML-RAR� (deleting amino acids 1–60) and tested it against
NCoR�, which showed the greatest difference between RAR�
homodimers and PML-RAR� homodimers. The �N-RAR�
construct behaved like full-length RAR�, exhibiting low affin-
ity for NCoR� (Fig. 4F). We conclude that loss of the N-ter-
minal domain does not account for the altered corepressor
affinity of PML-RAR� and PLZF-RAR�; rather the presence
of the PML and PLZF sequences is responsible for the in-
creased affinity for NCoR�.
The Altered Corepressor Specificity of the x-RAR� Proteins

Corresponds with a Gain in Recognition of CoRNR Box 1, a
Motif That Is Poorly Recognized by Wild-type RAR�—De-
pending on splice variant, the SMRT and NCoR corepressors
contain from 1 to 3 CoRNR boxes; these motifs represent key
sites of contact by which nuclear receptors recruit corepressor,
and different nuclear receptors preferentially contact different
CoRNR boxes (15–18). To better understand themolecular basis
behind the alterations in corepressor variant specificity observed
for PML-RAR� and PLZF-RAR� versus RAR�, we next investi-
gated the ability of these receptor derivatives to bind to the dif-
ferent CoRNR boxmotifs.
Using our EMSA/supershift protocol, we determined that

RAR� homodimers were efficiently supershifted by the S2 or
N2 CoRNR box constructs, displayed a much weaker interac-
tion with S1 or N1, and exhibited no detectable interaction
with S3 or N3 (Fig. 5A, top left panel; and quantified in Fig.
5B). Heterodimerization of RAR� with RXR� strongly inhib-
ited binding to either S2 or N2, had no effect on the already
very weak interaction with N1, but slightly increased the in-

FIGURE 4. Distinct effects of RXR� on corepressor recruitment by RAR�,
PML-RAR�, and PLZF-RAR�. A, representative EMSA supershift using the
NCoR� construct. All of the reactions contained a fixed amount of 32P-la-
beled probe and each RAR� or x-RAR� protein; RXR� and/or NCoR� was
included or omitted as indicated. The positions of the RAR�, PML-RAR�, or
PLZF-RAR� homodimers (labeled RR, PP, or ZZ, respectively) and RXR� het-
eromers (labeled RX, PX, and ZX, respectively) in the absence of corepressor
are indicated. B–D, binding of RXR� heteromers of RAR�, PML-RAR�, or
PLZF-RAR� to three different corepressor variants. The experiments in Fig. 3
(A, B, and E) were repeated in the presence of RXR�; the means and S.E. are
shown (n � 3). E, relative affinities of RXR� heteromers of RAR�, PML-RAR�,
and PLZF-RAR� heteromers for the different corepressor variants. The
1/Kapp values were calculated from B–D. The low affinity of RAR�/RXR� for
corepressor produced a poorer fit to theoretical kinetics than did the
x-RAR�/RXR� fusions, with R2 values of 	0.9. F, corepressor binding by �N-
RAR� homodimers. EMSA supershifts were as in Fig. 3; the means and S.E.
are presented (n � 2).
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teraction with S1 (Fig. 5, A and B, top right panels); the latter
may reflect the ability of RXR� to interact with the S1 CoRNR
box (29). Intriguingly, both PML-RAR� homodimers and
PLZF-RAR� homodimers retained the ability of RAR� to
bind to S2/N2 and also gained the ability to strongly interact
with the S1/N1 CoRNR boxes (Fig. 5, A and B,middle and
bottom left panels). This ability to efficiently recognize both
S1/N1 and S2/N2 motifs was also observed for the corre-

sponding x-RAR�/RXR� heterotetramers (Fig. 5, A and B,
middle and bottom right panels). Little or no binding to the S3
or N3 CoRNR box was observed for any RAR� derivative.
We conclude that at least one basis for the altered specific-
ity of these x-RAR� fusions for the different corepressor
splice variants reflects an enhanced ability to recognize the
most C-terminal CoRNR box motifs present in both SMRT
and NCoR.

FIGURE 5. Enhanced recognition of the S1/N1 CoRNR box motif by the x-RAR� fusion proteins. A, binding of individual CoRNR box motifs to RAR�,
PML-RAR�, or PLZF-RAR�. EMSA supershifts were performed as in Fig. 4A but using corepressor subdomains limited to the individual S1, S2, S3, N1, N2, or
N3 CoRNR motifs (as indicated above the panels). Both receptor homodimers (left panels) and receptor heteromers (right panels) were tested. B, quantifica-
tion. The experiment in A was repeated (n � 3) and quantified; the means and S.E. are presented.
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The Ability of PML-RAR� to Fully Release Corepressor in
Response to ATRA, a Property Closely Associated with Onco-
genesis, Depends on the Splice Variant—PML-RAR� has been
reported to require significantly more ligand (ATRA) to re-
lease SMRT than does RAR�, a property that is closely associ-
ated with the ability of these high doses of ATRA to induce
granulocyte differentiation and disease remission in APL (8–
10). However, the effects of alternative corepressor splicing
were not determined in these prior experiments. Given the
change in corepressor specificity of PML-RAR� versus RAR�
in the absence of agonist, we next sought to determine
whether there were also differences in the release of the dif-
ferent variants in response to different retinoids. We tested
RAR� and PML-RAR� using SMRT� (representing a core-
pressor recognized strongly by both RAR� and PML-RAR�)
and NCoR� (representing a corepressor preferentially recog-
nized by PML-RAR� compared with RAR�). Both receptor
homodimers and heteromers with RXR� were examined, as
were a series of different retinoids.
ATRA released both SMRT� and NCoR� from RAR� ho-

modimers at an IC50 of 5–6 nM (Fig. 6A, left panel); this value
is consistent with published Kd values (31, 32). In contrast,
release of either SMRT� or NCoR� from PML-RAR� ho-
modimers required 3–4-fold more ATRA than that required
for the RAR� homodimers (significant at the 95% CI) (Fig. 6A,
left panel). Although RAR�/RXR� heterodimers bound

SMRT� corepressor very poorly, they released SMRT� with
approximately the same IC50 value as did RAR� homodimers
(Fig. 6A, left panel; the binding of RAR�/RXR� to NCoR� in
the absence of hormone was too weak to permit determina-
tion of an accurate IC50 for the ATRA-driven release of this
second corepressor variant). Intriguingly, heterotetramer for-
mation by PML-RAR� reduced the IC50 for corepressor re-
lease by ATRA back to values approximating those observed
for RAR�/RXR� heterodimers (Fig. 6A, left panel). Similar
changes in the IC50 values required for corepressor release by
PML-RAR� compared with RAR� were observed using two
alternative RAR agonists: AM-580 and 9-cis-retinoic acid (Fig.
6A,middle and right panels).
A more detailed examination of the ATRA-induced core-

pressor release curves yielded an additional, unexpected ob-
servation. Although SMRT� was virtually completely released
from PML-RAR� at high ATRA concentrations, NCoR� was
not fully displaced at even the highest ATRA concentration
(10 �M) tested (Fig. 6B). This same phenomenon also ob-
served for PML-RAR�/RXR� heterotetramers and for AM-
580 and 9-cis-retinoic acid but not for RAR� (Fig. 6B and data
not shown). Our results indicate that PML-RAR� not only
requires higher levels of agonist to release corepressor than
does RAR� but also, through its acquired ability to recognize
additional corepressor variants such as NCoR�, has gained an
additional, hormone-refractory component in its interaction
with corepressor. It is plausible that this additional, agonist-
resistant corepressor interaction may contribute to the aber-
rant repression properties of PML-RAR� that are believed to
underlie its function in the leukemic cell.
PML-RAR� Displays a Hormone-refractile Repression in

Transfected Cells—To determine whether the hormone-re-
fractile release of NCoR� in vitro had parallels in vivo, we as-
sayed the transcriptional properties of RAR� and PML-RAR�
in transfected cells. As reported previously (23), CV1 cells
express moderate levels of endogenous RARs and can activate
expression of a DR5-luciferase reporter in response to ATRA
(Fig. 7). Cointroduction of an ectopic RAR� expression vector
into these cells enhanced this ATRA-responsive reporter gene

FIGURE 6. Differences in the ability of agonist to release different core-
pressor variants from RAR� and PML-RAR�. A, ATRA-mediated release of
corepressor: calculated IC50 values. The EMSA supershifts in Fig. 4A were
repeated using SMRT� or NCoR� (Fig. 1D) and increasing concentrations of
the retinoid agonists ATRA, AM-50, or 9-cis-retinoic acid (9-cis RA). The ago-
nist concentration required to release 50% of each corepressor (IC50) from
the receptor-DNA complex was calculated; the means and S.E. are pre-
sented. B, ATRA-mediated release of corepressor: plotted results. The data
that generated the IC50 values in A are plotted as the percentage of recep-
tor/corepressor complex remaining at each ATRA concentration (corepres-
sor complex formed minus agonist is defined as 100%); the means and S.E.
are presented (n � 7 for PML-RAR� and RAR�; n � 3 for PLZF-RAR�). The
values slightly below 0% reflect minor changes in receptor-DNA affinity
caused by binding of agonist.

FIGURE 7. ATRA-refractory repression of reporter gene expression by
PML-RAR�. A DR5-tk-luciferase reporter was transiently transfected into
CV1 cells together with expression vectors for RAR�, PML-RAR�, or an
empty vector control, as indicated. The cells were subsequently incubated
with the ATRA concentrations indicated, harvested 24 h later, and assayed
for luciferase activity. The means and standard errors for three independent
experiments are shown.
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expression. In contrast, ectopic expression of PML-RAR�
repressed reporter gene expression at all hormone levels
tested, including ATRA concentrations that, in vitro, were
sufficient to release SMRT� but that allowed retention of
NCoR� (compare Figs. 6B and 7). We suggest that this ago-
nist-resistant transcriptional repression by PML-RAR� ob-
served in cells reflects the agonist-resistant NCoR� interac-
tion seen in vitro.
The Different Corepressor Variants Are Expressed at Differ-

ent Levels in Different Leukemias—Given the altered core-
pressor specificity of PML-RAR�, we investigated whether
the abundance of the relevant corepressors might differ in
different APLs and/or in different forms of leukemia. The
exon 37b� splicing event that produces NCoR� was by far
the dominant form of this corepressor in all three human leu-
kemic lines examined: NB4, HL60 (a promyelocytic leukemia-
derived line lacking an x-RAR� fusion), and U937/PR89 (a
monocytic leukemia cell line engineered to express PML-
RAR�) (19, 20) (Fig. 8A). Reciprocally, the analogous exon
37b� splicing event that produces SMRT� was expressed at
very low levels in the same three human lines, whereas the
ratios of the different exon 44 splice forms (responsible for
SMRT�, �, and �) varied, with the exon 44� splice form (e.g.
SMRT�) lowest in HL60s (Fig. 8, B and C). We also compared
expression of the different corepressor variants in three indi-
vidual APLs obtained from a mouse PML-RAR� transgenic
model (24). Despite originating in genetically identical mice,
there was moderate variation in the relative ratios of the dif-
ferent splice forms among the three samples, and in contrast

to the human-derived leukemias, the murine APLs expressed
the 37b� and 37b� forms of both SMRT and NCoR at more
equal ratios than did the human-derived leukemias (Fig. 8,
D–F). In summary, all of the leukemias examined expressed
substantial quantities of the corepressor variants that repre-
sent de novo high affinity partners for the PML-RAR� fusions
but in relative abundance that varied among the different leu-
kemias examined.

DISCUSSION

Acute Promyelocytic Leukemia and x-RAR Fusions—Virtu-
ally all human APLs characterized carry a chromosomal
translocation that creates an x-RAR� fusion (6, 7). The trans-
location breakpoint in RAR� inevitably occurs at a recombi-
national hot spot that deletes the first 60 codons of the recep-
tor, leaving the RAR� DNA-binding and hormone-binding
domains intact. The identity and nature of the N-terminal
x-sequence, however, can vary considerably. Significantly, all
of the x-fusion sequences encode self-dimerization domains
(8, 9, 11). It has been proposed that the dominant-negative
properties of the x-RAR� fusions result, at least in part, from
this enhanced ability to homodimerize or oligomerize,
which, through an unknown mechanism, is thought to sta-
bilize corepressor recruitment under conditions that favor
corepressor release by wild-type RAR� (8–12). This aber-
rant corepressor retention by the x-RAR� fusions is
thought to be a crucial mechanism by which x-RAR� fu-
sions mediate leukemogenesis; forcing corepressor release
from PML-RAR� with supraphysiological levels of ATRA,
for example, drives APL cells into differentiation and pro-
duces disease remission in patients. Proteolysis of the fu-
sion protein and induction of apoptosis also contribute to
clinical resolution of APL (33).
The results reported here support this overall model of x-

RAR� function but with several significant modifications.
Foremost, we observed that the ability of RAR� and x-RAR�
fusions to recruit and release corepressors is highly dependent
on the specific corepressor variant employed. For example,
RAR� homodimers interact well with SMRT� but relatively
weakly with NCoR�. PML-RAR� and PLZF-RAR� ho-
modimers, in contrast, interact strongly with all of the core-
pressor variants tested and display notably elevated interac-
tions with SMRT�, SMRT�, NCoR�, and NCoR�. Further,
whereas heterodimer formation with RXR� virtually abolishes
the ability of RAR� to recruit corepressors, the heterotetram-
ers formed between RXR� and PML-RAR� or PLZF-RAR�
retain substantial corepressor binding; this phenomenon
helps explain how x-RAR� proteins can recruit corepressors
and exert dominant-negative effects in cells that express
RXRs. Finally, our studies have revealed that the gain of
NCoR recognition by PML-RAR� results in a novel, ATRA-
refractory corepressor release phenotype that may contribute
to the impaired differentiation observed in APL cells. Taken
as a whole, our results suggest that it is a change in corepres-
sor specificity, not a higher affinity for all corepressors per se,
that helps confer the repressive and oncogenic properties ob-
served for these x-RAR� fusions.

FIGURE 8. Expression of different corepressor splice variants in differ-
ent leukemias. RNAs were isolated from three different human leukemia-
derived cell lines (NB4, HL60, and U937/PR9, A–C) and from three different
individual mouse leukemias arising from transgenic expression of human
PML-RAR� (D–F). These RNAs were then analyzed by reverse transcription-
PCR as in Fig. 1B to determine the relative levels of the NCoR and SMRT
splice variants indicated. The means and standard deviations of three sepa-
rate RT reactions are presented, except for mouse 3, which yielded suffi-
cient RNA for only one determination.
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The x-RAR� Fusions Result in Alterations in Receptor Affin-
ity for Specific Corepressor Splice Variants—The SMRT and
NCoR gene products share 50% identity at the amino acid
level and undergo additional diversification through alterna-
tive mRNA splicing that modifies the CoRNR box motifs
responsible for interaction with nuclear receptors (15–18).
Previous studies demonstrated that RAR� preferentially
binds SMRT� compared with NCoR� (34, 35). Our new
results confirm this but further reveal that RAR� ho-
modimers bind to several other SMRT and NCoR splice
variants, including SMRT�. Interestingly, SMRT� contains
only a single S2 CoRNR box, and studies in our lab suggest
that SMRT� may in fact represent an RAR�-specific core-
pressor variant.4

We determined that although PML-RAR� and PLZF-RAR�
share the ability of RAR� to bind SMRT�, they recruit most
other splice variants of SMRT and NCoR more strongly than
does RAR�; many of these newly recognized splice variants
are highly expressed in APL cells and in other leukemia-de-
rived cell lines. This alteration in the corepressor specificity of
RAR� versus x-RAR� is not due to the loss of the RAR� N
terminus but rather due to the addition of the PML and PLZF
sequences. Corepressors bind to nuclear receptors primarily
through contacts between �-helical CoRNR box motifs in
SMRT and NCoR and an agonist-labile docking site within
the hormone binding domain of the receptor (36, 37). Notably
RAR� interacted primarily with CoRNR box 2 in SMRT and
NCoR, whereas the x-RAR� fusions also efficiently bound to
CoRNR box 1; this gain in CoRNR box 1 recognition ac-
counts, at least in part, for the broadened corepressor splice
variant repertoire of these x-RAR� proteins. Although the
precise mechanism behind this enhanced recognition of
CoRNR box 1 is unresolved, it is likely that the x-RAR� ho-
modimers display their corepressor docking surfaces in a dif-
ferent conformation or with different accessibility than do
RAR� homodimers, resulting in a more promiscuous CoRNR
box recognition.
Heteromer Formation with RXR� Further Distinguishes the

Corepressor Repertoire of PML-RAR� and PLZF-RAR� from
That of RAR�—Heterodimer formation with RXR inhibits
corepressor binding by many nuclear receptors; this is likely
to reflect, in part, an intrinsic occlusion of the corepressor
docking site in RXR by helix 12 (38, 39). In our hands the
RAR�/RXR� heterodimers exhibited a greater than 150-fold
loss in affinity for certain corepressors compared with RAR�
homodimers. Consistent with this observation, DNA response
elements unable to bind RAR� homodimers, such as the
�-RARE, favor transcriptional activation over repression.5
The addition of RXR� to PML-RAR� or to PLZF-RAR� re-
sults in the formation of heterotetramers: two x-RAR�/RXR�
heterodimers held together through the homodimerization
contacts within the x-moieties (40–42). Significantly, these
x-RAR�/RXR� heterotetramers did not display the severe
inhibitory effects on corepressor affinity observed for RAR�/

RXR� heterodimers. As a consequence, the presence of RXR�
exacerbated the divergences in corepressor recruitment ob-
served for RAR� versus the x-RAR�s. For example, the differ-
ence in affinity for NCoR� between RAR� and PML-RAR�
was 7.5-fold; the difference between RAR�/RXR� and PML-
RAR�/RXR� was more than 100-fold.
The unusual dimer-of-dimers topology of the x-RAR�/

RXR� heterotetramers is likely to account for the retention of
corepressor binding compared with RAR�/RXR� het-
erodimers. Trimeric and tetrameric complexes of other nu-
clear receptors, for example, also display alterations in their
coregulator interaction properties compared with the corre-
sponding dimers (22, 43). This phenomenon may reflect the
location or multiplicity of the coregulator binding surfaces on
these higher order complexes, or it may represent an allo-
steric phenomenon arising from the different protein-DNA or
protein-protein contacts made within these higher order
complexes compared with the contacts that stabilize receptor
dimers. These results help explain how x-RAR� proteins can
be recruited to many of their target genes as RXR� hetero-
mers, as has been inferred from genome-wide chromosome
immunoprecipitation studies (19, 44), yet retain the ability to
recruit corepressors and to mediate repression. It should be
noted, however, that x-RAR� homodimers also strongly re-
cruit the corepressor variants studied here, and these ho-
modimers may also contribute to certain aspects of the APL
phenotype. As a result, the precise transcriptional properties
of PML-RAR� may change depending upon the target gene
and whether PML-RAR� heteromers or homodimers are the
main species recruited.
ATRA, Corepressor Variants, and Corepressor Release—

PML-RAR� has been reported to require significantly higher
levels of ATRA to release SMRT� compared with RAR� (9), a
phenomenon that parallels the requirement for these supra-
physiological ATRA levels to relieve dominant-negative inhi-
bition by PML-RAR� and to drive APL cells into granulocyte
differentiation and disease remission. Here, we have shown
that this same phenomenon applies to SMRT�, which re-
quires 3–4-fold more ATRA to release from PML-RAR� than
from RAR� when these receptors are assayed as homodimers.
Interestingly, heterotetramer formation with RXR� restored
ATRA sensitivity to PML-RAR� to approximately that ob-
served for RAR� homodimers and RAR�/RXR� het-
erodimers. However, PML-RAR�, either as a homodimer or
as a heterotetramer with RXR�, displayed an incomplete abil-
ity to release NCoR� even at saturating ATRA concentra-
tions. PML-RAR�/RXR� heteromers are thought to be the
dominant receptor species operative in APL cells (40, 41);
given that SMRT� release by these heterodimers is near nor-
mal, this inefficient release of NCoR� may be help explain the
impaired ability of the APL cells to respond to physiological
levels of ATRA. These results also suggest that the ability of
hormone to release a given corepressor variant may differ on
different target genes (depending on whether PML-RAR�
heteromers or homodimers are the main species recruited)
and in the presence of different levels of RXR expression. In
support of this model, we observed that ATRA concentrations
able to fully release SMRT� in vitro failed to fully reverse

4 B. J. Mengeling, M. L. Goodson, and M. L. Privalsky, unpublished observa-
tions.

5 B. J. Mengeling and M. L. Privalsky, unpublished observations.
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PML-RAR�-mediated repression in transfected cells, a conse-
quence, we suggest, of the hormone-refractory association of
PML-RAR� with NCoR�.
More globally, many of the changes observed for the x-

RAR� fusions compared with their wild-type RAR� pro-
genitors are gains-of-function that result in a widening of
their recognition properties. PML-RAR� recognizes a
wider variety of DNA elements than does RAR� (45) and
with less discrimination between homomeric and RXR-
heteromeric binding affinity. As reported here, both PML-
RAR� and PLZF-RAR� bind a wider variety of corepressor
variants than does RAR�, also with less discrimination be-
tween homomeric and RXR heteromeric binding affinities.
The widening of corepressor recognition by these x-RAR�,
fusions has potential repercussions not only in regard to
release by ATRA but also in the response of these func-
tions to extracellular signaling cascades. Many, but not all,
corepressor variants are functionally inactivated by phos-
phorylation through the MAPK signaling cascade, which
causes release of these corepressors from the nuclear re-
ceptor (46, 47). Arsenite is used clinically in the treatment
of APL and has been shown to induce partial differentia-
tion of APL cells, in part through activation of this MAPK
cascade and the release of SMRT from PML-RAR� (48).
The specific SMRT variants operating in this context and
the possible contributions of NCoR family members were
not determined in this prior study. The work presented
here reveals that x-RAR� fusion proteins actually recruit a
mix of corepressors that includes variants both sensitive
and resistant to inactivation by this MAPK cascade. It will
be valuable to determine how this broadening of the core-
pressor repertoire of PML-RAR� and PLZF-RAR� impacts
the response of leukemic cells to both ATRA and arsenite,
whether changes in the repertoire of corepressor variants
expressed in different patients or at different stages of the
disease can alter presentation or prognosis, and whether
targeting therapies to specific corepressor variants can im-
prove future clinical interventions in APL.
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