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Abstract
The SMRT (Silencing Mediator of Retinoid and Thyroid hormone receptors) corepressor mediates
gene repression by nuclear receptors and other transcriptional factors. The SMRT protein serves as
a key nucleating core that organizes the assembly of a larger corepressor complex. We report here
that SMRT interacts with itself to form a protein dimer, and that Erk2, a mitogen-activated protein
(MAP) kinase, disrupts this SMRT self-dimerization in vitro and in vivo. Notably Erk2
phosphorylation also results in a re-organization of the overall corepressor complex, characterized
by a reduced sedimentation coefficient, partial release of HDAC3, TBL-1, and TBLR-1, and
inhibition of transcriptional repression. We propose that SMRT dimers form the central platform
on which additional corepressor components assemble, and that kinase signaling modifies the
architecture, composition, and function of this complex. These observations contribute to our
understanding of how the SMRT corepressor complex assembles and is regulated during cell
proliferation and differentiation.
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1. INTRODUCTION
The SMRT protein was originally identified based on its ability to mediate repression by
thyroid hormone receptors (TRs) and retinoic acid receptors (RARs) [Chen and Evans,
1995, Sande and Privalsky, 1996]. Subsequently SMRT, and its closely-related paralog
NCoR, were shown to serve as corepressors for additional members of the nuclear receptor
family, as well as a much wider variety of transcription factors, such as PLZF, BCL-6, NF-
κB, ETO-1/2, and c-Myb [Hörlein et al., 1995, Jepsen and Rosenfeld, 2002, Lazar, 2003,
Lee et al., 2001, Moehren et al., 2004, Ordentlich et al., 2001, Perissi et al., Privalsky, 2004,
Seol et al., 1996, Stanya and Kao, 2009, Zamir et al., 1996]. Notably, SMRT and NCoR do
not appear to possess intrinsic repressive properties, but instead are thought to function by
recruiting additional polypeptides that mediate the actual molecular events required to
inhibit gene transcription [Jepsen and Rosenfeld, 2002, Lazar, 2003, Lee et al., 2001,
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Moehren et al., 2004, Ordentlich et al., 2001, Perissi et al., Privalsky, 2004, Stanya and Kao,
2009]. Histone deacetylases (HDACs) were among the earliest of these SMRT-tethered
auxiliary proteins to be identified [Guenther et al., 2000, Heinzel et al., 1997, Huang et al.,
2000, Jones et al., 2001, Kao et al., 2000, Li et al., 2000, Li et al., 2002, Nagy et al., 1997,
Wen et al., 2000]. SMRT and NCoR are therefore viewed as molecular platforms that
nucleate assembly of the overall corepressor complex, interact through additional contact
surfaces with their specific transcription factor partners, and thereby tether the functional
corepressor complex to specific target genes. In fact, the corepressor complexes formed in
cells are quite large, with estimated sizes of 1.5 to 2 MDa [Guenther et al., 2000, Li et al.,
2000]. When purified by coimmunoprecipitation methodologies, these SMRT complexes
have been shown to contain an assortment of associated proteins, including HDAC3, TBL1/
TBLR1 (ubiquitin ligases implicated in the release of the corepressor complex from target
genes on their activation), and GPS2 (a multifunctional protein that helps recruit TBL1/
TBLR1) [Guenther et al., 2000, Guenther and Lazar, 2003, Li et al., 2000, Wen et al., 2000,
Yoon et al., 2003, Zhang et al., 2002]. Still additional corepressor components have been
identified by various means, such as mSin3A/B, HDACs 1, 2, 4, and 5, SHARP, MeCP2,
KAP-1, JMJD2A, and an assortment of ATP-dependent chromatin remodeling proteins
[Jepsen and Rosenfeld, 2002, Lazar, 2003, Lee et al., 2001, Moehren et al., 2004, Ordentlich
et al., 2001, Perissi et al., Privalsky, 2004, Stanya and Kao, 2009]. Multiple forms of
corepressor complex are likely to exist in cells (e.g. [Downes et al., 2000, Jones et al., 2001,
Kao et al., 2000]); the stoichiometry of the corepressor components that comprise these
complexes, and what defines the ability of SMRT and NCoR to assemble into different
complexes, have remained incompletely resolved.

The SMRT complex is subject to multiple modes of regulation. Binding of hormone
agonists by many nuclear receptors, for example, causes the release of SMRT (and its
associated auxiliary protein entourage) from the receptor and permits subsequent coactivator
recruitment, thereby switching these receptors from transcriptional repressors to activators
[Chen and Evans, 1995, Glass and Rosenfeld, 2000, Hörlein et al., 1995, Sande and
Privalsky, 1996, Perissi et al., 2004, Zamir et al., 1996]. A variety of kinase signaling
pathways also converge on the SMRT corepressor complex and modulate its activity
[Privalsky, 2001, Privalsky, 2004]. For example, stimulation of the epidermal growth factor
(EGF) receptor activates a downstream MAP kinase cascade that induces phosphorylation of
SMRT, causing its release from its nuclear receptor partners, its redistribution from nucleus
to cytoplasm, and derepression of its target genes [Hong et al., 1998, Hong and Privalsky,
2000, Jonas and Privalsky, 2004]. This same phenomenon contributes to the pro-
differentiation and anti-neoplastic effects of arsenic trioxide in the treatment of acute
promyelocytic leukemia [Hong et al., 2001] and may contribute to anti-androgen resistance
in prostate cancer [Eisold et al., 2009]

We have recently reported that the subcellular redistribution of SMRT, and the release of
this corepressor from its nuclear receptor partners are regulated by distinct tiers of this
MAPK cascade [Jonas et al., 2007]. The top two tiers, MEKK1 and MEK1, were found to
be the primary mediators of SMRT relocalization to the cytoplasm, whereas the bottom tier
kinase, Erk2, proved to be the principal effector of the inhibition of the SMRT/nuclear
receptor interaction [Jonas et al., 2007]. We now report that SMRT self-associates in vitro
and in vivo to form SMRT:SMRT dimers, and that phosphorylation of SMRT by Erk2 not
only induces release of the corepressor complex from its nuclear receptor partners, but also
results in a reorganization of the corepressor complex itself. We suggest that this MAPK
modulation of SMRT dimer formation is a mechanism through which the function of the
SMRT complex can be regulated by proproliferative signals in normal and neoplastic cells.
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2. MATERIALS AND METHODS
2.1. Molecular clones and cell culture

The origins of the pUC18, pCH110, pADH-Gal4-17-mer, pSG5-Gal4DBD, pCMV5-FLAG-
ΔMEKK1, and pCMV-HA-MEK1 (R4F) plasmids were previously described [Hong et al.,
1998, Hong and Privalsky, 2000, Wong and Privalsky, 1998]. The pSG5-HA-Erk2 (L75P/
S153D) vector, which encodes a constitutively-active form of Erk2 [Emrick et al., 2001],
was created by QuikChange mutagenesis of a wild-type Erk2 clone (Stratagene, La Jolla
CA). The pCMV-sGFP-SMRTα (1-2470) expression vector was created by inserting
HindIII-XhoI fragments from the parental full-length SMRT cloning vector into HindIII-
XhoI digested pCMV-sGFP. The pSG6-Gal4DBD vector was created by inserting a
synthetic oligonucleotide (Biosource International, Camarillo, CA) encoding an expanded
multiple cloning site into pSG5-Gal4DBD. The pSG6-Gal4DBD-SMRTα expression vector
was created by inserting a parental full-length SMRTα (1-2470) into pSG6-Gal4DBD. The
pSG5-Myc-SMRTα and pSG5-HA-SMRTα constructs, used for mammalian cell expression
or in vitro translation, were created using polymerase chain reaction to introduce
approximate restriction sites (generally HindIII and XhoI) on the ends of the corresponding
open reading frames and by ligating the DNA products into the pSG5-Myc or pSG5-HA
vectors. A similar approach, using XbaI and XhoI sites, was used to generate the pGEX-MP
constructs employed for expression of GST-fusion proteins in E. coli. Base substitution
mutations, designed to abolish MAPK sites within the SMRT sequence, were created by
using QuikChange.

CV-1 cells (Jensen et al., 1964) were the generous gift of Dr. K. R. Yamamoto (University
of California at San Francisco) and were propagated in Dulbecco's modified Eagle medium
(DMEM) formulated with high glucose, L-glutamine, and pyridoxine hydrochloride
(Invitrogen, Carlsbad, CA) and supplemented with 5% heat inactivated fetal bovine serum
(HIFBS; Hyclone, Logan, UT); cells were maintained at 37°C in a humidified 5% CO2
atmosphere. Transient transfections were performed using Effectene reagent, and the
manufacturer's protocol (Qiagen, Valencia, CA).

2.2. Co-immunoprecipitation Assays
CV-1 cells (8 × 105 cells/plate in a 10cm plate) were transfected with various combinations
of Myc-SMRTα, HA-SMRTα, a constitutively active Erk2 construct, or appropriate amounts
of equivalent empty vectors using the Effectene protocol described above. Cells were
collected 48 h after transfection and lysed by a 30-min incubation at 4°C in 1ml of
immunoprecipitation buffer consisting of phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4) plus 1 mM EDTA, 1.5 mg/ml
iodoacetamide, 100 μM Na3VO4, 0.5% Triton X-100, 20 mM glycerophosphate, 1 mM NaF,
0.2 mM phenylmethylsulfonyl fluoride, 1x Complete phosphatase inhibitor mixture I (EMD
Biosciences, Inc., La Jolla, CA), and 1x Complete protease inhibitor mixture (Roche
Applied Science, Mannheim, Germany). The cell lysates were cleared by centrifugation at
18,000 × G at 4°C. A 50-μl aliquot of each cell lysate was saved, and the remaining lysate
was incubated at 4°C for 1 h with mouse anti-Myc monoclonal antiserum (diluted 1:200;
Gamma One Laboratories, Lexington, KY). Next, 40 μl of a 50% slurry of protein G-
Sepharose beads (GE Healthcare, Piscataway NJ) were added, and the samples were
incubated overnight at 4°C on a rotator. The Sepharose beads and any proteins bound to
them were collected by centrifugation at 1000 × G in a microcentrifuge at 4°C for 2 min.
The beads were washed four times with 1 ml of immunoprecipitationbuffer, and any
proteins remaining bound to the beads were then eluted by boiling in SDS sample buffer,
were resolved by SDS-PAGE using a Tris acetate 3-12% gradient gel system; and were
visualized by immunoblotting using mouse anti-HA monoclonal antibody (diluted 1:1000;
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Gamma One Laboratories, Lexington, KY), horseradish peroxidase-conjugated goat anti-
mouse IgG antibody (diluted 1:2000; Bio-Rad, Hercules CA), and the ECL Plus Western
blot detection system (GE Healthcare, Piscataway NJ). The resulting chemiluminescent
signal was detected and quantified using a Fluorchem 8900 digitaldetection system (Alpha
Innotech, San Leandro, CA).

2.3. Glycerol gradient fractionation
CV-1 cells (8 × 105 cells/plate in a 10cm plate) were transfected with pSG5-Myc-SMRTα, a
constitutively-active Erk2 construct, or appropriate amounts of equivalent empty vectors
using the Effectene protocol described above. Cells were collected 48 h after transfection
and lysed and cleared as described in section 2.2. The detergent-solubilized supernatants
were subjected to centrifugation in a linear glycerol gradient, consisting of 5-25% glycerol
(5.25 ml total) in 10 mM Tris-HCl and 100 mM NaCl. Gradients were centrifuged at
151,000 × G at 4°C for 18h in a SW41 Ti rotor (Beckman), and fractions of 0.5 ml were
collected from the bottom under gravity flow. An aliquot of each fraction was resolved by
3-12% gradient SDS-PAGE gels and analyzed by Western blotting with mouse monoclonal
anti-Myc antibody (diluted 1:1000; Gamma One Laboratories) using the protocol in section
2.2.

2.4. In Vitro Kinase Assays
Appropriate GST-SMRT fusion proteins were expressed in Escherichia coli BL21 cells and
were immobilized on glutathione-agarose beads as described previously [Hong et al., 1998,
Wong and Privalsky, 1998]. GST-SMRT proteins were then incubated with 500 Units of
purified Erk2 (New England Biolabs)) for 18 hours at 30°C in 50 μl of 1x Erk2 kinase buffer
(50 mM Tris-HCl, 10 mM MgCl2, 1 mM EGTA, 2 mM dithiothreitol, 0.01% Brij 35, pH
7.5) containing 1 mM ATP, 1x Complete phosphatase inhibitor mixture I (EMD
Biosciences, Inc., La Jolla, CA), and 1x Complete protease inhibitor mixture (Roche
Applied Science, Mannheim, Germany). The kinase reactions were terminated by washing
the beads by centrifugation four times with 1ml of ice-cold HEMG buffer (4 mM HEPES
[pH 7.8], 100 mM KCl, 0.2 mM EDTA, 5 mM MgCl2, 0.1% NP-40, 10% glycerol, 1.5 mM
dithiothreitol) per well. The washed beads with the bound proteins were then used in the in
vitro protein-protein interaction assays in section 2.5.

2.5. In vitro protein-protein interaction assay
Glutathione S-transferase (GST)-corepressor protein fusions were produced in E.coli strain
BL-21 cells transformed by the appropriate pGEX vector [Guan and Dixon, 1991]. The
bacteria were lysed by sonication and the GST fusion proteins were bound to a glutathione-
agarose beads as previously described [Guan and Dixon, 1991]. 35S-radiolabeled
corepressor fragments were synthesized in vitro using a TnT coupled reticulocyte lysate
system (Promega, Madison, WI). Each radiolabeled protein (5 μl of TnT product per
reaction) was then incubated with the GST fusion protein of interest (typically 10 to 20 ng)
immobilized on 20 μl of glutathione-agarose beads in a total volume of 200 μl of HEMG
buffer (4 mM HEPES [pH 7.8], 100 mM KCl, 0.2 mM EDTA, 5 mM MgCl2, 0.1% NP-40,
10% glycerol, 1.5 mM dithiothreitol) at 4°C. All of the GST-proteins in a given experiment
were used at the same concentration. The binding reactions were performed in 1.5 ml
Eppendorf tubes on a rotating platform to ensure thorough mixing. After a 1 hour of
incubation, the beads were washed by centrifugation four times with 1ml of ice-cold HEMG
buffer, and any radiolabeled proteins remaining bound to the immobilized GST fusion
proteins were eluted with 50 μl of 10 mM glutathione in 50mM Tris-HCl [pH 7.8]. The
eluted proteins were resolved by SDS-PAGE and were visualized and quantified using a
Storm PhosphorImager (Amersham Biosciences, Piscataway, NJ).
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2.6. Chromatin Immunoprecipitation (ChIP) assays
CV-1 cells (8 × 105 cells/plate in a 10cm plate) were transfected with 300 ng/plate of
pGL4CP-TK 2xGal4, 200 ng/plate of Gal4-DBD-SMRT, 1.5 μg/μl of HA-SMRT, and 500
ng/plate of a constitutively active Erk2 construct (or equivalent empty vector)using the
Effectene protocol (Qiagen, Valencia, CA). Forty-eight hours after transfection, formalin
was added to the tissue culture medium to a final concentration of 1%. After 10 minutes of
incubation the reaction was terminated by adding 0.125 M glycine. The cells were rinsed
twice with ice-cold PBS and scraped into 5 ml/plate of PBS containing 1x Complete
protease inhibitor mixture (Roche Applied Science, Mannheim, Germany). The cell pellet
was resuspended in 200 μl of cell lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 0.5%
NP-40, 1x complete protease inhibitors) and homogenized by using a B Dounce
homogenizer 10 times. The nuclei were pelleted by centrifugation in a micro centrifuge for 5
minutes at 2,200 × G at 4°C and were resuspended in 100 μl of nuclei lysis buffer (50 mM
Tris-Cl, pH 8.1, 10 mM EDTA, 1% SDS, 1X Complete protease inhibitors). Chromatin was
sonicated in a Heat-Systems Branson sonicator at 50% duty cycle, at setting 4, for 4 × 15
seconds, after which samples were centrifuged at 18,000 × G for 10 minutes. The
supernatant was precleared by adding 1mg/ml of herring sperm DNA, 1 mg/ml of BSA, 10
μl of Staph A cells (Pansorbin, CalBiochem 507862), and incubating the samples on ice for
15 minutes. After the samples were centrifuged at 18,000 × G for 5 min, the pellets were
discarded and 1/10 of each supernatant was saved as “input.” Two volumes of IP dilution
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-Cl, pH 8.1, 167 mM
NaCl, 1X Complete protease inhibitors) were then added to each supernatant, together with
either 5 μl of antisera directed against the HA or Myc epitope, or 5 μl of non-specific IgG,
and the samples were incubated overnight at 4 °C with mixing. Next, 10 μl of blocked Staph
A cells were added to each sample and the samples were incubated at 4 °C for 15 minutes.
The Staph A pellets, together with any immunocomplexes bound by them, were collected by
centrifugation, washed twice with 1.4 ml of 1x dialysis buffer (2 mM EDTA, 50 mM Tris-
Cl, pH 8.1) and four times with 1.4 ml of IP wash buffer (100 mM Tris-Cl, pH 9.0, 500 mM
LiCl, 1% NP-40, 1% Deoxycholic acid, 1X Complete protease inhibitors). The protein/DNA
complexes were then eluted into 100 μl of elution buffer (50 mM NaHCO3, 1% SDS), the
crosslinks were reversed by adding 12 μl of 5 M NaCl and by incubating the samples at
67°C overnight. The eluted DNA was purified using a QIAquick PCR purification kit
(Qiagen), was eluted into water and was analyzed by PCR using primers specific for the
introduced TK-DR4-Luc reporter (CTAGCAAAATAGGCTGTCCC and
GAGTGGGTAGAATGGCGCTGG).

3. RESULTS
3.1. SMRT proteins self-associate in vivo and in vitro

Although a variety of proteins are known to assemble into the SMRT corepressor complex,
the stoichiometry of the individual components has not been fully determined. The very
large overall size of the holo-complex, estimated as 1.5 to 2.0 MDa, suggested to us that
there might be multiple copies of one or more of the proteins that comprise it [Guenther et
al., 2000, Li et al., 2000]. We were particularly interested in determining if SMRT, the
central platform that nucleates the overall corepressor complex, could itself self-associate to
form higher order structures. To examine this question, we simultaneously introduced into
CV1 cells two distinct epitope-tagged versions of this corepressor, Myc-SMRTα and HA-
SMRTα (Figure 1A). The cells were lysed, and the Myc-SMRTα protein was
immunoprecipitated using anti-Myc monoclonal antibody. The immuoprecipitates were then
resolved by SDS-PAGE and any HA-SMRT that associated with the Myc-SMRT was
detected by immunoblotting using anti-HA epitope antiserum (Figure 1B). Approximately
5-10% of the input HA-SMRT in the whole cell lysates (detected by anti-HA antibodies in
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lanes 2 and 3) immunoprecipitated with the Myc-SMRTα under these conditions (lane 6),
whereas little or no HA-SMRTα was observed in the absence of the Myc-SMRT construct
(lane 5) or in the absence of the HA-SMRTα construct (lanes 1 and 4). Comparable results
were observed performing the experiment reciprocally by immunoprecipitating HA-SMRTα
and immunoblotting against Myc-SMRTα (Figure 1C); Repeating these experiments with
different HA-tagged subdomains of SMRTα demonstrated that amino acids 1210 to 2470 of
SMRTα were sufficient to interact with the full-length Myc-tagged SMRTα, indicating at
least one of the interaction surfaces participating in this self-association was within the C-
terminal half of the corepressor (Figure 1D). The anti-HA and anti-Myc antibodies do not
cross-react with the opposing epitopes (Figure 1, and data not shown).

To confirm our co-immunoprecipitation results were due to direct protein-protein
interactions, and to better map the surfaces involved, we turned to a GST-pulldown protocol,
examining the ability of 35S-radiolabeled full-length SMRTα (generated by in vitro
translation) to interact with GST-fusions representing different subdomains of SMRT
(purified from recombinant E. coli) (Figure 2A). The 35S-labeled full-length SMRTα was
able to efficiently bind to a GST-SMRTα (1559-2050) construct in this assay, but not to
GST-alone, to GST-SMRTα (1032-1559), or to GST-SMRTα (2050-2440) constructs
(Figure 2B). Analysis of additional subdomains within this region revealed that GST-
SMRTα (1559-2050), GST-SMRTα (1788-2050), GST-SMRTα (1788-1974), GST-SMRTα
(1788-1950), GST-SMRTα (1788-1903), GST-SMRTα (1828-1974), and GST-SMRTα
(1853-1950) all retained a significant interaction with full-length SMRTα, whereas removal
of yet-additional N or C-terminal sequences [i.e. GST-SMRTα (1674-1788), GST-SMRTα
(1559-1788), GST-SMRTα (1559-1674), GST-SMRTα (1788-1878), or GST-SMRTα
(1878-1950)] severely reduced or eliminated this association (Figure 2C and 2D). We
conclude that amino acids 1788-1903 (denoted “Dimer 1” in Fig. 1A) are sufficient to
promote a self-association with full-length SMRTα, with the core interaction surface within
this domain likely mapping to 1853-1903. The same region of SMRTα also interacted
with 35S-labeled full length SMRTω (an alternatively spliced version of SMRTα bearing an
additional receptor interaction domain) and with 35S-labeled NCoRω (a SMRT paralog
sharing 50% amino acid identity to SMRTω), but NCoRω did not interact with NCoRω
(data not shown).

To determine if SMRTα is also capable of self-association in a chromatin context, we fused
SMRTα to a GAL4-DNA binding domain (DBD) and introduced this construct, together
with a full-length HA-tagged SMRT and a GAL4 17-mer reporter, into CV1 cells by
transient transfection. Using chromatin immunoprecipitation, we determined that the
GAL4DBD-SMRTα fusion was able to recruit full-length HA-tagged SMRTα to the
GAL17-mer reporter, whereas little or no recruitment was observed in the absence of the
GALDBD construct (Figure 2E and data not shown).

3.2. The C-terminal third of SMRTα interacts with amino acids 290-427 within the N-
terminal third of SMRTα

The ability of SMRT to self-associate could potentially be mediated by either homophilic or
heterophilic surfaces. A homophilic interaction was ruled out by the observation that a
deletion of the Dimer 1 interaction sequence in SMRT (denoted ΔD1 in Figure 3A) from
within the 35S-full-length SMRTα had no effect on its ability to bind to the GST-SMRTα
(1788-1903) construct (Figure 3B, center 3 lanes), whereas deletion of the same domain
from the GST-SMRTα (1788-1903 construct), as expected from Figure 2, eliminated
interaction with full-length 35S-SMRTα (Figure 3B, right 3 lanes). Further analysis of a
series of 35S-labeled subdomains of SMRTα demonstrated that the Dimer 1 domain [e.g. a
GST-SMRTα (1788-1904) construct] interacted most strongly with amino acids 1-735
within the N-terminal domain of SMRTα (Figure 3C, and confirmed by coIP from CV1
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cells, data not shown). In contrast, 35S-labeled C-terminal portions of SMRTα representing
amino acids 1497-2097, 2050-2313, or 2313-2470 displayed significantly weaker, or no
binding, to the GST-SMRTα (1788-1974) construct (Figure 3C). Still further deletion
analysis of the SMRTα N-terminal domain demonstrated that SMRTα N-terminal amino
acids 290-427 were required for interaction with the GST-SMRTα C-terminal domain
(Figure 3D). These findings indicate that the SMRT self-association can take place through
an anti-parallel mode of interaction, utilizing a series of contacts between regions centered
on amino acids 290-427 and 1788-1903 (denoted “Dimer 1” and “Dimer 2” in Figure 3).

3.3. SMRT self-association is disrupted by Erk2-mediated phosphorylation
As noted in the Introduction, the interaction between SMRTα and many of its nuclear
receptor partners is regulated by MAP kinase cascade signaling. In prior studies we
demonstrated that Erk2-mediated phosphorylation of amino acids 1559-2050 in SMRTα
plays a role in this regulation by mediating release of the corepressor from TRs and from
RARs [Jonas et al., 2007]. Our current finding identifies the same general region as
mediating SMRT self-association, leading us to examine if Erk2 might have an impact not
only on the nuclear receptor interaction, but also on the broader organization of the SMRT
corepressor complex itself. We first examined the effect of Erk2 in our GST-pulldown
assays in vitro. Treatment of a purified GST-SMRTα (1559-2050) construct with Erk2 in
vitro led to its extensive phosphorylation, which was detected both by use of [γ-] 32P-ATP
(data not shown) and by the decreased mobility of the phosphorylated protein on SDS-
PAGE (Figure 4A, left panel). Notably the Erk2-phosphorylated GST-SMRTα (1559-2050)
construct was severely inhibited in its ability to interact with full-length SMRTα under these
conditions (Figure 4B). The same result was observed utilizing the smaller SMRTα
(1788-1974) construct (Figure 4A and 4B, right panels). Omitting ATP from the incubation
abolished the effect of Erk2, consistent with phosphorylation mediating the inhibition of
SMRT dimerization, rather than some other feature of the Erk2 preparation (data not
shown). Erk2 expression, or EGF-treatment of CV-1 cells (a strong inducer of MAP kinase
phosphorylation of SMRT) also inhibited SMRT self-association in vivo as assayed by either
co-immunoprecipitation or by chromatin immunoprecipitation methods (Figure 4C and 4D).
We conclude that Erk2 phosphorylation of the SMRT(1788-1974) dimerization surface
strongly interferes with its ability to associate with full-length SMRTα.

There are 7 Erk2 consensus phosphorylation sites (S/T-P) within the SMRTα (1788-1974)
domain [Obenauer et al., 2003] (Figure 5A). We created a series of alanine substitutions at
these sites, incubated the resulting GST-SMRTα (1788-1974) mutants with or without Erk2
in vitro, and tested them for the ability to bind to the 35S-radiolabeled full-length SMRTα
protein (Figure 5A). Various single or pairwise combinations of these alanine mutants
neither fully eliminated Erk2 phosphorylation of the SMRT (1788-1974) construct, nor
prevented Erk 2-mediated inhibition of the SMRT/SMRT interaction (e.g. Figure 5A and
data not shown). These results indicated that multiple serines or threonines within the
(1788-1974) domain were targets for Erk2 phosphorylation and that mutation of multiple
sites might be required to detectably affect the Erk2 response. Consistent with this
suggestion, a combined mutation of 3 out of the 7 Erk2 consensus phosphorylation sites into
alanines both detectably decreased the overall extent of Erk2 phosphorylation of the GST-
SMRTα (1788-1974) construct and partially blocked the ability of Erk2 to disrupt the
SMRT/SMRT interaction (Figure 5A, mut b); conversely, introduction of aspartic acids as
phospho-mimics at these positions impaired SMRT self-association even in the absence of
Erk2 signaling (data not shown). Additional mutation of 4 out of the 7 Erk2 consensus
phosphorylation sites to alanines virtually eliminated the ability of Erk2 to interfere with the
SMRT/SMRT interaction (Figure 5A, mut c).
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Intriguingly, when the equivalent four alanine mutations were introduced into a longer GST-
SMRTα (1559-2050) construct, they impaired, but did not fully abolish the inhibitory effects
of Erk2 on the ability of this expanded construct to recruit full-length SMRT in the GST
pulldown (Figure 5B, mut e). SMRTα (1559-2050) has 19 putative Erk2 sites and
substitution of seven of these sites by alanines reduced the overall level of Erk2-induced
phosphorylation and once again abrogated the ability of Erk2 to inhibit the SMRT/SMRT
interaction (Figure 5B, mut f). This result indicates that complete dimerization domain of
SMRT includes sequences that extend beyond the minimum (1788-1974) region, and that
multiple Erk2 sites, both within and adjacent to the minimum dimerization domain, are
involved in inhibition of SMRT homodimerization by Erk2 in vitro.

3.4. Erk2 phosphorylation results in a global reorganization of the SMRT corepressor
complex and inhibits SMRT-mediated repression

As previously noted, SMRT exists in cells as large protein complexes composed of multiple
protein subunits [Guenther et al., 2000, Li et al., 2000]. To test the effect of Erk2 on this
complex, we transfected CV1 cells with SMRTα plus or minus a constitutively-active form
of Erk2. We subsequently lysed these cells, fractionated the lysates by ultracentrifugation in
5-25% glycerol gradient, and analyzed each fraction for SMRTα by SDS-PAGE
immunoblotting (Figure 6A). Consistent with prior studies, in the absence of Erk2 the bulk
of the SMRTα sedimented as large complexes greater than 1 million daltons in apparent
molecular weight (Figure 6A). Interestingly, introduction of the active Erk2 resulted in a
reduction in the apparent size of SMRT corepressor complex, suggesting that Erk2 changes
the overall organization and/or composition of the SMRT complex in cells (Figure 6A).

To better define the nature of these Erk2-induced changes to the SMRT complex, we
analyzed the composition of the complex, plus or minus Erk2, in more detail. HDAC3 is a
known physical and functional component of the untreated SMRT/NCoR corepressor
complex and has been shown to bind to two distinct regions of SMRT and NCoR [Codina et
al., 2005, Guenther et al., 2001, Li et al., 2000]. The N-terminal HDAC3 docking site (also
denoted DAD for deacetylase activation domain), maps to amino acids 412-480 in SMRTα
and not only binds HDAC3, but also is a strong, allosteric activator of its deacetylase
activity [Guenther et al., 2001]. The C-terminal HDAC3 docking surface of SMRTα,
mapping to amino acids 1559-2050, physically recruits HDAC3, but is not known to be
necessary for its enzymatic activity [Codina et al., 2005]. Intriguingly, although
phosphorylation of the SMRT DAD domain (SMRT 310-630) by Erk2 had no effect on its
interaction with HDAC3, the same Erk2 treatment of the SMRT (1559-2050) fragment
inhibited the latter's interaction with HDAC3 (Figure 6B). An overall reduction in the
amount of HDAC3 coimmunoprecipitated from cells with full-length SMRTα was also
noted in response to introduction of Erk2 or its upstream activator, EGF, in cultured cells
(Figure 6C). Extending the in vitro analysis to additional known components of the SMRT
corepressor complex, we observed that phosphorylation of SMRT (1559-2050) by Erk2 not
only inhibited the HDAC3 interaction, but also that of TBL-1 and TBLR-1 (Figure 6D). We
conclude that MAPK signaling changes the architecture of the SMRT complex in multiple
ways.

To determine if these rearrangements altered corepressor activity, we assayed the ability of a
GAL4DBD-SMRTα fusion to repress a Gal17-mer promoter-luciferase reporter construct.
As previously observed [Wong and Privalsky, 1998], the GAL4DBD-SMRTα construct
repressed expression of this reporter relative to the non-recombinant GAL4DBD control
(Figure 6E, compare “GBD-SMRTα” to “GBD”). Co-expression of either a constitutive
Erk2, or MEK1 (an activator of endogenous Erks) reversed this repression (Figure 6E). We
conclude that Erk2 not only releases the SMRT corepressor complex from many of its
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nuclear receptor partners (Jonas et al. 2007) but also results in a rearrangement of the
corepressor complex itself and an attenuation in its ability to repress transcription.

4. DISCUSSION
4.1. SMRT proteins self-associate

The SMRT and NCoR corepressors are each approximately 250 kDa in molecular weight,
but exist in cells as much larger complexes that contain an assortment of additional effector
and architectural proteins [Guenther et al., 2000, Guenther and Lazar, 2003, Li et al., 2000,
Wen et al., 2000, Yoon et al., 2003, Zhang et al., 2002]. These auxiliary proteins include
chromatin modifying and remodeling enzymes (such as HDAC3 and members of the SWI/
SNF family), ubiquitin ligases (such as TBL1/TBLR1), and a variety of additional
polypeptides that appear to play scaffolding or stabilizing roles (such as GPS2). Notably the
stoichiometry of these different subunits in the overall complex is not fully understood, and,
in fact, there is evidence for the existence of multiple corepressor complexes in cells
containing distinct subunit compositions. We therefore sought to better understand the
overall organization of the corepressor complexes recruited by SMRT, and the regulatory
phenomenon that might impact on this organization.

We report here that SMRT has the ability to self-associate into protein dimers, with the
strongest interaction being an anti-parallel one between regions encompassing amino acids
290-427 and 1788-1903. We can detect this head-to-tail interaction by a wide variety of
means, including GST-pulldown, co-immunoprecipitation from cells, and ChIP analysis.
This SMRT homodimerization helps account for the relatively large size of the corepressor
complexes found in cells, which exceed the sums of the molecular weights predicted from a
monomeric assembly of the most commonly attributed corepressor subunits. Intriguingly,
many auxiliary proteins, including HDAC3, TBL1 and TBLR1, have been reported to
interact with two distinct regions of SMRT, with one interaction surface localized in the C-
terminal regions of SMRT, and another localized closer to the N-terminus (e.g. [Codina et
al., 2005, Guenther et al., 2000, Li et al., 2000, Yoon et al., 2003]. Given our observation
that SMRT homodimerizes, it is possible that what appears to be two distinct interaction
surfaces for each of these auxiliary proteins are, in reality, two portions of a composite
docking site formed by the two antiparallel molecules of SMRT. SMRT self-association
may therefore serve to stabilize the overall structure of the corepressor complex by
furnishing two contact surfaces for each of these auxiliary proteins. Conversely, several
auxiliary corepressor proteins have been shown to bind to identical or overlapping sites
within SMRT, raising the question of how two of these different corepressor subunits could
be simultaneously recruited into the same corepressor complex [Jepsen and Rosenfeld, 2002,
Lazar, 2003, Lee et al., 2001, Moehren et al., 2004, Ordentlich et al., 2001, Perissi et al.,
Privalsky, 2004, Stanya and Kao, 2009]; this paradox is resolved if there are two (or more)
molecules of SMRT per complex, thereby providing two copies of each docking surface for
the recruitment of two different coregulatory proteins.

NCoR is a close paralog of SMRT, and the two corepressor proteins play overlapping, but
non-identical roles in physiology and development [Jepsen et al., 2000, Jepsen and
Rosenfeld, 2002, Jepsen et al., 2007, Nofsinger et al., 2008]. In addition to its ability to self-
dimerize, we also observed an ability of the SMRTα (1788-1974) domain to
“heterodimerize” with full-length NCoRω. This leads to the suggestion that SMRT and
NCoR may be able to co-assemble into shared corepressor complexes that presumably
would display a combinatorial mixture of the properties of both paralogs. Intriguingly, in our
hands, this interaction was non-reciprocal: the region of NCoRω equivalent to SMRTα
(1788-1974) failed to interact with either full-length SMRTα or full-length NCoRω (NV and
MLP, unpublished observations). This may be a technical limitation of our assay, or may
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represent a fundamental divergence in the contacts by which NCoR and SMRT assemble
into larger corepressor complexes.

Other transcriptional corepressors are also known to form dimers or higher order oligomers.
For example, the Groucho family of corepressors play multiple roles in metazoan
development and are known to homotetramerize; Groucho oligomerization has been
reported to be required for repression[Chen et al., 1998, Song et al., 2004]. Similarly, CtBP-
interacting protein, a corepressor that binds to many proteins involved in cell cycle control,
is known to form homodimers [Dubin et al., 2004].

4.2. SMRT self-association is regulated by Erk2 phosphorylation
We have previously reported that the MAP kinase cascade is an important regulator of
SMRT corepressor function, and that different tiers of this cascade can induce corepressor
release from its nuclear receptor partners and redistribution of SMRT from the nucleus into
the cytoplasm [Hong and Privalsky, 2000, Jonas and Privalsky, 2004, Jonas et al., 2007]. In
the current study, we have shown that components of the same MAP kinase cascade also
regulate the ability of SMRT to self-associate, and can alter the overall composition and
organization of the corepressor complex itself. Most significantly, Erk2 phosphorylation of a
clustered group of serine and thronines with the SMRT dimerization domain results in
abrogation of SMRT self-association in vitro. Similar effects of Erk2 on SMRT self-
dimerization were observed in vivo using co-immunoprecitation and ChIP based assays.
Using ultracentrifugation analysis, we also observed a parallel Erk2 induced decrease in the
size of native SMRT complexes in cells that indicates the change in SMRT self-association
has a broader impact on the overall structure of the corepressor complex. Multiple Erk2
phosphorylation sites are involved in mediating this inhibition of self-association; although
more modest effects were observed with less comprehensive mutagenesis, it was necessary
to mutate 4 out of 7 in the core SMRTα (1788-1903) region, or 7 out of the 11 possible Erk2
consensus sites in the extended SMRTα (1559-2050) dimerization domain, to strongly
inhibit ERK 2 inhibition. This inhibitory effects of Erk2 on SMRT self-association therefore
represents a newly recognized mechanism by which the composition of the SMRT holo-
corepressor complex itself is regulated by cell signaling pathways.

4.3. Erk2 phosphorylation also inhibits interaction of SMRTα with HDAC3, TBL1 and
TBLR1 and interferes with SMRT-mediated repression

The ability of SMRT and NCoR to mediate transcriptional repression does not appear to be
innate to the SMRT or NCoR polypeptides per se, but rather these corepressor proteins serve
as platforms that recruit the actual effectors of transcriptional repression, such as HDAC3
[Alenghat et al., 2008, Fischle et al., 2002, Guenther et al., 2001, Ishizuka and Lazar, 2003,
Yang et al., 2002]. Additional proteins recruited to the SMRT/NCoR platform appear to
contribute to the architecture of the overall complex, such as GPS2, or participate in release
of the corepressor assembly on gene activation, such as the ubiquitin ligases TBL1 and
TBLR1 [Guenther et al., 2000, Perissi et al., 2004, Zhang et al., 2002]. As noted above,
HDAC3 interacts with two distinct domains of SMRT, the N-terminal DAD domain and the
C-terminal (1559-2050) domain. Interestingly, Erk2 phosphorylation of SMRT destabilized
the HDAC3 interaction with the latter, but not the former. The role of the HDAC3
interaction with the SMRT(1559-2050) domain is poorly understood; conceivably the
inhibition of the SMRT(1559-2050) contact may reduce the specific activity of the HDAC
activity per receptor complex, may alter the ability of HDAC3 to access specific substrates
by changing the topology of this enzyme in the corepressor complex, or may affect an as-yet
unknown HDAC3/SMRT function. Notably the binding of TBL1 and TBLR2 to SMRTα
were also inhibited by Erk2, as was the ability of SMRT to repress in a GAL4DBD-tethered
reporter gene assay.
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Taken as a whole, our experiments demonstrate that multiple aspects of SMRT corepressor
complex structure and function are under the control of MAP kinase cascades operating in
cells. As previously reported, the MEKK1 and MEK1 tiers of these cascades regulate the
subcellular localization of SMRT, whereas Erk2 regulates the physical interaction of the
SMRT protein with many of its nuclear receptor partners. As now shown here, Erk2 is also a
key modifier of the architecture of the corepressor complex itself, and regulates the
homodimerization of the SMRT platform, the specific auxiliary proteins recruited by that
platform, and the ability of that platform to mediate repression in cells. The distinct SMRT
complexes that form plus or minus kinase, may serve to target different transcription factor
partners, or may mediate distinct forms of transcriptional regulation when tethered to
different target genes.
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Figure 1. The SMRT corepressor, when expressed in cells, self-associates
A. A schematic of the full-length SMRTα protein is shown. Repression domains (R1 to R4)
and nuclear receptor (NR) interaction domains (S1 and S2) are indicated, as are the binding
sites for GPS2, TBL1, TBLR1, and HDAC2, the CoRNR box nuclear receptor contact
motifs, and the Myc or HA epitope tags employed for the co-immunoprecipitation
experiments. B. SMRTα expressed in CV-1 cells self-associates. HA-tagged full-length
SMRTα, Myc-tagged full-length SMRTα, or both were expressed by transient transfection
of CV-1 cells. Cell lysates were then either analyzed directly by SDS-PAGE/immunoblot
using anti-HA antibodies (left panel), or were first immunoprecipitated using anti-Myc
antibodies and the immunoprecipitates were analyzed by SDS-PAGE/immunoblot using
anti-HA antibodies (right panel). HA-tagged SMRTα is indicated by an arrowhead; *
indicates a non-specific background protein. C. A reciprocal coimmunoprecipitation
confirms SMRT self-association The experiment in panel B was repeated, but
immunoprecipitating with anti-HA sera and immunoblotting with anti-Myc sera; HA-GFP
was employed as a negative control. D. The C-terminal portion of the SMRTα protein is
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sufficient to mediate an interaction with full-length SMRTα. The protocol in panel B was
repeated using a HA-tagged SMRTα (1210-2470) in place of full-length HA-SMRTα.
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Figure 2. A self-association domain is located within the C-terminal third of SMRTα between
amino acids 1788-1903
A. A SMRTα schematic is presented; the deduced self-association domain within the SMRT
C-terminal region (“Dimer 1”) is indicated. B. The C-terminal SMRTα dimerization domain
lies between amino acids 1559-2050. Immobilized, GST-fusions containing different
portions of SMRTα were incubated with full-length 35S-radiolabeled SMRTα. Radiolabled
SMRTα protein remaining bound after washing was eluted and analyzed by SDS-PAGE/
phosphorimager scanning. Representative phosphorimager scans are shown. Input lane
represents 20% of the total 35S-protein employed in each incubation. C. and D. Further
mapping localizes the C-terminal domain SMRTα dimerization sequences to amino acids
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1788-1903. The protocol in panel B was repeated using additional GST-SMRTα truncations.
E. SMRTα retains the ability to self-associate when bound to chromatin. Full-length
SMRTα, either fused to a Gal4-DNA Binding Domain (DBD) or to an HA-tag, was
expressed singularly or in combination in CV-1 cells together with a luciferase reporter
containing GAL 17-mer binding sites. Empty GAL4DBD or HA-tag vectors were used as
negative controls. After 48 hrs, the cells were subjected to a chromatin immunoprecipitation/
PCR protocol using anti-HA antibodies (or non-immune IgG) and primers flanking the
GAL-17 mer binding site; the resulting PCR products were analyzed by gel electrophoresis
and ethidium bromide staining.
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Figure 3. SMRT self-association is mediated in a head-to-tail fashion
A. A schematic of SMRTα is presented; the N-terminal Dimer 2 site is indicated, as is an
internal deletion (1838-1950) of the Dimer 1 site (ΔD1). B. SMRTα self-associates through
a heterophilic interaction of the Dimer 1 sequence with a different surface in full-length
SMRTα. Dimer 1 deletions (ΔD1) in the GST-SMRT C-terminal domain abolished its
interaction with full-length 35S-SMRTα (right panel), whereas the ΔD1 mutation in the full-
length 35S-SMRTα did not affect its interaction with the GST-SMRTα C-terminal domain
(left panel). GST-pulldown assays were performed as in Figure 2. C. The Dimer 1 domain in
the C-terminal third of SMRTα interacts primarily with a Dimer 2 domain within the N-
terminal third of SMRTα. 35S-radiolabeled fragments of SMRTα, indicated on the left, were
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incubated with the GST-only, or with GST-SMRTα (1788-1974), as indicated above the
panel. 35S-proteins remaining bound after washing were analyzed by SDS-PAGE and
phosphorimager analysis as in Figure 2. D. Dimer 2 domain function maps to/requires
codons 289 to 427. The GST-pulldown in panel C was repeated using narrower subdomains
of 35S-SMRTα, and the phosphorimager results were quantified.
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Figure 4. The ability of SMRTα to self-associate is inhibited by Erk 2 phosphorylation
A. Erk2 phosphorylates SMRTα in vitro. Purified GST-SMRTα (1559-2050) or GST-SMRT
(1788-1974) proteins were treated -/+ with Erk2, were resolved by SDS-PAGE, and were
visualized with Coomassie Blue. The change in mobility of the mock-treated (arrow) versus
Erk2-treated (arrowhead) proteins is highlighted. Lower molecular weight protein bands
represent degradation products. B. Erk2 strongly inhibits SMRTα self-interaction in vitro.
The GST-SMRTα constructs, treated -/+ Erk2 as in panel A, were tested for the ability to
bind 35S-full-length SMRTα as in Figure 2. C. Erk2 inhibits SMRTα self-association in a
co-immunoprecipitation assay. An HA-SMRTα:Myc-SMRTα coimmunoprecipitation assay
was performed as in Figure 1, except including an empty expression vector (-), or an
expression vector for actived Erk2 (+). The amount of HA-tagged SMRTα co-
immunoprecipitating with the Myc-tagged SMRT was quantified. D. EGF inhibits SMRTα
self-association on chromatin. A chromosome immunoprecipitation assay was performed as
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in Figure 2E either in the absence (-) or presence (+) of EGF (an inducer of Erk signaling
cascade signaling).
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Figure 5. A cluster of Erk2 phosphorylation sites regulate SMRTα self-association
A. A schematic of the SMRTα (1788-1974) domain is presented; 7 Erk consensus
phosphorylation sites (S/T-P) are highlighted. Mutant constructs bearing alanine
substitutions at these positions (“X”) are indicated. The ability of the wild-type or mutant
GST-SMRTα (1788-1974) construct to be shifted in mobility by incubation with Erk2
(middle panel) and to bind full-length 35S-SMRTα in a GST-pulldown (bottom panel) were
determined as in Figure 4. B. The analysis of Erk2 phosphylation sites was extended to the
larger SMRTα (1559-2050) domain, using the same methodology as in panel A.
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Figure 6. Erk2 alters the composition of the SMRT corepressor complex
A. Erk 2 treatment shifts the SMRT complex to a slower sedimenting species. CV-1 cells
were transfected with pSG5-Myc-SMRTα, the actived Erk2 construct, or an equivalent
empty vector, and the lysates were resolved by velocity ultracentrifugation. Fractions
collected from the gradient were resolved by SDS-PAGE and were visualized by
immunoblotting with anti-Myc antibodies. B. Erk2 treatment inhibits interaction between
GST-SMRTα (1559-2050) and HDAC3 in vitro. Immobilized GST-SMRTα (310-630) or
GST-SMRTα (1559-2050) were treated -/+ with Erk2 as in Figure 4, incubated with 35S-
radiolabeled HDAC3, and 35S-proteins remaining bound after washing were eluted and
visualized by SDS-PAGE/phosphorimager analysis. C. Erk 2 or EGF treatment inhibits the
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interaction between SMRT and HDAC3 in CV-1 cells. Left panel: HDAC3 and SMRTα
were expressed, plus or minus an activated Erk2 construct, as in panel A. The cell lysates
were immunoprecipitated with anti-HDAC3 sera, resolved by SDS-PAGE, and any
coprecipitated SMRT was visualized with anti-SMRT antibodies (arrows). Right panel: The
same experiment was repeated but the cells were treated -/+ 100 ng/ml EGF rather than
using an Erk2 construct. D. Erk2 treatment also inhibits the interaction of GST-SMRTα
(1559-2050) with TBL-1 and TBLR-1. The experiment in panel B was repeated using
radiolabeled HDAC3, TBL-1, or TBLR-1 and the results quantified (binding in the absence
of Erk2 is defined as 1). The mean and standard error are presented (n=4). * and ** indicate
a P<0.05 or <0.01 respectively. E. Introduction of Erk2 or MEK1 inhibits SMRT-mediated
transcriptional repression. A GAL4-DBD construct (GBD) or a GAL4-DBD-SMRTα
construct (GBD-SMRTα) was introduced into CV-1 cells together with a GAL 17-mer
luciferase reporter (Jonas et al., 2007). The transfections also included empty vector, an
expression vector for activated MEK-1, or an expression vector for activated Erk2. After 48
hrs the cells were lysed and luciferase activity was calculated; reporter gene activity for the
empty GDB construct is defined as 1. The mean and standard error is presented (n=4); *
indicates a P<0.05.
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