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Abstract
A key strategy to achieve regulated gene expression in higher eukaryotes is to prevent illegitimate
signal-independent activation by imposing robust control on the dismissal of corepressors. Here, we
report that many signaling pathways, including Notch, NFkB, and nuclear receptor ligands, are
subjected to a dual repression “check point” based on distinct corepressor complexes. Gene activation
requires the release of both CtBP1/2- and NCoR/SMRT-dependent repression, through the
coordinate action of two highly related exchange factors, the transducer β-like proteins TBL1 and
TBLR1, that license ubiquitylation and degradation of CtBP1/2 and NCoR/SMRT, respectively.
Intriguingly, their function and differential specificity resides in only five specific Ser/Thr
phosphorylation site differences, regulated by direct phosphorylation at the level of the promoter, as
exemplified by the role of PKCδ in TBLR1-dependent dismissal of NCoR. Thus, our data reveal a
strategy of dual- factors repression checkpoints, in which dedicated exchange factors serve as sensors
for signal- specific dismissal of distinct corepressors, with specificity imposed by upstream signaling
pathways.

Keywords
TBL1; TBLR1; nuclear receptors; N-CoR; CtBP; ubiquitylation; repression; transcription

The mechanisms that control the precisely- regulated switch from gene repression to gene
activation represent a central question in transcriptional regulation. Activating stimuli induce
recruitment of specific DNA-binding transcription factors to their gene target promoters,
mediate cytoplasmic-nuclear translocation of transcription factors and cofactors, and promote
the local reorganization of the transcriptional machinery recruited by bifunctional transcription
factors, favoring the exchange between corepressor and coactivators complexes. This last
regulatory event being mediated by posttranslational and conformational changes of the DNA-
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bound transcription factor as well as by dedicated dismissal of the corepressors via
translocation and/or degradation (Kleine-Kohlbrecher et al., 2006; Li et al., 2003; Perissi and
Rosenfeld, 2005; Privalsky, 2004). The corepressors N-CoR and SMRT, initially identified as
nuclear receptor corepressors, have also been implicated, in association with several histone
deacetylase (HDACs) proteins, in repressive events mediated by a variety of unrelated
transcription factors, which regulate diverse cellular processes in development and homeostasis
(Asahara et al., 1999; Lee et al., 2000; Wong and Privalsky, 1998; Xu et al., 1998).

Transcriptional activation mediated by liganded nuclear receptors and by other regulated
transcription factors is characterized by dismissal of corepressors, including the NCoR/SMRT
corepressor complex, and the recruitment of a series of coactivator complexes harboring
specific enzymatic activities (Heinzel et al., 1997; Metivier et al., 2003; Privalsky, 2004;
Rosenfeld et al., 2006). TBL1 and TBLR1, two highly related F-box/WD-40 containing factors,
are intrinsic components of the corepressor machinery, being initially identified as components
of an N-CoR corepressor complex (Guenther et al., 2001; Li et al., 2000; Tomita et al., 2004;
Yoon et al., 2003; Zhang et al., 2002a). Intriguingly, they are also important for activation by
acting as specific adaptors for the recruitment of the ubiquitin conjugating/19S proteasome
complex that mediate the exchange of corepressors for coactivators (Perissi et al., 2004).
Despite of their high homology, there is some evidence that TBL1 and TBLR1 show distinct
functions, as only TBLR1 appears to be required for activation by AP1 and RAR. In addition,
in contrast to TBLR1, TBL1 is required for activation even in absence of the NCoR/SMRT/
HDAC3 corepressor complex, suggesting that it may be responsible for the ubiquitylation and
the dismissal of a different class of independently recruited corepressors (Perissi et al., 2004).
Indeed, recent reports have suggested that multiple repressor complexes may be used
combinatorially and be recruited by nuclear receptors in a sequential fashion, similarly to what
described for numerous coactivator complexes (An et al., 2004; Liu and Bagchi, 2004; Metivier
et al., 2003; Perissi and Rosenfeld, 2005; Yoon and Wong, 2006). Among the others, the
corepressor CtBP (E1A C-terminal binding protein) was originally identified as a binding
partner of the viral oncoprotein E1A and later reported to be an integral component of several
corepressor complexes, with its repressive activities being partly explained by its NAD-
dependent dehydrogenase activity (Chinnadurai, 2002; Kumar et al., 2002; Shi et al., 2003;
Zhang et al., 2002b). Interestingly, for both NCoR/SMRT and CtBP corepressors examples
have been reported of phosphorylation-dependent redistribution of cellular localization and
relief of their repressive functions, often in association with the corepressor turnover and
degradation. This includes the phosphorylation of SMRT Ser2410 by IKKα, important for the
derepression of NFκB and Notch target genes (Fernandez-Majada et al., 2007; Hoberg et al.,
2004); the phosphorylation of CtBP by Pak1, regulating its cellular localization and repression
activities (Barnes et al., 2003); and the modulation of NCoR in response to IL1β inflammatory
stimuli or to AKT activation during astrocytes differentiation (Baek et al., 2002; Hermanson
et al., 2002). However, the functional relevance of the cooperation between different
corepressors and the molecular mechanisms used to control the dismissal of each player upon
signal stimulation are still unclear.

Here, we report an unexpected interaction between TBL1 and CtBP, and describe how both
TBL1 and TBLR1 are required by a large number of regulated transcription factors to
simultaneously overcome the repressive functions of the CtBP1/2 and NCoR/SMRT
corepressor complexes, respectively, with TBL1 being specifically required to mediate
ubiquitylation and degradation of CtBP. In addition, we describe that the functions and the
specificity of these two highly- related exchange factors is tightly regulated by signal-induced
phosphorylation events at the level of target gene promoters, as exemplified by the role of
TBLR1 phosphorylation at Ser 123 by PKCδ upon retinoic acid or estrogen stimulation.
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TBL1- and TBLR1-dependent dismissal of different corepressors is required
for activation

TBL1 and TBLR1 have proved to be widely required for transcriptional activation by a series
of transcription factors, including ER, AR, TRβ, PPARγ and NFκB (Perissi et al., 2004). For
all of them TBLR1 served as a dedicated factor for the ubiquitylation and dismissal of NCoR
and SMRT; however, TBL1 was found to be required for signal-dependent transcriptional
activation even in the absence of the NCoR/SMRT corepressors (Fig. 1A) (Perissi et al.,
2004), implying that another class of repressive molecule must require TBL1 for its regulated
dismissal. To investigate its potential role in promoting the dismissal of such an additional
repressor complex, recruited in a NCoR-independent way, we screened for corepressors that,
on removal, would be sufficient to rescue ligand-dependent activation in the absence of TBL1
in a single cell siRNA microinjection assay, using transcriptional activation of a LacZ reporter
driven by the estrogen-responsive pS2 promoter in ER-positive MCF7 cells as readout. We
found that the corepressors CtBP1 and CtBP2 proved to have this function, as the actions of
TBL1 was no longer required in the absence of CtBP1/2 (Fig. 1B). Downregulation of other
NCoR-independent corepressors, for example COREST, did not affect the requirement for
TBL1 (Fig 1B and data not shown). To extend the significance of this finding, we investigated
whether CtBP1/2 removal was sufficient to rescue activation for all the other transcription
factors previously determined to require TBL1 (Perissi et al., 2004), including an ERE response
element in response to estrogen, the PPARγRE-containing AOX3 promoter in response to
Rosiglitazone, the TRβRE-containing Dio1 promoter in response to TRIAC, and a 3x-p65
response element in response to TNFα (Fig. 1C). In both Hela and MCF7 cells, transcriptional
activation of all these transcription units required TBL1, but could be rescued if CtBP1/2 were
downregulated by specific siRNA microinjection (Fig. 1C and data not shown). Finally, we
also investigated transcriptional activation of the endogenous estrogen-target gene GREB1 in
MCF7 cells, finding that the requirement for TBL1 in estrogen dependent induction could again
be rescued by downregulation of CtBP1/2 (Fig 1D). Together these data revealed that TBL1
was required for transcriptional activation only in the presence of CtBP1/2, suggesting that
TBL1 exerts a dedicated role in promoting the dismissal of the CtBP corepressor complex,
analogous to the role of TBLR1 in mediating dismissal of the NCoR/SMRT complex.

Distinct corepressors occupy regulated target genes
Interestingly, these observations implied that two distinct corepressor complexes would be
required for regulation of gene transcription by many classes of transcription factors. We found
that, indeed both CtBP and NCoR/SMRT corepressors were physically present on an estrogen
regulated transcription unit, pS2 (Masiakowski et al., 1982), in either the full repressed state
in ER-negative U2OS cells or upon activation at the end of the first productive cycle in estrogen
responsive MCF7 cells (Fig. 2A,B). In this case both CtBP and NCoR were then rapidly
dismissed with the progress of the following cycle of ER activation and recruitment (Fig. 2B).
While CtBP has not been previously linked directly to estrogen receptor regulation, CtBP is
known to be a key component of the repressive functions mediated by the corepressor factor
Rip140 (Cavailles et al., 1995; White et al., 2005), which is recruited to ER target genes, such
as pS2, in a ligand-dependent fashion (Fig. 2B). Thus, we performed a single cell microinjection
experiment to test whether CtBP recruitment by Rip140 is the determining factor imposing the
requirement for TBL1 on transcriptional activation. As shown in Figure 2C, removal of
endogenous Rip140 by single cell nuclear microinjection of specific αRip140 IgG causes loss
of repression. Rescue by overexpressing wild-type Rip140 restores repression and permits
TBL1-dependent activation, although the activation is less robust because of the
overexpression of Rip140, a potent corepressor, above its endogenous level (Augereau et al.,
2006; White et al., 2005). In contrast, if endogenous Rip140 is replaced by overexpressing a
mutated Rip140 that is unable to bind CtBP (with a mutation of the main PLDLS motif as
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described in (Vo et al., 2001)), repression could not be rescued and activation became TBL1-
independent (Fig. 2C). These data suggest that Rip140 is required to impose effective CtBP-
dependent repression on estrogen receptor target genes, with the requirement for dismissal of
the CtBP corepressor complex providing the explanation for the requirement of TBL1 in
transcriptional activation.

The CSL (CBF/RBPj-Su(H)-Lag1) family of transcription factors are the primary effectors of
Notch signaling in vertebrate and invertebrate organisms. Whereas they function as
transcriptional repressors in basal conditions, Notch signaling and nuclear translocation of the
NICD intracellular domain converts them in transcriptional activators because of dismissal of
corepressor factors and recruitment of coactivators (Mumm and Kopan, 2000). Interestingly,
repression of Notch target genes by CSL factors has been reported to be mediated by several
specific corepressors, such as CIR, SHARP, Hairless and SKIP, that recruit other general
corepressors, including NCoR/SMRT, HDACs, and CtBP (Barolo et al., 2002; Kao et al.,
1998; Morel et al., 2001; Mumm and Kopan, 2000). Therefore, we tested the hypothesis that
both TBL1 and TBLR1 would be required for Notch signaling activation by investigating the
transcriptional activation of one of the most established Notch target gene, the Hairy/Enhancer
of split 1 (HES1) gene. To determine whether both corepressor complexes were recruited to
the Hes1 promoter region when repressed, we analyzed Hes1 gene expression by RT-PCR in
C2C12 cells and observed that its mRNA level was rapidly downregulated upon differentiation
from myoblasts to myotubes (Supplemental Fig S2). Accordingly, detection of the trimethyl-
K4 histone 3 activation mark on the Hes1 promoter was significantly decreased when ChIP
analysis was performed on cross-linked chromatin from cells after 2 days of differentiation
compared to undifferentiated C2C12 cells (Fig. 2D). In this same differentiated state, the
presence of both CtBP and NCoR/HDAC3 could be recorded on the repressed Hes1 promoter,
as expected, but not on an unrelated genomic region (Fig. 2D). Next, we tested whether Notch-
dependent activation depends on TBL1 and TBLR1 activity. Because the Hes1 gene is already
partly expressed in undifferentiated C2C12 myoblasts, we induced a transient overexpression
of the Notch intracellular domain (NICD) to promote a further increase in activation, finding
that this increased expression of the endogenous Hes1 gene, as measured by RT-PCR, was
dependent on both TBL1 and TBLR1 (Fig. 2E), while a lack of effect of TBL1 and TBLR1
downregulation on basal levels of Hes1 expression probably reflects the low efficiency of
transfection in C2C12 cells. Similarly, single cell nuclear microinjection assays, analyzing the
expression of a LacZ reporter driven by the Hes1 promoter revealed that the reporter was
activated in undifferentiated C2C12 cells, dependent on the presence of the DNA-binding
transcription factor, CBF1/CSL, and on a series of coactivators, including SRC-1 and CBP.
We found that depletion of either TBL1 or TBLR1 by specific siRNAs completely abrogated
transcriptional activation, confirming that both factors are required for Notch-dependent gene
activation (Fig. 2F). In conclusion, our data support the hypothesis that negative regulation of
target genes of several transcription factors is maintained by the independent efforts of distinct
corepressor complexes, in this case NCoR/SMRT and CtBP, and that when such dual
repression strategy is enforced the functions of specific exchange factors, here TBL1 and
TBLR1, are required.

TBL1 interacts in vivo with CtBP and promote its proteasomal degradation
Whereas both TBL1 and TBLR1 are intrinsic components of the NCoR/SMRT complex, no
interaction has been previously reported between either of these two cofactors and the CtBP
complex. However, based on our previous observations regarding TBLR1, we considered that
TBL1 might similarly act as a specific adaptor for CtBP ubiquitylation and degradation.
Accordingly, we observed quite a robust in vivo interaction between endogenous TBL1 and
CtBP proteins by co-immunoprecipitation in 293 cells, with the interaction of Rip140 with
CtBP providing a positive control (Fig. 3A). GST pull-down assay revealed direct interactions
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between TBL1 and CtBP, which were mapped to the WD40 domain of TBL1 and the C’-
terminus of CtBP (Fig. 3B). Interestingly, while an in vitro interaction between CtBP and
TBLR1 could be detected, these two proteins interacted very poorly by coimmunoprecipitation
(Fig. 3C), suggesting that, in vivo, the strongest interaction occurs between CtBP and TBL1.

Consistent with the hypothesis that TBL1 functions during transcriptional activation to promote
dismissal and degradation of CtBP by recruitment of ubiquitylation machinery, CtBP protein
levels were also stabilized in both U2OS and 293 cells when TBL1 was downregulated by
specific siRNA (Fig. 3D and data not shown). Similarly, CtBP protein levels were higher in
embryonic stem cells null for TBL1 (TBL1Δ/Y) compared to wild-type cells (data not shown).
CtBP is known to be ubiquitylated and degraded in response to UV-induced activation of the
p53 signaling pathway in a HIPK2-dependent fashion (Zhang et al., 2003). Accordingly, CtBP
stabilization in the absence of TBL1 was observed not only on the basal protein level, but also
upon UV stress (Fig. 3E) or when protein degradation was specifically induced by HIPK2
overexpression (Fig. 3F) (Zhang et al., 2005;Zhang et al., 2003). As a positive control, CtBP
stabilization was also observed with downregulation of HIPK2 by specific siRNA (Fig. 3F).
In conclusion, these data together suggest that TBL1 is a CtBP-interacting partner that functions
as a specific adaptor for its ubiquitylation and degradation in response to different stimuli.

TBL1 and TBLR1 are specifically regulated by phosphorylation
Despite the striking fundamental mechanistic differences between TBL1 and TBLR1
functions, these two factors exhibit very limited differences at the primary amino acid sequence
level. Intriguingly, alignment of the protein sequences revealed that almost all of the non-
conserved residues fall over five putative phosphorylation sites, each of which is selectively
present in one of the two proteins (Supplement Fig. S6). Three putative phosphorylation sites
for CK1 and GSK3 were identified by NetPhos prediction analysis as specifically present on
TBL1 but not on TBLR1 (S173/T176, T333, S420/S424). Conversely, TBLR1 contained one
site for CK1/GSK3 (S199/T203/S204) and one site for PKCδ (S123), both specifically absent
in the mammalian TBL1 sequences (Schematic in Fig. 4A). Because of this potentially
functional sequence distinction, we analyzed TBL1 and TBLR1 post-transcriptional
modifications in vivo. Western blotting with the αTBL1- specific IgGs previously raised in
guinea pigs (Perissi et al., 2004) indicated that there were multiple specific bands recognized
by the antibody, running at a slightly higher molecular weight than the main TBL1 polypeptide
(Fig. 4B). These bands were specifically removed by TBL1 siRNA and shifted by treating the
protein extracts with calf intestinal alkaline phosphatase (Fig. 4B). Similar results could be
observed for TBLR1 when using nuclear extract (Fig. 4C and data not shown), suggesting that
both proteins were phosphorylated at multiple sites in vivo and that the phosphorylated proteins
were enriched in the nuclear fraction.

We therefore raised phosphopeptide-specific, site-specific antibodies against the two
phosphorylated residues that characterized the distinction between TBLR1 versus TBL1.
Specifically, a Mono-P-TBLR1 antibody was raised against a 20-aa peptide including phospho-
S123, and a TriP-TBLR1 antibody was raised against a 20-aa peptide phosphorylated at S199/
T203/S204 (See schematic in Fig. 4A). Both of these IgGs could identify in the nuclear lysates
specific bands partially overlapping and corresponding to different combinations of post-
translational modifications (Fig. 4D and data not shown). In addition, the major bands identified
in western blotting by the phospho-specific TBLR1 antibodies were specifically diminished
when U2OS cells were transfected with TBLR1, but not with TBL1 siRNA, confirming factor
specificity (Fig. 4D). Immunostaining of U2OS cells with the phospho-specific antibodies also
confirmed the nuclear localization of the phosphorylated protein (data not shown). Together,
these data confirmed the existence in vivo of nuclear TBLR1 phosphorylated at multiple
residues. We next focused our analysis on the characterization of the Mono-P-TBLR1 antibody
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raised against the putative PKC phosphorylation site. This antibody specifically recognized
the wild-type TBLR1 when immunoprecipitated using α-Flag or α-Myc antibody, while it did
not recognize TBLR1 when mutated at the specific site of putative PKC phosphorylation
(“Δ5”) either alone or in combination with the putative CK1/GSK3 site (“Δ2)” (Supplemental
Fig. S4). Consistent with the antibody specificity for the phosphorylated residue, the epitope
specifically recognized by the Mono-P-TBLR1 antibody could be eliminated when cell lysates
were treated with alkaline phosphatase, and could be greatly diminished by treating cells with
a PKCδ-specific inhibitor, Rottlerin, prior to protein extraction (Fig. 4E). Accordingly, in
nuclear extract from 293 cells transiently transfected with PKCδ -specific siRNA the amount
of phospho-TBLR1 identified by the Mono-P-TBLR1 antibody was greatly diminished (Fig.
4F). Because no change was observed when PKCα was downregulated by specific siRNA, we
conclude that TBLR1 is directly phosphorylated in vivo by PKCδ at Ser123 (Fig. 4F).

We next performed ChIP analysis on the promoter of the ERα-regulated pS2 gene, in MCF7
cells, and we discovered that the presence of TBLR1 phosphorylated at Ser123 was
significantly enriched on this specific location within 5 minutes following hormonal
stimulation (Fig. 4G), suggesting that phosphorylation actually occurs locally on the promoter.
To investigate this hypothesis, we tested occupancy of the pS2 promoter by PKCδ and found
that it also exhibited a rapid, ligand-dependent recruitment (Fig. 4G). Similarly, we observed
rapid ligand-induced recruitment of both PKCδ and GSK3 to the RARβ promoter in 293 cells
(Fig. 4H), as previously reported (Kambhampati et al., 2003), in parallel to NCoR dismissal
(Fig. 4H). In conclusion, our results suggest that TBLR1 is specifically phosphorylated by
PKCδ in situ, on regulated promoters, following stimulation. In additon, we speculate that the
modification of TBLR1 is quite transient, as phospho-TBLR1 is rapidly poly-ubiquitylated
and degraded, possibly to allow for recycling and recruitment of a new NCoR/HDAC3/TBL1/
TBLR1 corepressor complex. The robustness of the Mono-P-TBLR1 antibody was in fact
greatly enhanced in the presence of the MG132 proteosome inhibitor, permitting the
identification of poly-ubiquitylated, phosphorylated TBLR1 that would accumulate in the
nuclear fraction (Fig. 4I). This polyubiquitylated phospho-TBLR1 was specifically eliminated
by TBLR1 siRNA and could be immunoprecipitated with endogenous TBL1, but not with the
NCoR/HDAC3 complex (Fig. 4J), suggesting that these modifications occurred during the
activation process.

Molecular determinants of TBL1 and TBLR1 specificity
Because of this intriguing distinction between TBL1 and TBLR1 post-translational
modifications, we next investigated the relevance of the putative phosphorylation sites for the
actions of TBL1 and TBLR1, and for their ability to mediate specific functions. First, we
introduced specific mutations in TBL1 and TBLR1 expression vectors, converting each of
these sites to the corresponding residues on the other factor (Schematic in Fig. 5B). By testing
the ability of these expression vectors to rescue transcriptional activation that had been
inhibited by microinjection of 3 α-TBL1 or α-TBLR1 IgGs (Fig. 5A), we found that TBL1
required its three putative phosphorylation sites to mediate estrogen, thyroid hormone or
PPARγ receptor function, whereas the putative phosphorylation sites of TBLR1 were required
for its action on T3R, ER, PPARγ, as well as RAR (Fig. 5A and data not shown). As summarized
in Figure 5B, our data revealed that differential phosphorylation sites represent key molecular
determinants of TBL1 and TBLR1 identity and play a fundamental role in the regulation of
their function in gene activation. To examine in further detail the role of these putative
phosphorylation sites on gene activation we focused on RAR-mediated gene transcription,
which is dependent on TBLR1, but not TBL1 (Perissi et al., 2004), and performed another
complementation experiment in which the removal of TBLR1 by microinjection was rescued
with a series of equally expressing TBLR1 expression vectors mutagenized at the two
phosphorylation sites that characterize TBLR1: S123 and S199/T203/S204. Again, if the
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residues are mutated to the corresponding residues on TBL1, abolishing in this way the putative
phosphorylation sites, the mutated protein product was unable to rescue transcriptional
activation (Fig. 5C). However, when the same residues are mutated to glutamic acid (E) to
mimick phosphorylation, the mutant TBLR1 was able to rescue transcriptional activation
equally well as the wild type protein, confirming that phosphorylation of these specific residues
is important for the function of TBLR1. Next, we investigated, in the same experimental setting,
whether these residues are not only required for TBLR1 functions but also important to
determine the specificity between TBLR1 and TBL1. As expected, transcriptional activation
by liganded RAR was impaired when the endogenous TBLR1 was downregulated by siRNA
microinjection and could be restored only by overexpression of TBLR1, but not by wild-type
TBL1 (Fig. 5D). However, overexpression of a TBL1 expression vector that had been mutated
by swapping all five putative phosphorylation sites, so that it now led to the same
phosphorylation pattern of TBLR1, was also able to rescue the activation (Fig. 5D). In
conclusion, these results suggest that the five phosphorylation sites identified are, surprisingly,
the sole determinants of the specificity between TBL1 and TBLR1 on the specific transcription
units tested.

Discussion
While the opposing effects of coactivators and corepressors on regulated gene transcription
are well recognized, understanding the regulatory mechanisms that defend precise, signal
dependent gene activation programs based on the rapid ability to reimpose a repression “check
point” has been less well understood. The deeper understanding of the critical importance of
corepressor complexes for establishing tightly controlled, signal-dependent activation of gene
targets is only recently emerging. Here, we have provided evidence that precise, dedicated
strategies for preventing errant basal activation, is achieved, in part, by the combinatorial use
of distinct corepressor complexes and the reciprocal utilization of complementary “exchange
factors”. Intriguingly, the same strategy, based on the combinatorial actions of TBL1 and
TBLR1, is adopted for most nuclear receptors, for the NFκB- regulated genes and for targets
of the Notch signaling pathway. We describe here an unexpected, direct interaction between
TBL1 and the corepressors CtBP1/2, based on which TBL1 can act as a specific adaptor to
promote CtBP ubiquitylation and degradation in response to different signals. Intriguingly,
CtBP has never been reported in any of the several NCoR/SMRT complexes that have been
isolated from different cellular systems, suggesting that components of one repressor complex
maybe important for regulating its own dismissal as well as the dismissal of additional
repressors, independently recruited. In addition, while the CtBP complex has not previously
been clearly related to the actions of estrogen receptor, we now report, based on the
physiological actions of the TBL1 exchange factor, its actions as an additional repression
checkpoint for ER-mediated transcriptional regulation. Intriguingly, in this system, Rip140
seems to be required for imposing CtBP-dependent repression, consistent with the well-know
interactions between CtBP and Rip140 (Augereau et al., 2006; Vo et al., 2001). However, the
temporal kinetics of CtBP recruitment to the pS2 promoter does not fully resemble Rip140’s,
suggesting that post-translational modifications such as acetylation/deacetylation (Vo et al.,
2001) may impact on the local interaction between these two factors or that Rip140 may play
additional roles with alternative partners. Furthermore, it is possible that other factors, such as
the ligand dependent corepressor LCoR or the ER corepressor Znf366 (Fernandes et al.,
2003; Lopez-Garcia et al., 2006), may also participate to impose CtBP repression. Indeed,
recent reports have suggested that multiple repressor complexes may be used combinatorially
and be recruited by nuclear receptors in a sequential fashion, similarly to what described for
numerous coactivator complexes (An et al., 2004; Liu and Bagchi, 2004; Metivier et al.,
2003; Perissi and Rosenfeld, 2005; Yoon and Wong, 2006).
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While our data support a profound similarity between the actions of TBL1 and TBLR1, it also
underlines their specificity regarding the targets of their actions and the transcription factors
requiring them. In answer to the fascinating question of how the specific functions of exchange
factors are so precisely maintained, we propose this is achieved, at least in part, by the strategy
of regulating phosphorylation of exchange factors such as TBL1 and TBLR1 directly at the
level of target gene promoters. In particular, we have identified TBLR1 as a specific target of
PKCδ phosphorylation, with Ser123 being phosphorylated in situ on ER and RAR target
promoters within minutes of induction. Surprisingly, the specificity of the actions of TBL1 for
CtBP dismissal and TBLR1 for NCoR/SMRT dismissal seems to reside in only the few specific
phosphorylation sites that are distinct between these two exchange factors, as swapping of
these sites is sufficient to change their specificity for RAR-mediated transcriptional activation.

The resulting dismissal of restricting corepressor complexes by this local phosphorylation-
dependent strategy extends our constantly growing knowledge of the phosphorylation-
dependent regulation of gene transcription by diverse signaling pathways (Baek et al., 2002;
Barnes et al., 2003; Fernandez-Majada et al., 2007; Hermanson et al., 2002; Hoberg et al.,
2004; Wu et al., 2007). Phosphorylation of Ser123 of TBLR1 on regulated gene promoters by
PKCδ corresponds to the activation of PKCδ in response to various hormonal stimuli and to
its positive effect on estrogen receptor-, retinoic acid receptor-, peroxisome proliferators-
activated receptor- and NFκB-mediated gene activation (Blanquart et al., 2004; Boyan et al.,
2003; Catley et al., 2004; De Servi et al., 2005; Ochoa et al., 2003; Radominska-Pandya et al.,
2000). Furthermore, the existence of a local kinase regulatory network is consistent with a large
number of kinases that have been recently recorded on target gene promoters or even associated
with the chromatin of entire transcription units (Chow and Davis, 2006).

In conclusion, we have reported that a critical component of regulated gene transcription is the
coordinate actions of TBL1 and TBLR1 in response to distinct ligands and signaling pathways
to dismiss distinct corepressor complexes and we believe that this mechanism is important to
ensure the physiological amplitude of signal-dependent gene transcription. In addition to the
well-described direct phosphorylation of the targets of Fbox-WD40 proteins, we now propose
that phosphorylation of the exchange factors themselves is used as a key local switch to permit
regulated dismissal of distinct repression “checkpoints” via diverse corepressor complexes.

Experimental Procedures
Reagents, Antibodies and Cell Culture

Anti-TBL1 and anti- TBLR1 antibodies have been described previously (Perissi et al., 2004).
Anti-monophospho- and anti-triphospho-TBLR1 antibodies were generated in rabbit against
the specific peptides CNQQGS(P)AKNG and CWNLS(P)ENST(P)S(P)GPTQ respectively
(PhosphoSolutions). The following antibodies were obtained from Santa Cruz Biotechnology:
anti-CtBP (C1 and H440), anti-c-Myc (9E10), anti-ER (MC-20 and H184), anti-Rip140
(H300), anti-HDAC2 (C8) and anti-HDAC3 (H99). Rabbit anti-N-CoR (Jepsen et al., 2000),
mouse anti-Flag M2 and mouse anti-β-tubulin (Sigma) were also used in immunoprecipitation
and immunoblotting experiments. The PKCδ inhibitor Rottlerin (Santa Cruz) was used at 1uM
final concentration. Standard molecular cloning and tissue culture were performed as described
by J. Sambrook, D. W. Russell, Molecular Cloning: A Laboratory Manual (Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y., ed. 3rd, 2001). C2C12 murine myoblast cells
were grown in DMEM with 10%FCS until they reached 80% confluency and then switched
to DMEM supplemented with 2%HS for the time indicated.
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Protein extraction and Immunoprecipitation
For nuclear protein extraction, the cells were rinsed in PBS, harvested and lysed in hypotonic
buffer (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 1 mM DTT, 2mM Na2VO3, 50mM
NaF, 0.5mM PMSF and protease inhibitor mix, Roche) for 10 minutes on ice, followed by
incubation of the nuclear pellet for 20 min in high-salt buffer (10 mM Hepes pH 7.9, 20%
glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2mM EDTA, 0.5mM DTT, 2mM Na3VO4, 50mM
NaF, 1mM PMSF and protease inhibitor mix). For immunoprecipitation and whole cell extracts
preparation, cells were rinsed in PBS, harvested and incubated for 20’ on ice in IPH buffer (50
mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 50 mM NaF, 2 mM
Na2VO3, 1mM PMSF and protease inhibitor mix. In both cases, concentration of protein
extracts was measured using the colorimetric BIORAD assay and the extracts were either
boiled in SDS sample buffer and loaded 10% Bistris NuPAGE gel (Invitrogen) or used for
immunoprecipitation.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed as described (Perissi et al., 2004). MCF7 cells
were grown in red-free DMEM with 10% charcoal-stripped medium for 72 hours and then
treated with 100 nM estradiol; U2OS and 293 cells were serum starved for 24–48h and treated
with 10−6M retinoic acid for indicated times. Immunoprecipitated DNA was purified with
QIAquick spin colums (Qiagen) and analyzed by qPCR (Stratagene) using Sybergreen, with
each PCR performed in triplicate. The percentage of immunoprecipitated chromatin was
calculated from the ΔCt values for each sample relative to a curve performed for each
experiment with the input chromatin prior to immunoprecipitation. Amplification of unrelated
genomic regions was used as negative control and the percentage of specific
immunoprecipitated chromatin was converted to fold changes over respective mock
immunoprecipitation. The primers used to amplify the pS2 and the RAR-beta promoters have
been described previously (Perissi et al., 2004).

GST-affinity purification and pull-down
Fusion proteins containing GST bound to different regions of CtBP1 (CtBP A: aa 1–110; CtBP
B: aa 91–325; CtBP C: aa 307–440) were expressed in BL21 bacteria and purified from
homogenized lysates with glutathione-agarose beads (Sigma), as previously described (Perissi
et al., 2004). For interaction studies, the immobilized GST-fusion proteins were incubated
with 35S-labeled TBL1 full-length or segments (WD4 domain: aa 211–526; N’ terminal: aa 1–
211), obtained by in vitro translation-transcription (Promega TnT Quick Coupled
Transcription/Translation System), followed by extensive washes, separation of the interacting
proteins by SDS-PAGE and autoradiography.

Single cell nuclear microinjection assay and transient transfection
The single cell nuclear microinjection assays were performed as described in McInerney et al.,
1998. Each experiment was performed on three independent coverslips with >300 injected
cells per point, and rhodamine-conjugated dextran was used as a negative control in each
experiment. Before injection, cells were rendered quiescent by incubation in serum-free
medium for 24–36h. The LacZ reporters have all been described previously (McInerney et al.,
1998; Sheppard et al., 1999: Perissi et al., 2004). Transient transfection experiments were
performed with Lipofectamine 2000 (Promega). Murine clones of TBL1 and TBLR1 were
subcloned into pCMX-HA-FLAG-tag and into pCS2-Myc-tag expression vectors. The mutants
lacking the kinases recognition sites or mimicking constitutive activation were obtained by
site-specific mutagenesis of the indicated serine/threonine residues. Specific siRNAs against
hTbl1X (1255–1275) and hTblR1 (1634–1654) were designed (Qiagen) and removal of gene
expression was confirmed by RT-PCR.
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RNA Isolation and RT-PCR Analysis
RNA was isolated following the manufacturer protocol for the RNeasy Kit (QIAGEN). First
strand cDNA synthesis from total RNA template was performed with Invitrogen Superscript
III cDNA Synthesis System, followed by SYBR-green qPCR amplification. Normalization
was performed using specific amplification of GAPDH and 18S RNA and PCRs were
performed in triplicate for each biological duplicate experiment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TBL1 and TBLR1 are required for dismissal of distinct corepressors
(A) Single-cell nuclear microinjection of purified IgGs against either TBL1 or TBLR1 inhibited
transcriptional activation of a T3RE-dependent and of an ERE-dependent LacZ reporter in Rat1
cells. Depletion of TBLR1, but not TBL1, could be rescued by downregulating NCoR and
SMRT by specific siRNAs. (B) A LacZ reporter driven by a 1.2kb fragment of the pS2 promoter
was used in MCF7 to screen for other corepressors removal by siRNAs. Downregulation of
CtBP1and CtBP2 fully rescued estrogen-induced activation in absence of TBL1. (C) αTBL1
IgGs microinjection blocked activation of LacZ reporters driven by an ERE response element,
a PPARγ-responsive fragment of the AOX3 promoter, a TR-responsive fragment of the Dio1
promoter and a 3xp65 response element. All were rescued by removal of CtBP1 and CtBP2
by specific siRNAs microinjection. (D) Analysis of GREB1 mRNA expression in transiently
transfected MCF7 cells by RT-PCR at 4h after induction. Expression of the GAPDH gene was
used for normalization. Validation of the siRNA used here is shown in Supplemental Figure
S1.
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Figure 2. CtBP1/2 and the NCoR complex are both recruited to ER- and Notch-target genes for
repression
(A) ChIP analysis of the occupancy of the pS2 promoter upon basal growth conditions in U2OS
cells showed specific recruitment of CtBP, NCoR, TBLR1 and TBL1 as indicated by qPCR
performed on the chromatin immunoprecipitated with each specific antibody compared to the
chromatin immunoprecipitated with non-specific IgGs. qPCR of an unrelated genomic region
was used as negative control. Results illustrated are representative of three or more biological
experiments. (B) Similar ChIP analysis was performed on the pS2 promoter upon estrogen
stimulation in MCF7 cells. A peak of recruitment of both CtBP and NCoR could be observed
30’ after ligand stimulation, together with ligand-dependent recruitment of ERα and Rip140,
followed by their rapid dismissal at 45’ (C) Single-cell nuclear microinjection of purified IgGs
against TBL1 inhibited transcriptional activation of an ERE-dependent LacZ reporter upon
E2 in MCF7 cells carrying the endogenous Rip140 or in cells where overexpression of wild-
type Rip140 substituted for endogenous Rip140. When a mutant Rip140, unable to bind CtBP,
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was used to rescue for the loss of endogenous Rip140 the basal repression in absence of
stimulation could not be restored and activation became TBL1-independent. (D) ChIP analysis
in undifferentiated C2C12 cells (GM) showed enrichment of the Hes1 promoter in the sonicated
chromatin fraction immunoprecipitated by CtBP, NCoR and HDAC3 specific antibodies. On
the contrary, occupancy of the Hes1 promoter by the Trimethyl-Lys4-histone 3 mark is
decreased upon induction of differentiation (DM). Corresponding expression of the Hes1 gene
during differentiation is shown in Supplemental Figure S2. (E) The relative induction of
Hes1 expression in C2C12 myoblasts upon NICD transient transfection was measured by RT-
PCR and normalized for 18S expression. Co-transfection of specific siRNAs against TBL1 and
TBLR1 showed that both are required for Notch-mediated transcriptional activation. (F) Single
cell microinection assay in C2C12 cells showing that transcriptional activation of a LacZ
reporter driven by the Notch-responsive Hes1 promoter requires NICD, CBF, SRC1, CBP,
TBL1 and TBLR1.
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Figure 3. TBL1 function in mediating CtBP degradation
(A) Endogenous co-immunoprecipitation of CtBP with TBL1 and Rip140 performed in
estradiol-stimulated MCF-7 cells. Co-immunoprecipitation of CtBP and Rip140 was used as
positive control. (B) GST pull down analysis revealing direct interaction between CtBP
C’terminus and TBL1 WD40 domain. (C) Direct interaction between TBLR1 and CtBP in a
GST pull down assay. In vivo interaction between CtBP and TBL1 was also observed in 293
cells, while co-immunoprecipitation between CtBP and TBLR1 could not be recorded.
Immunoprecipitation of NCoR (see Supplemental Figure S3-A) was performed in parallel as
positive control. (D) Immunoblot of U2OS whole cell extracts with α-CtBP antibody revealed
that TBL1 downregulation by siRNA transfection stabilized CtBP protein level. (E)
Immunoblot analysis of extracts from U2OS treated with 50J/cm3 UV showed that CtBP
protein degradation is impaired in cells transfected with specific siRNAs against TBL1 or
HIPK2. Changes in CtBP protein level is better appreciated on the lower exposure or on the
slower-running bands representing post-transcriptionally modified CtBP, as confimed by
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specific siRNA downregulation (see Supplemental Figure S3-B). Quantification of the CtBP
bands from the shorter exposed panel was done using the GeneTools software on a GeneGenius
Byo Imaging System and is represented in the bar graph below. (F) Immunoblot with αFLAG
of 293 cell extracts upon transient transfection with Flag-CtBP and HA-HIPK2 confirming
that CtBP protein level is downregulated by HIPK2 overexpression in a TBL1-dependent
manner.
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Figure 4. TBL1X and TBLR1 are specifically regulated by phosphorylation
(A) Schematic representation of murine TBL1 and TBLR1 showing the chromosomal locations
of the genes, the position of F-box and WD-40 domains in the translated proteins, the homology
between TBL1 and TBLR1 and the localization of five putative phosphorylation sites that are
uniquely present on each protein. (B) Immunoblot of whole cell extracts from U2OS cells
showing multiple specific bands identified by αTBL1 antibody and removed by siRNA
transient transfection. The higher molecular weight bands indicate phosphorylated forms of
TBL1 as shown by their depletion with CIP alkaline phosphatase. (C) Immunoblot with
αTBLR1 antibody comparing nuclear extracts (NE) and whole cell extracts (WCE) from U2OS
cells identified higher molecular weight bands enriched in the nuclear fraction. Quantification
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of the relative intensity of the bands from the longer exposed blot for the NE and the shorter
exposed blot for the WCE is shown below. (D) Immunoblot with α-MonoP-TBLR1 and α-
TriP-TBLR1 antibodies on U2OS nuclear extracts confirmed that TBLR1 is phosphorylated
in vivo in the nuclear compartment. The antibodies specificity is confirmed by TBLR1 and
TBL1 siRNAs; αHDAC2 blotting is used as loading control. (E) Depletion of the
immunoprecipitated phospho-TBLR1 from nuclear extracts with CIP phosphatase and
treatment of cells with Rottlerin confirmed in vivo phosphorylation by PKC. (F) Immunoblot
of nuclear extracts from U2OS transiently transfected with siRNAs against PKCα or PKCδ
confirmed that PKCδ phosphorylates TBLR1 at Ser 123, as measured by western blot with the
α-MonoP-TBLR1. Specificity of the siRNAs is confirmed by immunoblotting for PKCα and
PKCδ (G) ChIP analysis of the occupancy of the pS2 promoter by ERα, Rip140, NCoR and
Ser123-phospho-TBLR1 in MCF7 cells treated with estrogen for the indicated times. (H)
Occupancy of the RARβ promoter in 293 cells showing transient recruitment of PKCα,
PKCδ and GSK3 kinases and dismissal of NCoR 5’ after treatment with retinoic acid. (I)
Immunoblot with α-MonoP-TBLR1 antibody showing enrichment of nuclear poly-
ubiquitylated phospho-TBLR1 when proteasome activity is blocked by MG132. (J) Poly-
ubiquitylated phospho-TBLR1 is immunoprecipitated by endogenous TBL1 and specifically
depleted by TBLR1 siRNA transfection in 293 cells. The immunoprecipitation with TBL1 is
increased by MG132 while no interaction between poly-ubiquitylated phosphoTBLR1 and
HDAC3 is detected. Immunoprecipitation of NCoR is shown as positive control.
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Figure 5. TBL1 and TBLR1 identities and functions are determined by five specific
phosphorylation sites
(A) Inhibition of T3R, ER and RAR dependent transcriptional activity by αTBL1 or αTBLR1
was rescued by co-injecting expression vectors for either TBL1 or TBLR1, while activation
could not be rescued when the specific phosphorylation sites, selectively present in the two
factors, were mutated. (B) Schematic representation of the results of the experiments shown
in (A) and others not shown: activation by ER, T3R and PPARγ is blocked by αTBL1
microinjection and rescued by overexpression of TBL1 wild-type but not by the mutated form.
Similar results for TBLR1 rescue on ER-, T3R-, PPARγ- and RAR-mediated transcription. The
results obtained are marked as positive when at least 60% of the original activity is rescued.
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(C) Activation of a LacZ reporter driven by the RARE response element is inhibited by TBLR1
siRNA microinjection and can be rescued by wild-type TBLR1 or phosphorylation mimicking
mutants (Glu), but not by mutations deleting each of the two TBLR1-specific phosphorylation
sites. (D) Selective requirement of TBLR1 for RAR-mediated transcription can be specifically
changed by swapping the five specific phosphorylation sites that distinguish TBL1 and TBLR1.
(E) Model. While TBLR1 specifically functions to mediate the dismissal of the NCoR/SMRT/
HDAC3 corepressor complex, TBL1 function is key to promoting the ubiquitylation and
degradation of the corepressor CtBP based on direct interaction. The specificity between TBL1
and TBLR1 functions is regulated upon activation via local phosphorylation, with TBLR1
being specifically phosphorylated by PKCδ at Ser123.
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