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Net, a negative Ras-switchable TCF, contains a
second inhibition domain, the CID, that mediates
repression through interactions with CtBP and
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Signalling cascades are integrated at the transcriptional
level by the interplay between factors such as the
ternary complex factors (TCFs) that interact with
serum response factor (SRF) and the serum response
element (SRE) of thefos promoter. Net is a negative
TCF that is switched to a positive regulator by the Ras
signal. To understand the mechanisms of repression
by Net, we used a yeast two-hybrid screen to identify
factors that interact with its inhibitory domain. We
isolated mCtBP1, the murine homologue of huCtBP1,
a factor implicated in negative regulation of trans-
formation by E1A plus Ras. We show that mCtBP1
interacts strongly with Net both in vitro and in vivo.
The CtBP interaction domain of Net, the CID, mediates
repression independently of the previously identified
negative element, the NID. The CID inhibits by
recruiting the co-repressor mCtBP1. The CID and
mCtBP1 need to use de-acetylase activity for repres-
sion, whereas the NID apparently represses by other
mechanisms. Finally, we provide evidence that CtBP
and de-acetylation repress the dos SRE in low serum
when it is inactive, but not in high serum when it is
active. These results provide insights into the cross-
talk between pathways that inhibit and stimulate trans-
formation at the level of Net, a regulator of gene
expression.
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Introduction

Transcriptional repressors in many circumstances are a
important as activators in the regulation of gene expression
(for reviews, see Gray and Levine, 1996; Hanna-Rose and
Hansen, 1996; Ashraf and Ip, 1998; Fisher and Caudy,

1998a,b; Gregory and Horz, 1998; Torclatal., 1998).

S

histone de-acetylase activity that generates a repressed
chromatin structure with decreased accessibility to the
transcription machinery. Histone acetyl transferase activity
found in some co-activators counterbalances the effects
of co-repressors, generating active chromatin. Local altera-
tions of chromatin structure on promoters is emerging as
a mechanism of precise regulation of transcription (for
reviews, see Ashraf and Ip, 1998; Gregory and Horz,
1998; Torchiaet al., 1998).

Net is a transcriptional repressor (Giovagteal., 1994)
that belongs to the Ets family of oncogenes (for reviews
see Treisman, 1996; Sharrookssal., 1997; Wasylyk and
Nordheim, 1997; Dittmer and Nordheim, 1998; Graves
and Petersen, 1998; Wasylgk al., 1998). Net as well as
Elkl and Sapl are called ternary complex factors (TCFs)
from their ability to form complexes with SRF on the
c-fosserum response element (SRE). The TCFs have three
similar domains, A, B and C, respectively involved in
DNA binding, interaction with SRF and activation of
transcription when phosphorylated by MAP kinases. The
TCFs are co-expressed in many cell types and are highly
conserved from mouse to man. Net differs from the other
TCFs in its ability to strongly repress transcription. Net
has an inhibitory domain, the NID, that is thought to
form a helix—loop—helix (HLH) protein—protein interaction
motif similar to myogenic factors such as MyoD (Maira
et al, 1996). The NID is C-terminal to the B domain
(Figure 1A) and is part of the sequences that differ
between the TCFs.

We investigated the mechanisms of repression by Net
by searching for interacting proteins with the yeast two-
hybrid screen. We isolated mCtBP1, the murine homologue
of huCtBP, an E1A C-terminal-binding protein. Binding
of CtBP to E1A has been shown to restrict the tumorigenic
activity of E1A. CtBP is a negative regulator of Ras-
dependent E1A transformation (Schaepgéral, 1995).

We show that CtBP is a co-repressor that interacts with a
newly identified inhibitory domain of Net, the CID (CtBP
inhibition domain). This second inhibitory domain lies in
the region of Net which has not previously been attributed
a function, and which lies between the NID and the C
domain (Figure 1A). Net is a link between the opposing
activities of CtBP and Ras at the level of transcriptional
regulation of gene expression.

Repressors act by a variety of mechanisms, including Results

direct interactions with the basal transcriptional machinery

or activators, thereby blocking their activity, and competi- Cloning of the murine CtBP1 homologue in a yeast
tion for cisregulating elements leading to exclusion of screen for proteins that interact with Net

activators from the promoter. Another mechanism is the We used the yeast two-hybrid system to identify proteins
recruitment of co-repressors that bridge repressors with that interact with the central region of Net, which contains
their targets. The composition of co-repressor complexesthe NID and adjacent regions but lacks the Ets (A, DNA
and the manner in which they mediate repression arebinding) and transactivation (C) domains (Figure 1A,
being studied intensively. A number of co-repressors have LexA—-NetAC). We screened a library prepared from
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pooled mouse embryos of 9.5, 10.5, 11.5 and 12.5 days,implicated in transcription repression and Ras function
during which time Net was verified to be expressed (data (Schaepeet al, 1995; Sollerbrangt al., 1996), as is Net.
not shown). Out of X10’ transformants screened, 223 We studied the interactions of mCtBP1 with Net using
positives clones were obtained and analysed. Clone 45the two-hybrid assay. We initially showed that the inter-
was chosen for further studies for different reasons: (i) it action is specific, in that mCtBP1 interacts with LexA—
was picked up relatively frequently (34/223); (i) it inter- NetWAC but not with a number of control baits
acted specifically with the bait and not the control proteins, (LexA—lamin and LexA-bicoid, Figure 1A; LexA-Myc,

in contrast to several other clones that were somewhatLexA—Max, LexA—cyclin C and LexA—-CDC2, not shown).
less specific (data not shown); and (iii) sequence analysisUsing Net deletion mutants (Figure 1A, LexA—C10, LexA—
showed that clone 45 is homologous to human CtBP1 NC2 and LexA-NC4), we found that the region down-
(86% similarity at the nucleotide level and 93% similarity stream of the NID mediates the interaction with mCtBP1
at the peptide level; Figure 1B). The high degree of (LexA—NC4). Full-length Net did not interact detectably
similarity suggests that clone 45 encodes mCtBP1, thewith mCtBP1, even though the fusion proteins were
murine homologue of human CtBP1. Clone 45 encoded expressed at similar levels (data not shown). However,
the complete coding sequence of mCtBP1. huCtBP1 isthe full-length proteins interacted in other assays (see
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mCitBP1 To determine if the conserved sequence in Net (Figure
! 1C) is the binding site for mCtBP1, we adopted the
mutational strategy used for E1A by Schaepsr al
(1995). In c1 and c2, the first and second pairs of amino
acids, respectively, are mutated to Ala—Ser (Figure 3B).
GST—9AC with the c1 or c2 mutations did not retain
mCtBP1 (Figure 3C, lanes 10-13) and, conversely, Net
cl and Net c2 did not interact with GST—CtBP (lanes 14—
19). The GST fusion proteins and all the unfused proteins
(Net, Net mutants and mCtBP1) were expressed at compar-
1T 373" 4 5" 6 able ]evels (s_ee lower _panels _and data not illustrated),
showing that differences in protein levels could not account
Fig. 2. Net interacts with mCtBPin vitro. GST, GST-Net and GST— for the results.
Net deletion mutants were incubated withvitro translated mCtBP1 We attempted to detect a complex between endogenous
and analysed by the GST pull-down assay. 49K: size marker. proteins using co-immunoprecipitation experiments with
non-transfected Cos cell extracts. However, we could not
below). Six amino acids in the C-terminus of E1A are detect precipitated Net nor co-precipitated CtBP (Figure
important for the interaction with huCtBP1. We found 3D, lanes 1 and 3). When both proteins were co-expressed
that Net has a similar sequence. The sequence is alsty transfection, immunoprecipitation of Net using an anti-
found in other proteins that recently have been shown to Net serum resulted in co-precipitation of mCtBP1 (Figure
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interact with CtBP (Figure 1C). 3D, lanes 2 and 4). Around 10% of exogenous Net was
) ] o immunoprecipitated and 6% of exogenous CtBP was
Net interacts with mCtBP1 in vitro bound to Net. The lack of detection of endogenous proteins

We used arin vitro assay to study the interaction between and their interaction may be due to the low levels of the
Net and mCtBP1. GST, GST-Net or GST-Net deletion proteins or the selectivity of the available antibodies.
mutants were expressed in bacteria, immobilized on gluta-  Deletion mutants of mCtBP1 (Figure 3E, top panel)
thione—agarose beads and incubated imithitro translated \ere used to localize its interaction domain. The central
mCtBP1. Almost 40% of the input mCtBPl was retained region of mCtBP1 (amino acids 100-315) is highly homo-
by the fragment of Net used as a bait (GST-Mé@) and |ogous to the family of 2-hydroxy dehydrogenases,
none by GST alone (Figure 2, compare lane 3 and 2), whereas the N- and C-terminal regions are unique. Using
showing that mCtBP1 interacts specifically with BeC GST-CtBP deletion mutants and full-length Net, we found
in vitro. The interactions with different d(?letlon mutants that interactions were unaffected by the loss of sequences
were as expected from the yeast assay, in that GST-NC4fom the C-terminus to 315 or 100 (Figure 3E, bottom
interacted with mCtBP1 (lane 6), but not GST-NC2 pane| lanes 1-4). However, the interaction was lost by
containing the NID (lane 5). Interestingly, in contrast to yemoving 100 amino acids from the N-terminus (lane 5).
the result in yeast, full-length Net fused to GST interacted These results show that residues 1-100 of mCtBP1 are
with mCtBP1 (lane 4) with an efficiency similar to the  gyfficient and necessary for the interaction with Net. The
original bait, showing that full-length Net interacts with  same sequences were also required for the interaction with

mCtBP1in vitro. E1A (Figure 3E, bottom panel, lanes 6-8). Significantly,
i } i in these experiments, the complexes were detected, even
Net interacts with mCtBP1 in Cos cells though they were washed with RIPA buffer, indicating

Net-mCtBP1 interactions in mammalian cells were studied ot mctBP1 and Net interact strongly.

by co-precipitation, using either GST-tagged proteins or

untagged full-length proteins and specific antibodies.

mCtBP1 was retained specifically by GST-NaC Net delocalizes mCtBP1 from the cytoplasm to the
(Figure 3A, lanes 1 and 3), as well as by GST-E1A (the nucleus

positive control, lane 4). Using full-length proteins, GST— We investigated the cellular localization of mCtBP1 by
Net did not interact detectably with mCtBP1 (lane 2). immunofluorescence confocal microscopy. Exogenously
However, in the converse experiment, GST-CtBP inter- expressed mCtBP1 was found to be exclusively cyto-
acted with Net (lanes 6 and 7) and with E1A (lanes 8 and plasmic in Cos-7 cells and mainly nuclear in Saos2
9). A lower level of expression of GST—Net apparently cells (Figure 4). This result raised the possibility that
does not account for the absence of a detectable interactiorinteractions with nuclear proteins could relocate mCtBP1.
with mCtBP1 because increasing the amount of expressedSince Net is mainly nuclear when expressed in Cos-7
fusion protein did not change the results (data not shown). cells (Figure 4), we tested whether Net could recruit
However, using a mutant in the NID, Ngt known to mCtBP1. When the two proteins were co-expressed,
modify the three-dimensional structure of Net (Maira mCtBP1 was found to be mainly nuclear (Figure 4). The
etal, 1996), we detected a strong interaction with mCtBP1 recruitment was observed at all levels of Net tested (50-
(lane 5). The absence of interaction between GST-Netfold range), showing that Net can recruit mCtBP1 to
and mCtBP1 might result from a ‘closed’ conformation the nucleus efficiently. Endogenous CtBP was barely
of Net which decreases the accessibility of the CtBP detectable in different experiments with the available
interaction domain to CtBP. This conformation may be antibodies (data not shown), preventing an analysis of
favoured somehow by fusing heterologous sequencesthe localization of endogenous CtBP in the presence of
(GST or LexA) to the N-terminus of Net. transfected Net. These results indicate that mCtBP1-Net
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Fig. 3. Net interacts with mCtBP1 in eukaryotic cell®)(mCtBP1 interacts with Net and E1A. Cos cells were co-transfected with expression

vectors for GST, GST-Net, GSTAC, GST-E1A, GST-Ngf, mCtBP1, Net and E1A as indicated (i for GST-Net, 5ug for the others). Cell
extracts were analysed by the GST pull-down assay. Western blotting was used to detect the proteins retained on the beads by protein—protein
‘interaction’ (upper panels) with the ‘GST proteins’ (lower panel8). $chematic representation of GST-Net, G&AE and the ¢l and c2 mutants.

(C) Mutation of the Net sequence that resembles known CtBP-binding sites inhibits its interaction with mCtBP1. A GST pull-down assay was
performed as described in (A) usinguy of GST-HAC c1, c2 expression vectors ory of pTL2-Net c1, c2. D) Co-immunoprecipitation of CtBP

with Net. Cos cell extracts not transfected or transfected witly ®f CtBP and Net expression vectors were used for immunoprecipitation with an
anti-Net polyclonal serum 375. One-third of the input was loaded. The antibodies used for Western blotting were anti-CtBP 1123 (top panel) and
anti-Net 375 (low panel). Net migrates as a double band, probably due to phosphorylation. The secondary antibody we used for immunoblotting, was
protein A coupled to peroxidase. The shadow above the band corresponds to the heavy Ehdins.non-conserved N-terminal region of mCtBP1
mediates the interaction with Net. The deletion mutants of mCtBP1 expressed as GST fusion proteins are represented on the top. GST pull-down
assays were performed as described above wiily 6f expression vector for the GST fusion protein, Net and E1A 12S. Hatched boxes represent
the signature domains of the dehydrogenase protein family, with which mCtBP1 has significant homology.

interactions can be detected in fixed cells as well as after were used (Figure 5A, lanes 2—7). Under conditions where

cell disruption in extracts. Net inhibited by ~60%, the c1 mutant inhibited by ~20%
(lanes 2 and 3) and c2 by10% (lanes 2 and 4). However,

Interaction with mCtBP1 affects Net with saturating quantities of expression vectors, the

transcriptional activity mutants inhibited to similar extents as the wild-type (lanes

To study the functional significance of the Net—-mCtBP1 8-13), as expected from the presence of another inhibitory
interaction, we used transfection assays to compare thedomain in Net, the NID (see below). Western blots showed
activity of wild-type Net with mutants that cannot interact that similar amounts of proteins were expressed [Figure
with mCtBP1 (Net c1 and c2). Net expression has been 5B, the results were corrected for variations in transfection
shown to repress the basal activity of a reporter containing efficiency using co-expressed green fluorescent protein
multimerized Ets-binding sites from the stomelysin 1 (GFP)], excluding the possibility that the results were due
promoter (Mairaet al, 1996; and Figure 5A, lanes 2, 5, to a difference in expression levels. These results suggest
8 and 11). The Net mutants clearly had impaired inhibitory that Net represses transcription in part by recruiting CtBP.
activity when limiting quantities of expression vectors Ha-Ras expression switches Net from a repressor to an
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Fig. 4. mCtBP1 is relocated from the cytoplasm to the nucleus in the presence of Net. Cos cells were transfected with 20 ng of pTL1-mCtBP1,
20 ng of pTL2-Net or 20 ng of pTL1-mCtBP1 anduy of pTL2-Net. Saos2 cells were transfected with 100 ng of pTL1-mCtBP1. The cells were
fixed, incubated with the indicated antibodies and fluorescence-labelled secondary antibodies, and analysed by confocal microscopy.
Immunofluorescence is shown on the left and immunofluorescence plus Hoechst staining on the right.

activator of transcription (Giovanet al., 1994; Figure used Gal-NC4 (Figure 6A), a fusion protein between the
5C, lanes 2, 5, 8 and 11). We investigated how mutating Gal4 DNA-binding domain and the smallest region of Net
the CtBP interaction domain affected Ras activation. The known to interact with mCtBP1. Gal4—NC4 efficiently
Net mutants co-transfected with activated Ras were up toinhibited transcription from a Gal4-UAS-Luc reporter
five times more active than the wild-type (lanes 1-13), (Figure 6B, lanes 2—4), similarly to Gal4—NC2 containing
indicating that inhibition through the CID dampens Ras the NID (lanes 5-7). As expected, a Gal4 fusion with
activation. We found that other Ets-responsive reporters both domains also efficiently inhibited transcription (data
responded similarly, including Py4B-Luc, which contains not shown). We tested whether CtBP mediates repression
the Ras-responsive element of the polyoma enhancer, andy the CID, using either mutant proteins or competition
SRE-Luc and Fos-Luc, containing the SRE in different assays with a specific ELA competitor. Gal-NC4 c1, c2
contexts (data not shown). These results show that severabnd c¢3, containing mutations in the PLNLSS sequence
Ets-responsive reporters are repressed by a CID-dependenthat are homologous to other CtBP interaction sequences

mechanism, whether or not Net is activated by Ras. (Figure 6A), did not significantly repress the basal tran-
scription activity of the reporter (Figure 6C, lanes 4-9),
The CID is a new repression domain of Net in contrast to the wild-type fusion protein (Figure 6C,

The CID is sufficient for strong interaction with mCtBP1, lanes 1-3). The expression levels of the differents mutants
yet its mutation has only a partial effect on repression, were similar (Figure 6D). These results show that the
raising the possibility that it functions independently of sequence that is homologous to other CtBP-binding sites
the NID (Mairaet al, 1996). To test this hypothesis, we is important for repression by the CID. A specific compet-
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mCtBP1 is a co-repressor for Net

mCtBP1 is a co-repressor

To test whether CtBP is a co-repressor, we investigated
whether direct recruitment of mCtBP1 to a promoter by
fusion with a heterologous DNA-binding domain would
suffice for repression. A fusion protein between the Gal4
DNA-binding domain and mCtBP1 efficiently inhibited
the basal activity of a Gal4-responsive reporter (Figure
7A, lanes 1, 3 and 5). These results confirm that mCtBP1
acts as a repressor when it is recruited to DNA.

Repression by mCtBP1 and the CID involve histone
de-acetylation

Recent results show that huCtBP1 interacts with HDACL1, a
histone de-acetylase (Sundgwastl., 1998). To investigate
whether repression by mCtBP1 and the CID involves
histone de-acetylation, we used the specific inhibitor,
trichostatin A (TSA). Gal4—CtBP repression was strongly
decreased by treating cells with TSA (Figure 7A, lanes
1-6), in keeping with a role for histone de-acetylation in
repression by CtBP. As expected, Gal4—NC4 repression
was also relieved by TSA, from 90 to 50% (Figure 7B,
lanes 1-6). We reproducibly found that TSA was more
efficient in relieving repression by Gal4-CtBP than by
Gal-NC4, raising the possibility that there might be some
difference in their modes of repression. However, the
results clearly show that histone de-acetylation is involved
in repression by both CtBP and the CID.

Regulation of the c-fos SRE by mCtBP1 and

histone de-acetylation

The cfos SRE is tightly regulated by SRF and several
TCFs, including Net. CtBP may be recruited to the SRE
to inhibit its activity under low serum conditions, and
activation may involve loss of CtBP inhibition. To investi-
gate the role of CtBP in SRE activity in CHO cells, we
used the E1A competitor for CtBP and an SRE-Luc
reporter. Under low serum conditions [0.05% fetal calf
serum (FCS)], the specific competitor increased SRE
activity ~3-fold (Figure 8A, lanes 1, 3, 5 and 7), whereas
the control competitor had little effect (lanes 9, 11 and
13). The connection between CtBP and histone de-
acetylation led us to investigate the effect of TSA on the
activity of the SRE reporter. As predicted, TSA increased
the activity of the SRE 3-fold under basal conditions
(Figure 8A, lanes 15 and 17). Serum stimulated the SRE-
Luc reporter ~20-fold (not shown) and greatly decreased
the effects of the competitor and the TSA (data not
shown). These results implicate CtBP and histone de-
acetylation in the repression of thefas SRE under low
serum conditions. To investigate whether TCFs were
involved in these effects, we used two different approaches,
mutation in the ets motif of the SRE and expression of

Sollerbrantet al., 1996) were used to show that CtBP is transdominant Net mutant proteins. We reproducibly
implicated in CID-mediated inhibition. Repression by observed a decrease in activation by the competitor due
Gal4—-NC4 was decreased by the specific competitor (from to the mutation (Figure 8A, lanes 2, 4, 6 and 8; compare
90 to 35%, Figure 6E, lanes 1-5), but not by the control lane 6 with 5 and 8 with 7). Furthermore, the effect of
(lanes 6-8). Repression by Gal4-NC2 was not affected TSA is strongly diminished by the mutation (compare
(lanes 9-15), suggesting that the CID and the NID inhibit lane 18 with lane 17). Théransdominant Net mutant

by different mechanisms. These results show that the NetC10 contains both the ets domain and the SRF interaction
sequence that resembles other CtBP-binding elements isdomain, whereas C12 has just the ets domain (Figure 8B).
a key component of a new repression domain of Net, and Thetrans-dominant mutants lack the CID and are expected
they raise the possibility that it functions by recruiting a to replace Net on the ets-binding site of the SRE reporter

co-repressor, CtBP.

and thereby inhibit recruitment of CtBP. We reproducibly
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Fig. 6. Repression by the CID domain of NeA) Structure of the Gal4 fusion protein®8)(NC4 inhibits transcription. CHO cells were co-
transfected with 1, 10 and 100 ng of either Gal-NC4 or Gal-NC2 expression vectopgy 0f5pCMV-LacZ and 2ug of UAS-Luc (containing five
Gal4-binding sites).@) Mutations in the CtBP-binding site remove repression. CHO cells were transfected with 10 or 100 ng of DNA for each
fusion protein. D) Expression levels of the fusion proteins. One microgram of DNA was transfected in CHO cells and extracts were analysed by
Western blotting using a monoclonal anti-Gal4 antibo@). Competition for CtBP relieves repression by the CID but not the NID. CHO cells were
transfected with 10 ng of expression vectors for either Gal-NC4 or Gal-NC2 and 10 ng, 100 pg af gither pMLO0O512ACR1 (AE1A comp.)

or pMLO0512SACR1A225-238 (MAE1A comp.). Luciferase values are expressed as percentages of the basal activity of the reporter. One
representative experiment of three, with each point in triplicate, is shown.

observed that both C10 and C12 attenuated the increasesequences; the NID probably forms an HLH structure
in SRE activity due to the competition (Figure 8B; lanes (Maira et al, 1996), whereas the CID has a crucial short
6-10 for C10; lanes 11-15 for C12; compare with the sequence found in a number of proteins that interact with
control, lanes 1-5). These results show that the ets-bindingCtBP (Figure 1C). The two repressor domains function
site of SRE mediates to some extent negative regulationindependently. Inactivation of either element in full-length
of the cfos gene through CtBP and de-acetylation. How- Net is apparently insufficient to relieve repression fully in
ever, they do not exclude that other TCF-independent CHO cells. They both efficiently repress transcription
mechanisms are involved in this regulation. when fused separately to a heterologous DNA-binding
domain. Only repression by the CID is inhibited by a
competitor for CtBP. Finally, a de-acetylase inhibitor
relieves repression by the CID much more efficiently than
We have shown that mCtBP1 interacts strongly with Net by the NID (Results; and data not shown). The presence
in vitro and undeiin vivo conditions. mCtBP1 binds to a  of two inhibitory domains is a feature of a number of
second repressor domain, the CID, which is distinct from repressors, including several factors recently shown or
the previously identified inhibitory domain, the NID. The implicated in interactions with CtBP. These associated
CID is the minimal functional domain defined in this inhibitory domains may have independent or complement-
study, corresponding to the NC4 deletion mutant that ary functions.

contains an essential short sequence homologous to the The Drosophila Krippel gene encodes a repressor
other CtBP-binding domains. The CID and the NID appear required for segmentation and at later stages of develop-
to mediate repression by distinct mechanisms. mCtBP1 ment. The protein contains two conserved domains that
acts as a co-repressor for Net through a mechanismrepress transcription by distinct mechanisms and have
involving de-acetylation. CtBP1 is also involved in nega- different biological functions. The N-terminal domain
tive regulation of the dos SRE, a transcription element forms an a-helix and represses activators that the C-
implicated in Net-mediated repression. These studies raiseterminal domain cannot inhibit. The C-terminal domain
the possibility of a link between Net repression, histone has a different sequence, and, intriguingly, point mutations

Discussion

de-acetylation and altered chromatin structure. that decrease repression alter a putative CtBP-binding
element (Hanna-Roset al.,, 1997).DrosophilaHairy is a
Net contains two repression domains bHLH protein required for embryonic segmentation. Hairy

The NID and the CID are distinct domains that appear to and E(spl)m (a Hairy-related protein) have two repres-
inhibit by different mechanisms. They have unrelated sion domains that independently recruit the co-repressors
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Fig. 7. Evidence for the role of histone de-acetylation in repression by
mCtBP1 and NC4.A) mCtBP1 inhibition is alleviated by a histone
de-acetylase inhibitor. CHO cells were co-transfected with 5 or 10 ng
of the expression vector for Gal-CtBP1, 1§ of UAS-Luc and

0.5 ug of pCMV-LacZ, and treated or not with 300 nM TSAB)(NC4
inhibition is alleviated by a de-acetylase inhibitor. CHO cells were
transfected as in (A) with 10 or 100 ng of the expression vector for
Gal-NC4. Luciferase activities, normalized wihgal, are presented

as percentages of the basal activity of the reporter.

CtBP and Groucho (Jimeneet al, 1997; Fisher and
Caudy, 1998a,b; Parkhurst, 1998; Poortimgal., 1998).
CtBP interacts with the E1A-related sequence PXDLS
(Poortingaet al, 1998), whereas Groucho binds to the
C-terminal WRPW sequence. CtBP and Groucho have
different roles during development but the mechanisms of
repression by either domain are not completely elucidated.
Mutation of the dCtBP motif has no obvious effect on
Hairy-mediated repression. A Hairy protein containing
an optimal CtBP-binding site prevented Hairy-mediated

repression. Hairy and CtBP appear to mediate separate?m

mCtBP1 is a co-repressor for Net
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Fig. 8. The SRE element of the fos promoter is regulated by
mCtBP1 and histone de-acetylatiod)(Regulation of the SRE by
mCtBP1 and histone de-acetylation, and effect of mutating the ets-
binding site. CHO cells were transfected in low (0.05%) serum with
0.5 ug of pCMV-LacZ and 0.51g of SRE-Luc or SRE mut-Luc. The
competition experiments contained 10 ng, 100 ng @glof
MLO0512SACR1 (AE1A comp.) or pMLO05128CR1A225-238
AE1A comp.). For TSA treatment, 150 nM TSA] or the

pathways and might function antagonistically (Zhang and equivalent amount of ethanol (0) were added 12 h before scraping the

Levine, 1999). Groucho is not always associated with CtBP

cells. B) Transdominant mutant Net proteins affect mCtBP1-

in transcription repressors. For example, both Engrailed dependent regulation of the SRE. One microgram of SRE-Luc reporter

(Jimenezet al,, 1997; Tolkunoveet al., 1998) and Dorsal
(Lehming et al., 1994) interact with Groucho and have
other inhibitory domains. In certain cases, repressor
domains appear to confer complementary functions that
tighten inhibition. For example, the thyroid hormone
receptor (TR) interacts with the basal transcription
machinery [TFIIB (Baniahmadt al., 1993; Fondelkt al.,
1993) and TBP (Fondekt al, 1996)] and also recruits
the co-repressors proteins SMRT or N-CoR (Chen and
Evans, 1995; Haein et al., 1995) that affect chromatin

was transfected with fg of pSG5, C10 or C12 and 0.2 oryy of

competitor expression vectors.The results are presented as fold
activation relative to the basal levels in the absence of competitors.

domains in Net and whether they have complementary,
distinct or antagonistic activities.

CtBP interacts tightly with different repressors
CtBP has now been shown to interact with a diverse set
of factors with no obvious common function (Schaeper

structure. It remains to be seen why there are two repressionet al., 1995; Nibuet al, 1998; Poortingeet al., 1998;
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Schaeperet al,, 1998) including: (i) E1A, an essential from the recruitment of histone de-acetylase to acetylase
viral protein that does not interact directly with DNA; (ii) complexes. These switches are induced by ligands binding
Net, an Ets domain protein that binds to ets motifs and to hormone repressors, the replacement of Mad—Max by
responds to Ras signals; (iii) CtIP, which may be involved Myc—Max complexes, and phosphorylation and release of
in tumour suppression through protein—protein interactions pRb from E2F (Brehmet al, 1998; Ferreiraet al.,

with BRCA1 (Yu et al, 1998); and (iv) theDrosophila 1998; Magnaghi-Jauliet al., 1998; Torchiaet al., 1998).
proteins, Hairy, E(spl)m Snail and Knirps, that are  Phosphorylation of the ternary complex factor SAP1la in
important for different aspects of development (Boulay response to MAP kinase cascades leads to the recruitment
et al, 1987; Nauberrt al, 1988; Parouslet al, 1994; of the histone acetyl transferase CBP (Janknecht and
Gray and Levine, 1996; for a review, see Fisher and Caudy, Hunter, 1996a,b; Janknecht and Nordheim, 1996a,b).
1998a). They have different DNA-binding domains: Hairy These comparisons raise the possibility that Net switches
and E(spl)m have bHLH sequences, Snail has zinc from a negative to a positive factor by differential recruit-
fingers and Knirps has a nuclear receptor domain. CtBP ment of de-acetylase and acetylase complexes. However,
is widely expressed (Katsanis and Fisher, 1998; Poortingastimulation of Net by Ras does not eliminate inhibition
et al, 1998), raising the possibility that CtBP mediates a by CID, suggesting that Net does not simply conform to
general mechanism of repression in many cell types andthe de-acetylation/acetylation switch mechanism. CtBP-
that specificity results from recruitment by particular mediated repression may be relieved by other mechanisms,

transcription factors. such as cellular localization. CtBP is nuclear in both Saos2
cells and normabDrosophilaembryos (Nibuet al., 1998),
CtBP, Net and histone de-acetylase complexes but cytoplasmic when expressed in Cos-7 cells. Co-

huCtBP1 has been shown to interact with the histone de- expression of Net, a nuclear protein, results in the reloca-
acetylase HDAC1 bothn vitro and in vivo (Sundqvist tion of mCtBP1 to the nucleus. This raises the possibility
et al, 1998). We have strengthened the connection by that interactions with Net and other factors could change
showing that the de-acetylase inhibitor TSA decreases thethe cellular localization of CtBP and consequently its

inhibitory activities of mMCtBP1 and Net CID. These results effects on transcription.

raise the possibility that Net and mCtBP1 might recruit

one of the recently described multi-protein complexes that The Jink to transformation and cancer

contain HDACs (Allandet al,, 1997; Hassigt al., 1997; Chromatin structure appears to be important for trans-
Laherty et al, 1997; Nagyet al, 1997; Zhanget al, formation since proteins that modify nucleosomes are
1997). The composition and number of complexes are not often found to be altered in cancer (Futamatal., 1995;
well defined, but they contain uncharacterized subunits in Dhordainet al., 1997; Brehmet al., 1998:; Davidet al,
addition to HDAC1, HDAC2, NCoR, SMRT, Sin3, 1998; DePinho, 1998; Gilest al, 1998; Grignankt al,
RbAp46, RbAp48 and SAP30 (Ashraf and Ip, 1998; 1998: Lin et al, 1998; Magnaghi-Jauliret al, 1998;
Davie, 1998; Kuo and Allis, 1998; Laherst al., 1998; Versteegeet al., 1998; Wanget al,, 1998). CtBP, through
Luger and Richmond, 1998; Torch&t al, 1998; Zhang ts interactions with de-acetylases, appears to be a link
et al, 1998). Net interacts with the N-terminal region of petween chromatin structure and transformation. E1A
mCtBP1 that is so far unique to CtBP family members. mutants unable to interact with CtBP have both an
The conserved central domain of CtBP might be involved increased transforming ability in combination with Ras
in protein—protein interactions. It is possible that CtBP (Boyd et al, 1993; Sollerbranét al., 1996) and a higher
acts as a linker between specific factors and generalmetastatic potential due to the loss of repression of
repression complexes. Transcription factors recruit de- protease expression (Fris@t al, 1990; Linderet al,
acetylase complexes to specific promoter elements,1992). We have shown that CtBP and Ras affect the
resulting in local histone de-acetylation and transcription activity of Net, providing a link between inhibitors and
repression (Kadosh and Struhl, 1998; Rundlettal, activators of transformation, and repression and activation
1998). This raises the possibility that Net might induce of gene expression.
local repressive chromatin conformations on promoters
and in particular the @es promoter. Moreover, the SRE
has been shown to have a centrally positioned nucleosomdVlaterials and methods
adjacent to the SRE (Herreet al., 1997), which could Plasmids
be a target for Net/ TCF- and CtBP-mediated repression | gya et fusiongpLexA—Net, 9AC, —~C10, ~NC2 and ~NCAECRI-
of the cfos SRE. However, repression by Net and CtBP flanked PCR fragments were cloned in tBecRI site of pBTM116
may involve substrates other than histones, such as tran{Hollenberget al, 1995) in-frame with the full-length LexA DNA-
scription factors that are regulated by acetylation (Gu and binding domain. Clones were screened for the correct orientation and
Roeder, 1997: Imhoft al, 1997: Zhang and Bieker, Zief??rirx?‘gé-rrgri LexA—-lamin and LexA-bicoid fusions are a generous
1998). Mutating the ets-binding site of tfes SRE altered T
the response to the CtBP competitor and TSA treatment. Prokaryotic GST fusion proteinsNet or 9AC EccRI-flanked PCR
Net trans-dominant proteins, which are expected to dis- f[]aegggr}tsm"(‘)’gg/'c;%’:eﬂég ;ﬁcﬁéj'ggtﬁfégﬂégﬁﬂ:nf("gg‘
place the Net/CtBP repressor, also decreased the effect Obcr fragments were cloned in pGEX2TK digestedsiagRI andBanH.
competitor. However, both the mutation and tians _ ' _ '
dominants had a partial effect, suggesting that other factorsgrl:a'i/?x(;tl'c (%irr;‘fg” fég%e)'”sggﬂg‘ a;g Cp‘g’lc'aﬁgfkc"zv‘xzrge:gtg?ﬁg g
are also mvo!\(ed (Albertst al, 1999). by PCR gloning in th’dEccRI’—Kpnl sites of the pBC vector (Chatton
The prevailing model for a number of factors that et al, 1995). The c1 and c2 point mutations were generated by the two-
switch from negative to positive is that there is a flip round PCR mutagenesis strategy. GST-CtBP and deletion mutants of
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mCtBP1 were cloned by PCR. pBC-E1A is a generous gift from Dr with 0.05% Tween-20 and 3% milk), the membranes were incubated
B.Chatton and encodes full-length E1A 12S. either overnight at 4°C or fol h atroom temperature with specific

. . . primary antibodies in PBSTM (0.5% milk), washed four times for 5 min
PTL2 expression vectarpTL2-Net was described elsewhere (Giovane yth PBST, incubated for 1 h at room temperature with secondary
et al, 1994), pTL2-Net c1, c2 and c3 were obtained by the two-round antihodies coupled to peroxidase (diluted 1/5000) in PBSTM (0.5%
PCR mutagenesis strategy. pKOZ-C10 and pKOZ-C12 were described mjlk), washed four times for 5 min with PBST and revealed with the
in Maira et al. (1996). pTL1-mCtBP1 was generated by cloning the £c| detection kit (Amersham, Ref RPN 2106).
Klenow-filled Sfi fragment from the pASV3-clone 45 isolated by the
yeast two-hybrid screen, in th®@mad site of pTL1. pMLO0512ACR1 Antibodies Anti-Net, anti-Gal, anti-GST and secondary antibodies are
(AE1A comp.) and pMLO05128CR1A225-238 (MAE1A comp.) are a described in Mairaet al. (1996). Anti-mCtBP is rabbit polyclonal
generous gift from Dr C.Svenson (Sollerbrattal., 1996). pEGFP-C1 PAb1123 or 1128 raised against the ovalbumin-coupled peptide corres-

was provided by Clontech. ponding to amino acids 452—-477 or 352—-374 of murine CtBP1 respect-

. . . . ively. Anti-GFP is a monoclonal antibody from Clontech Lab (ref. 8362-
Gal4 fusion proteinsGal4-NC2 was described elsewhere (Maital., 1). Anti-E1A is the rabbit polyclonal antibody described in Chatton
1996). Gal4-NC4 was constructed by the same strategy as Gal4-NC2.¢¢ 5] (1993). Protein A, peroxidase-linked, is a secondary antibody from
Mutants Gal4—NC4 cl1, c2 and c3 were obtained by clorsg/18- Amersham (ref. NA 9120).

digested PCR fragments in tifespr18 site of pG4mpolyll. Gal4—-CtBP
was obtained by cloning @lal PCR fragment corresponding to the full-

length cDNA of CtBP in theClal site of pG4mpolyll (Webster In vivo protein-protein interactions

The eukaryotic GST pull-down assay (Magaal., 1996) was modified

et al, 1988). " ) . as follows. Transfected Cos-7 cells were lysed in 00f lysis buffer
PCR fragments were verified systematically by sequencing on both [0.4 M KCI, 20 mM Tris—HCI pH 7.5, 20% glycerol, 5 mM dithiothreitol
strands. (DTT), 0.4 mM phenylmethylsulfonyl fluoride (PMSF)] by freezing in
Reporters liquid nitrogen and thawing at 37°C once. Cell lysates were cleared by
centrifugation (10 min at 10 00§) and 80pl aliquots were incubated
Pab<8-TK-Luc, SRE-TK-Luc and SREmut-TK-Luc were generated by o 5 y at 4°C in 1 ml of either low-stringency buffer Ls (50 mM Tris—
transferring, intcSma-Bglll-digested pGL2 (Promega), tHavul-Bglll HCI, pH 7.8, 0.1% NP-40, 250 mM NaCl) or RIPA buffer (PBS with

fragments encoding respectively R&-TK, SRE-TK and SREmut-TK 0.1% SDS. 0.5% sodium deox 0 ;

. , 0. ycholate, 0.5% NP-40) withpdOof
from pBL-Pak8-TK-CAT4, pBL'SRE'TK'_CAT‘l and pBL-SREmut- glutathione—agarose beads (Sigma chemicals; 50% suspension in 0.1%
TK-CAT4 (described in Giovanet al, 1994; Mairaet al., 1996). UAS- gelatine, 0.01% sodium azide). The beads were washed once with 1 ml
TK-Luc, generously provided by Dr A.Bradford and Dr A.Gutierrez- o) 5 puffer containing 1 M NaCl, twice with Ls buffer containing 0.5%

Hartman, contains five Gal4-binding sites in pGL2-Luc. NP-40 or twice with RIPA buffer, resuspended in @0of SDS loading
) buffer and boiled for 8 min. Proteins were fractionated by SDS-PAGE,
Yeast two-hybrid screen transferred to nitrocellulose membranes and analysed by immunoblotting

The two-hybrid screen was performed as described previously (Hollen- (see above).
berget al,, 1995). pLexAdAC, a deletion mutant of Net lacking the Ets
DNA-binding domain and the transactivation domain, was used to screen
a VP16-tagged mouse cDNA library generated from combined 9.5, 10.5
11.5 and 12.5 day embryos (vom Baatral., 1996). Transformants were
analysed by the liqui@-galactosidase activity and histidine prototrophy
assays. His LacZ" recombinants were isolated and used for direct two-
hybrid assays with related and unrelated fusion proteins. The nucleotide
sequence of mCtBP1 was submitted to the DDBJ/EMBL/GenBank
database and has the accession No. AJ010483.

Co-immunoprecipitation

' Cos-7 cells were lysed in IP lysis buffer (50 mM Tris pH 8, 5 mM
EDTA, 150 mM NacCl, 0.5% NP-40 and 1 mM PMSF) by freezing in
liquid nitrogen and thawing at 37°C. Cell lysates were cleared by
centrifugation (10 min at 10 00Q) and 200ug of protein was pre-
incubated for 30 min at 4°C with 4fl of protein G—-Sepharose (Sigma
chemicals; 50% suspension in 0.1% gelatine). The beads were removed
and extracts incubatedrf@ h at 4°Cwith 10 pl of polyclonal anti-Net

) 3 L. ) 375 in a final volume of 1 ml, followedy1 h at 4°Cwith 40 pl of

In vitro protein-protein interactions ) protein G-Sepharose. The beads were washed four times with SNNTE
GST fusion proteins were expressed in bacteria and mCtBP1 was (5% sucrose, 1% NP-40, 0.5 M NaCl, 50 mM Tris pH 7.4 and
synthesizedn vitro using rabbit reticulocyte lysate (Promega) according g v EDTA). Proteins were fractionated by SDS-PAGE, transferred to

to the manufacturer’s instructions. The interaction assays were done asyjirocellulose membranes and analysed by immunoblotting (see above).
described previously, except that they were performed in Eppendorf

tubes for 2 h at 4°C. Ten percent of the interaction assay and 10% of

the input were analysed on 10% SDS-PAGE gels. Immunofluorescence

Cells were cultured on cover slips, transfected as described above and
1 cul fecti processed at room temperature. They were washed three times with
Coll culture and transfections \ . , . PBS, fixed for 30 min in 4% paraformaldehyde, washed three times in
Cos-7 cells were maintained in Dulbecco’s modified Eagle’'s medium PBS, saturated for 40 min in PBS 3% bovine serum albumin (BSA)
(Sigma Chemical, St Louis, MO) suplemented with 5% L:CS' CHOD incubated for 40 min with primary antibody diluted 1/500, washed three
cells were cultured imMEM1900 (Sigma) medium plus 10% FCS and  {jmes for 10 min with PBS, incubated for 45 min with the secondary
20 mM glutamine. Cells were transfected by the BBS calcium phosphate antibody diluted 1/250 in PBS- 0.5 mg/ml BSA and washed three
method (Chen and Okayama, 1987) in either 90 mm dishes withg20  {imes for 10 min in PBS. The cover slips were incubated for 20 s in

of DNA for Cos-7 cells, or in 6-well plates with fug of DNA for Hoechst d ; : :
: B ye (fug/ml in PBS), washed three times in PBS and placed
CHOD cells. At 1618 h after transfection, the cells were washed twice inverted on a drop of mounting solution (80% glycerol, 20% PBS

with FCS-free medium and incubated for 24 h in 0.05% FCS medium it 504 propylgallate) on a slide. The slides were stored in the dark at
(or 10% FCS medium where indicated). The cells were scrapedin 1 ml 4o¢ ang visualized under fluorescence or confocal microscopes.

of phosphate-buffered saline (PBS) and processed for protein—protein

interactions (Cos-7 cells) or luciferase assays (CHO DHFR- cells). TSA

(Sigma-Aldrich chimie), 150 or 300 nM, was added to media of the

cells 12 h before harvesting. Luciferase assays were performed with the ACkHOWIedgements
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