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CSL [CBF-1, Su(H), Lag-1]-type transcription factors are the
primary effectors of the Notch pathway, a signal transduction
cascade that is essential for the development of all metazoan
organisms. Interestingly, CSL proteins were originally classified as
transcriptional repressors in vertebrates, but as transcriptional
activators in model invertebrate organisms. Resolution of this
paradox came with the realization that repression and activa-
tion by CSL proteins occurs in both systems and that the switch
involves recruitment of distinct co-repressor and co-activator
complexes. Although CSL proteins appear to utilize a common
co-activator complex of largely similar constitution, recent
studies have demonstrated that vertebrate and Drosophila
CSL interact with a variety of distinct co-repressor complexes.
This review highlights differences in composition and similarities
in function of different CSL co-repressor complexes, which
actively repress Notch pathway target genes in the absence of
Notch pathway activity.

Introduction—CSL proteins
and the N pathway

CSL [CBF-1, Su(H), Lag-1] proteins are transcription factors
containing a unique DNA-binding domain encoded by only one
or a few genes in any given genome. In metazoan organisms,
CSL proteins are the primary nuclear effectors of the Notch signaling
pathway. This pathway mediates cell-cell interactions via the
transmembrane proteins DSL (Delta, Serrate, Lag-2) and Notch (N),
which act as a ligand and receptor, respectively. The N pathway
has been evolutionarily conserved and is essential for a variety of
developmental processes, including asymmetric cell-fate deci-
sions, boundary formation and cell proliferation (reviewed in
Artavanis-Tsakonas et al., 1999).

Involvement of a CSL protein in the N pathway was first
demonstrated in Drosophila. The key observations that allowed
its ortholog Suppressor of Hairless [Su(H)] to be placed in this
pathway are that (i) its function is obligate in developmental
settings that require N (Schweisguth and Posakony, 1992), (ii) it
displays genetic and physical interactions with N (Fortini and
Artavanis-Tsakonas, 1994) and (iii) it directly activates gene expres-
sion upon activation of N by binding to the regulatory DNA of target
genes (Bailey and Posakony, 1995; Furukawa et al., 1995;
Lecourtois and Schweisguth, 1995). Although the functional
significance of the physical association between the intracellular
domain of N (N') and Su(H) was controversial for some years, it
is now generally accepted that activation of N by its ligand
results in the cleavage and release of NI, which then functions
as a nuclear transcriptional co-activator for Su(H) (reviewed in
Mumm and Kopan, 2000).

A vertebrate CSL ortholog was independently identified by
multiple groups prior to the cloning of Su(H). These researchers
did not then recognize its connection to the N pathway and puri-
fied CSL solely on the basis of its high-affinity DNA-binding
activity towards YRTGDGAD motifs (Tun et al., 1994; Barolo
et al., 2000). This resulted in the repeated identification of the
same protein as RBP-Jx (recombination signal binding protein of the
Ik immunoglobulin gene; Matsunami et al., 1989), KBF2 (MHC
enhancer xB binding factor; Brou et al., 1994), LMP-2 [Epstein—
Barr virus (EBV) latent membrane promoter binding protein]
(Grossman et al,, 1994) and CBF-1 (EBV latency C promoter
binding factor; Henkel et al., 1994). Vertebrate CSL will hence-
forth be referred to as CBF-1. Although the purification of CBF-1
in the first two studies eventually proved fortuitous or indeed
artifactual (in the first study, the relevant binding site was
unknowingly created by the introduction of a flanking restriction
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enzyme site), the collected work is a testament to the specificity
and strength of DNA recognition by CSL proteins.

CSL proteins and repression

The initial characterization of CBF-1 in tissue culture cells
suggested that it normally functions as a transcriptional repressor
(Dou et al, 1994; Waltzer et al., 1995). However, during
EBV-mediated cell immortalization, the viral protein Epstein-Barr
nuclear antigen-2 (EBNA-2) subverts CBF-1 function by binding to
it and converting it into a transcriptional activator, in part by
masking the CBF-1 repression domain (Hsieh and Hayward,
1995). Interestingly, it was found that NI!C has an analogous
activity and similarly converts CBF-1 from a repressor into an
activator (Hsieh et al.,, 1996). Studies such as these led to the
proposal that activation of the N receptor and translocation of
cleaved N'€ to the nucleus causes a switch in CBF-1 transcrip-
tional activity from negative to positive.

For many years, this model was difficult to reconcile with the
in vivo activity of Su(H), as this protein seemed to activate all of
its initially identified targets. However, it was later observed that
ectopic Su(H) represses the expression of some target genes
(Furriols and Bray, 2000; Klein et al., 2000), and detailed studies
now definitively demonstrate a role for Su(H) in transcriptional
repression of several targets previously known to be activated by
it. For example, mutation of Su(H) binding sites in cis or of Su(H)
in trans results not only in a quantitative reduction in single-
minded (sim) gene or reporter expression [consistent with an
activating function for Su(H)], but also in a broader domain of
sim expression [consistent with a general repressive role for
Su(H) in the spatial control of sim activity] (Morel and Schweisguth,
2000). Studies of Su(H) itself during asymmetric cell divisions in
the sensory organ lineage also revealed dual functions in tran-
scriptional auto-regulation: it is auto-activating in the socket cell
but auto-repressive in the sibling shaft cell (Barolo et al., 2000).
Finally, studies with artificial enhancers revealed that Su(H)
binding sites and Su(H) gene activity can confer repression in
tissues not actively involved in N signaling and, conversely,
activation in settings of endogenous or forced N activity (Furriols
and Bray, 2001).

The accumulated data now strongly support a general ‘switch’
model for CSL proteins, in which they actively repress target
gene expression in the absence of signaling, but then activate
them upon stimulation of the N receptor. Curiously, although
the composition of CSL co-activator complexes appears to be
conserved and includes N'C and the nuclear proteins Master-
mind/LAG-3 (Petcherski and Kimble, 2000; Wu et al., 2000;
Kitagawa et al., 2001; Figure 1D), the composition of CSL co-
repressor complexes characterized to date differs significantly
between vertebrates and Drosophila (Figure 1A-C). The
following sections will review proteins involved in repression by
CSL proteins.

Vertebrate CSL co-repressors

Multiple transcription factors often recruit the same co-
repressor. Such is the case for the related co-repressors SMRT
(silencing mediator for retinoid and thryoid receptor) and N-CoR
(nuclear receptor co-repressor). These were originally identified
as proteins that bound to unliganded nuclear hormone receptors
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and repressed their ability to activate transcription (Chen and
Evans, 1995; Horlein et al., 1995). Both proteins contain a pair
of SANT domains, a motif found in a variety of other chromatin-
associated transcriptional co-regulators. SMRT and N-CoR have
since been found to be co-repressors for several other unrelated
classes of transcription factors, including CBF-1 (Figure 1A). In
support of this, both proteins can bind directly to CBF-1 and
antagonize the ability of N'® to stimulate gene expression via
CBF-1 (Kao et al., 1998). A second class of CBF-1 co-repressor is
represented by CIR (CBF-interacting repressor; Figure TA), a
novel protein identified in a yeast two-hybrid screen (Hsieh et al.,
1999). As is the case with SMRT/N-CoR, CIR mediates transcrip-
tional repression when targeted to DNA either through its inter-
action with CBF-1 or as a fusion protein with the Gal4 DNA-binding
domain. SMRT, N-CoR and CIR all fail to bind repression-defective
mutants of CBF-1, further demonstrating their inclusion in the
CBF-1 repression complex.

The Ski-interacting protein (SKIP) is an adaptor protein that
exhibits mutually exclusive associations with co-repressor (via
direct contacts with CBF-1 and SMRT) and co-activator (via direct
contacts with CBF-1 and N'°) complexes (Zhou et al., 2000). This
protein may facilitate switching of transcriptional activity of
CBF-1. In addition, interactions of CBF-1 with the SKIP/CIR/
SMRT co-repressor complex appear to be important for nuclear
localization of CBF-1 (Zhou and Hayward, 2001).

Drosophila CSL co-repressors

Su(H) was originally identified on the basis of its dominant
suppression of the Hairless (H) phenotype, and a variety of
genetic evidence indicates that H negatively regulates the
activity of Su(H) and the N pathway (Schweisguth and Posakony,
1994; Bang et al, 1995). At least three Su(H)-regulated
enhancers [vgBE, sim and Su(H)*f] are activated ectopically
under H loss-of-function conditions (Barolo et al., 2000; Furriols
and Bray, 2000; Klein et al., 2000; Morel et al., 2001), indicating
that H normally antagonizes Su(H) function as a transcriptional
activator.

These nuclear proteins bind directly to each other in vitro, and
initial studies suggested that H might prevent Su(H) from binding
DNA (Brou et al., 1994). However, other data were at odds with
this model. For example, H misexpression never de-represses N
target gene expression, as might be predicted from a model in
which H blocks the DNA-binding capacity of Su(H). In addition,
co-misexpression of Su(H) and H does not result in a mutually
suppressed phenotype, as one might expect for two proteins
with opposing activities. Instead, its effect closely resembles a
strong loss in N pathway function (Furriols and Bray, 2000;
Morel et al., 2001).

Re-evaluation of H function demonstrated that it does not in
fact occlude Su(H) DNA-binding activity, since H can bind the
Su(H)-DNA complex under appropriate conditions (Morel et al.,
2001; Barolo et al., 2002). Importantly, it was shown that the H
C-terminal sequence PLNLS interacts with the well-characterized
co-repressor dCtBP (Drosophila C-terminal binding protein) and
that deletion of this sequence interferes with the ability of H to
antagonize N signaling when misexpressed, either by itself or in
combination with Su(H) (Morel et al., 2001; Barolo et al., 2002).
Genetic interaction data further indicate that dCtBP contributes
positively to H function (Barolo et al., 2002). Taken together,
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Fig. 1. CSL proteins associate with co-repressor complexes containing HDAC
activity and a co-activator complex containing HAT activity. CSL proteins
(blue) bind with high affinity to the consensus site YRTGDGAD (certain
other sites included by the broader consensus RTGRGAR are bound with
lower affinity). The vertebrate ortholog CBF-1 interacts with the CIR+SMRT/
N-CoR co-repressor complex (A), while Drosophila Su(H) uses Hairless (H)
to recruit both dCtBP (B) and Gro (C) co-repressor complexes. Drosophila
SMRTER associates with Su(H), but has not yet been shown to mediate
repression by Su(H) in vivo. All of these co-repressors have been functionally
linked to HDACS (red), whose activity leads to a transcriptionally repressed
chromatin state. Note that the composition of these repression complexes has
been extrapolated from multiple studies and is tentative. Other components of
these co-repressor complexes may exist, particularly for the Gro and CtBP
complexes, which have not been as extensively characterized as the SMRT/Sin3A
complex. In Drosophila, Gro represses transcription over greater distances
than does dCtBP (as depicted by a greater extent of histone deacetylation), but
it remains to be determined if these co-repressors mediate separable modes of
‘short-range’ and ‘long-range’ repression by Su(H). HDAC-independent
modes of repression might also exist for these co-repressors or for CBF-1
(data not shown, see text for details). (D) Vertebrate and Drosophila CSL
proteins interact with a co-activator complex that includes N'C, Mam and
HATs (green).

these data suggest that H is an adaptor protein that recruits the
co-repressor dCtBP to DNA-bound Su(H) (Figure 1B).

Interestingly, dCtBP accounts for only a subset of H’s repressive
function. This appears to be due to the independent utilization of
the co-repressor Groucho (Gro) by H (Barolo et al., 2000;
Figure 1C). This finding is unexpected, since previous genetic
analysis defined Gro, a protein containing seven WD40 repeats, as
a positive component of the N pathway. Notably, gro mutant
embryos and adult clones display, among other phenotypes, an
excess of neural differentiation, which is indicative of a failure of
N-mediated lateral inhibition. Gro functions as a co-repressor
for the seven basic helix-loop-helix (bHLH) repressor proteins
encoded by the Enhancer of split Complex [E(spl)-C], which
are among the most well characterized transcriptional targets of
the N pathway; Gro binds directly to the WRPW motif found at
the extreme C-termini of these bHLH repressors. However, it
also binds directly to the H sequence YSIHSLLG, an ‘eh1’-type
Gro-binding motif. Genetic interactions strongly support the
in vivo significance of this in vitro observation. As is the case for
dCtBP, gro mutations dominantly enhance H and suppress N
phenotypes during sensory organ development (Barolo et al.,
2002). These observations now suggest a dual role for Gro,
whereby it functions as a positive component of N-regulated
processes when signaling is active [as a co-repressor for
E(spl)bHLH proteins], but as an antagonist of the same processes
when signaling is absent [as a co-repressor for the Su(H)-H
complex, which would in turn repress E(spl)bHLH expression].

Like SMRT/N-CoR, both dCtBP and Gro directly interact
with a wide variety of other unrelated transcription factors in
Drosophila to mediate transcriptional repression. Interestingly,
two of these, Hairy and Brinker, also recruit both Gro and dCtBP
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(Paroush et al., 1994; Poortinga et al., 1998; Hasson et al.,
2001). Since Gro mediates ‘long-range’ silencing while dCtBP
mediates ‘short-range’ repression (reviewed in Courey and Jia,
2001), utilization of multiple co-repressors might allow for
mechanistic flexibility in the regulation of different promoters.
A final twist is that in some cases, dCtBP actually antagonizes
Gro-mediated repression when both co-repressors are simul-
taneously recruited to the same promoter (Zhang and Levine,
1999; Phippen et al., 2000). It remains to be determined whether
interactions of Gro and dCtBP with the Su(H)-H complex are
mutually exclusive and whether these co-repressors mediate
qualitatively different modes of repression by Su(H).

Different means to the same end?
CSL recruits HDAC

A unifying property of these different CSL co-repressor
complexes appears to be their recruitment of histone deacety-
lases (HDACs). The acetylation state of chromatin is correlated
with its transcriptional competency: reduction of histone
acetylation by HDACs is linked to repressed, transcriptionally
inactive chromatin, while elevation of histone acetylation by
histone acetyltransferases promotes a transcriptionally active
chromatin state. Although it is undoubtedly a gross oversimplifi-
cation to reduce the transcriptional capacity of a given gene to
its local acetylation status, it is nonetheless intriguing to find that
all of the CSL co-repressor complexes described above have
been functionally linked to HDAC activity.

SMRT/N-CoR and CIR are components of a large co-repressor
complex that has been the subject of intense biochemical scrutiny
(Figure 1A); this complex includes Sin3A, SAP18, SAP30,
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RbAp46/48 and HDAC (reviewed in Glass and Rosenfeld,
2000). Both CIR and SMRT/N-CoR are key bridging components
between CBF-1 and the co-repressor complex; CIR directly
contacts CBF-1, SKIP and SAP30 (Hsieh et al., 1999; Zhou et al.,
2000), while SMRT/N-CoR makes direct contacts with CBF-1,
SKIP, Sin3A, SAP30 and possibly HDAC (Nagy et al., 1997; Kao
et al., 1998; Laherty et al., 1998; Zhou et al., 2000). SMRT and
N-CoR may be more than simple scaffolds in this co-repressor
complex, since recent studies have shown that these proteins
directly activate the deacetylase activity of the class | enzyme
HDAC3 through one of the SANT domains (Guenther et al.,
2001; Zhang et al., 2002). SMRT and N-CoR are capable of
interacting with multiple class | and class Il HDAC enzymes, and
the repertoire of HDACs involved in CBF-1-mediated repression
is not yet known. Nevertheless, the ultimate involvement of
HDACs in CBF-1-mediated repression is clear, as the class |
enzyme HDACT co-immunoprecipitates with CBF-1 in tissue
culture cells, and expression of a Xenopus CBF-1 target gene is
potentiated in the presence of the HDAC inhibitor trichostatin A
(TSA; Kao et al., 1998).

Several lines of evidence indicate that CtBP proteins function
at least in part by recruiting HDAC activity. In support of this
model, mammalian CtBP binds directly to multiple class II
HDAC enzymes via PXDLR motifs (Zhang et al., 2001), and at
least some modes of CtBP-mediated repression can be relieved
using TSA (Criqui-Filipe et al., 1999). The class Il enzyme
Drosophila HDAC4 also contains a possible CtBP binding site
(PVNLS), although an interaction has not yet been specifically
tested. Since dCtBP self-associates (Poortinga et al., 1998),
dCtBP dimers may form a bridge between the Su(H)-H complex
and HDAC (Figure 1B).

Drosophila Gro displays genetic and physical interactions
with the class | HDAC Rpd3, indicating that Gro also directly
recruits deacetylase activity (Figure 1C; Chen etal., 1999). Since
the active form of Gro seems to be a tetramer (Chen et al., 1998),
Gro could in principle mediate the formation of higher-order
HDAC-containing complexes. Finally, experiments in cultured
human cells have shown that vertebrate Gro is present in a
complex that includes not only HDACT, but also Sin3 and
RbAp48 (Choi et al., 1999). These data suggest that Gro and
SMRT/N-CoR may have similar functions in recruiting a Sin3/
HDAC complex to mediate repression by CSL proteins.

It is worth noting that some aspects of repression mediated by
CSL or its co-repressors may be HDAC independent. For
example, interactions of CBF-1 with the transcriptional activators
dTAF,110 and TFIIA during repression of the pl adenovirus
promoter suggest that CBF-1 can directly interfere with co-activator
recruitment (Olave et al., 1998). Similarly, it has been suggested
that Gro family members may also interact directly with and
inhibit the basal transcription machinery (reviewed in Courey
and Jia, 2001). Finally, some modes of CtBP-mediated repression
are not sensitive to TSA, suggesting that CtBP does not always
exert its effects through HDAC (reviewed in Turner and Crossley,
2001; Chinnadurai, 2002). Intriguingly, CtBP proteins bear
significant similarity to acid dehydrogenases, and a rat homolog
has been shown to possess acyl transferase activity, suggesting
that CtBP might exert some of its effect through an intrinsic
enzymatic activity. Taken together, the accumulated data
suggest that recruitment of HDAC activity represents a major,
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although probably not exclusive, strategy for transcriptional
repression by CSL proteins.

Several recent studies indicate that the opposing reaction of
histone acetylation is an intrinsic mechanistic feature of tran-
scriptional activation by the CSL/N'® complex (Figure 1D). In
fact, mammalian N'C is capable of associating with multiple
histone acetyltransferases (HATSs), including p300/CBP (Oswald
et al, 2001) and PCAF/GCN5 (Kurooka and Honjo, 2000). The
latter study showed that mammalian PCAF/GCNG5 also interacts
with Drosophila N'C, suggesting that this interaction is a
conserved feature of the CSL co-activator complex. The precise
mechanisms of HAT recruitment are not fully resolved; the
aforementioned studies suggest a direct physical interaction with
NIC, while a more recent study suggests that HAT activity is
recruited to N'© via Mastermind (Mam; Fryer et al., 2002). It is
also not known whether multiple HATs are ever simultaneously
recruited to the CSL co-activator complex or whether they are
utilized individually in different settings. Regardless, these
results collectively suggest that repression and activation by CSL
proteins are coordinately linked to histone hypo- and hyper-
acetylation, respectively.

Conclusions and speculations

As the central transcription factors in the N pathway, it may
seem self-evident that CSL proteins should promote target gene
expression in response to N activation. But why should so much
machinery be dedicated to allowing CSL proteins to function as
repressors as well? Many detailed genetic analyses in Drosophila
have elegantly shown that cell-fate decisions mediated by the N
pathway are highly sensitive to small differences in pathway
activity. The ability of CSL proteins to actively repress transcrip-
tion in the absence of N pathway activity sharpens the cellular
response to pathway activation, since it eliminates stray gene
expression prior to signaling and terminates gene expression
following completion of signaling. Notably, a similar dual
strategy of gene regulation is employed by the central transcrip-
tion factors in many other widely utilized signaling pathways,
including the nuclear receptor, Hedgehog, Wingless/WNT and
Decapentaplegic/TGF-B pathways. Thus, repression of target
gene expression in the absence of signaling is likely to be the
rule rather than the exception (reviewed in Barolo et al., 2002).
N is also subject to negative post-translational regulation; for
example, multiple ubiquitin ligases target the activated N receptor
for degradation (reviewed in Lai, 2002). The combination of
strong negative regulatory mechanisms that function both pre-
and post-signaling ensures a cellular response to N activation
that is both temporally and quantitatively sensitive.

It remains to be determined whether these different co-
repressor complexes evolved independently or are used
throughout metazoan phyla. For example, the lack of an obvious
vertebrate H ortholog could reflect either a specific role for this
novel protein in Diptera or primary sequence divergence
precluding its identification in other genomes. A Drosophila
ortholog of CIR exists, but its function has not yet been
examined. SMRTER, a probable fly homolog of SMRT, has
recently been found to associate with Su(H), and it has been
suggested that SMRTER may participate in Su(H)-mediated
repression during eye development (Tsuda et al., 2002).
However, genetic evidence for this is still required. Finally, it
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remains to be seen whether the nematode CSL ortholog, Lag-1,
participates in transcriptional repression, and, if so, what cofactors
might be involved; the Caenhorhabditis elegans proteome
includes orthologs of CIR, Gro and SKIP, but does not contain
recognizable orthologs of H and SMRT.

The dual activity of CSL proteins in the N pathway also begs
the question of what their ancestral function may have been.
Although CSL-encoding genes are generally absent from plants
and lower eukaryotes, the genome of the yeast Schizosaccharo-
myces pombe encodes two distant CSL homologs. This unicellular
organism does not possess most components of the N pathway,
but does utilize many components of the mammalian Sin3a/
HDAC repression complex. Thus, it is conceivable that CSL
proteins in this yeast are linked to an HDAC complex and that
repression was the original CSL activity. In this scenario, a
signal-dependent transcriptional activation mode may well have
been a subsequent multicellular adaptation. These possibilities
await future studies.
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