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Revisiting the COP9 signalosome as a transcriptional

regulator

Daniel A. Chamovitz
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The COP9 signalosome (CSN) is a highly conserved protein com-
plex that was originally described as a repressor of light-dependent
growth and transcription in Arabidopsis. The most studied CSN
function is the regulation of protein degradation, which occurs pri-
marily through the removal of the ubiquitin-like modifier Nedd8
from cullin-based E3 ubiquitin ligases. This activity can regulate
transcription-factor stability and, therefore, transcriptional activ-
ity. Recent data suggest that the CSN also regulates transcription on
the chromatin by mechanisms that are not yet clearly understood.
Furthermore, the CSN subunits CSN5 and CSN2 seem to act as
transcriptional coactivators and corepressors, respectively. Here,
| re-evaluate the mechanisms by which the CSN acts as a trans-
criptional regulator, and suggest that they could extend beyond the
regulation of protein stability.
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Introduction: the many functions of the CSN

The COP9 signalosome (CSN) is a highly conserved protein com-
plex that consists of eight subunits known as CSNT to CSN8 in
higher eukaryotes (Fig 1; Deng et al, 2000). The complex was
originally discovered as a repressor of light-dependent growth in
Arabidopsis (Chamovitz et al, 1996; Wei et al, 1994). Subsequent
work has identified and characterized the CSN in mammals,
Drosophila, budding and fission yeast, fungi, Dictyostelium and
Caenorhabditis elegans, highlighting its role as a general modul-
ator of diverse cellular and developmental processes (reviewed in
Wei et al, 2008).

The most studied function of the CSN is the regulation of pro-
tein degradation, which is carried out by several mechanisms
(Table 1). The CSN removes Nedd8—a ubiquitin-like modifier—
from cullin-based E3 ubiquitin ligases (Lyapina et al, 2001),
thereby regulating ligase activity. The deneddylation activity
resides in the JAMM/MPN+ domain of CSN5 (Cope et al, 2002;
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Maytal-Kivity et al, 2002), and the intact complex is necessary and
sufficient for deneddylation (Sharon et al, 2009). This activity of
the CSN is well established, although not all cullin-based E3 ligase
activities are sensitive to CSN-mediated deneddylation. For exam-
ple, the signal-dependent degradation of IkB—which is mediated
by SCFFT"—seems to be unaffected in mammalian cells after
the knockdown of different CSN subunits (Harari-Steinberg et al,
2007; Menon et al, 2007; Panattoni et al, 2008; Schweitzer et al,
2007). Surprisingly, the TCR-stimulated downregulation of p27—
mediated by SCF*?—is also unaffected in CSN8-deficient T cells
(Menon et al, 2007). Similarly, the signal-dependent degradation
of the IxB homologue Cactus and the clock protein TIM—which is
mediated by SCF¥'™—is unaffected in Drosophila csn5"" mutants
(Harari-Steinberg et al, 2007; Knowles et al, 2009). Several excel-
lent reviews have elaborated on the role of the CSN as a deneddy-
lase, which is therefore not covered here (Cope & Deshaies, 2003;
Wei & Deng, 2003; Wolf et al, 2003).

However, CSN5-mediated deneddylation seems to be only
one—albeit an extremely important one—of the CSN functions
(Table 1). Indeed, if CSN5-mediated deneddylation were the only
activity of the CSN, one would expect that loss of CSN5 func-
tion would be phenotypically equal to loss of the entire complex.
This is indeed the case for null mutations in Arabidopsis and mice
(Dohmann et al, 2005; Gusmaroli et al, 2007; Lykke-Andersen
et al, 2003; Tomoda et al, 2004; Yan et al, 2003), whereas it is not
the case in Drosophila and Schizosaccharomyces pombe. Although
mutations in Drosophila CSN4, CSN5 and CSN8 all result in lar-
val lethality, the mutants are characterized by overlapping—but
unique—morphological phenotypes (Cope et al, 2002; Doronkin
et al, 2003; Oren-Giladi et al, 2008; Oron et al, 2002). At a molec-
ular level, the loss of the entire complex in Drosophila csn4™!
mutants leads to more severe transcriptome changes than the loss of
only CSN5 in csn5™" mutants, which maintain a complex that lacks
CSN5 (Oron et al, 2007). Although this difference in transcriptomes
might be explained by differences in the persistence of maternally
contributed subunits, a similar picture arises from genetic studies in
S. pombe. All the CSN subunit-null mutants of S. pombe that have
been tested have impaired deneddylation of different cullins; how-
ever, only csn1-d and csn2-d mutants—and not csn5-d mutants—
have obvious phenotypes (Mundt et al, 2002; Zhou et al, 2001).
In addition, partial loss-of-function mutants of Arabidopsis csn1
and csn5 also show different growth phenotypes, as opposed to
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the null mutants of each subunit, which are phenotypically equiv-
alent (Gusmaroli et al, 2007; Wang et al, 2002, 2003). In summary,
although CSN5-mediated deneddylation is clearly dependent on
the entire CSN—and is essential in most organisms—the loss of the
entire complex can have different consequences than the loss of
only CSN5.

One of the first functions of the CSN to be identified in mam-
malian cells was regulation of the phosphorylation of ubiquitin-
proteasome pathway substrates through the activity of CSN-
associated kinases (Naumann et al, 1999; Seeger et al, 1998). These
kinases act on several crucial transcriptional regulators and much of
the effect of the CSN on transcription can be ascribed to this activity
(reviewed in Harari-Steinberg & Chamovitz, 2004).

A second CSN-associated activity—deubiquitination—has
also garnered much attention (Hetfeld et al, 2005; Zhou et al,
2003). This activity—mediated by the CSN-associated Ubp12/
USP15—also influences protein stability and has been proposed
to stabilize E3 ligase subunits by preventing their promiscuous
autoubiquitination (reviewed in Wu et al, 2006). This was recently
shown to extend to E3 ligase substrates, the stability of which is
dependent on the CSN. For example, following signal-dependent
degradation of IkBa and the subsequent nuclear localization of
NF-kB, CSN-dependent USP15-mediated deubiquitination stab-
ilizes newly synthesized IkBa, thereby attenuating NF-kB activity
(Schweitzer et al, 2007).

The CSN also has poorly defined roles in regulating the sub-
cellular localization of crucial signalling molecules, includ-
ing the COP1 E3 ubiquitin ligase (Chamovitz et al, 1996, Wang
etal, 2009), the cell-cycle regulator p27 (Tomoda et al, 2002), p53
(Oh et al, 2006) and the IkB homologue Cactus (Harari-Steinberg
etal, 2007).

Although the CSN was originally identified as a transcriptional
repressor involved in Arabidopsis photomorphogenesis (Wei et al,
1994; Wei & Deng, 1992), much of the subsequent work has con-
centrated on its role as a regulator of protein degradation. Several
recent studies have emphasized the need to re-evaluate the role of
the CSN as a transcriptional regulator.

The CSN as a regulator of transcription
The CSN was originally described as a transcriptional repressor of a
range of Arabidopsis genes that are normally repressed in the dark.
As such, these ‘light-activated’ genes are expressed in darkness in
null mutants of CSN subunits (Wei & Deng, 1992). This repression
was subsequently ascribed to the role of the CSN in regulating the
stability of the transcription factors that are normally unstable and
degraded in darkness, but are stabilized in csn mutants (reviewed
in Serino & Deng, 2003). This paradigm for the role of CSN in reg-
ulating the stability—and therefore the activity—of transcription fac-
tors and other signalling proteins has been shown in many systems
(see Table 3 in Wei et al, 2008). In addition to light-regulated genes
(Ma et al, 2003), numerous others are misregulated in Arabidopsis
csn mutants, including those regulated by the phytohormones auxin
(Dohmann et al, 2008a) and jasmonate (Feng et al, 2003), and those
involved in cell-cycle regulation (Dohmann et al, 2008b).

The mutation of different CSN subunits in Drosophila leads to
a misregulation of approximately 20% of the transcriptome dur-
ing larval development (Oron et al, 2007). It is not surprising that
mutations in a protein complex that lead to severe phenotypes
and death also induce many transcriptome changes as an indirect
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Glossary
AP-1 activator protein 1
B-TrcP B-transducin repeat containing protein

Cab chlorophyll A/B binding protein

Ccnd2 gene encoding cyclin D2

CDK cyclin-dependent kinase

Cdknla gene encoding p21

ChIP chromatin immunoprecipitation

CSA Cockayne syndrome WD repeat protein

Cull cullin 1

DAX1 dosage-sensitive sex reversal-adrenal hypoplasia
congenita critical region on the X chromosome protein 1

DDB damaged DNA binding protein

E2f1 transcription factor E2f1

HEK human embryonic kidney

IkB inhibitor of kB

Jabl Jun activation domain-binding protein 1/COP9
signalosome 5

JAMM Jabl/MPN/MOV34 domain-containing
metalloisopeptidase

MPRI1p multistep phosphorelay protein 1

MPN MPRI1p and PAD1p amino-terminal

NAP-1 nucleosome assembly protein 1

Nedd8 neural precursor cell expressed, developmentally
down-regulated 8

NF-«B nuclear factor-«xB

PAD1p phenylacrylic acid decarboxylase protein

PCI proteasome-COP9-eukaryotic initiation factor 3

PCNA proliferating cell nuclear antigen

Pdcd4 programmed cell death 4

Pola DNA polymerase a-catalytic subunit

rbeS ribulose-1,5-bisphosphate carboxylase/oxygenase
small subunit

Rbf retinoblastoma family

RFX-1 MHC class IT regulatory factor X, 1

SAP130 Sin3A-associated protein

SCF Skpl—cullin—F-box

Skp2 S-phase kinase associated 2

Slimb supernumerary limbs

TCR T-cell receptor

TIM timeless

Ubp12/USP15  ubiquitin specific protease

consequence. However, many of these changes are observed in
early larval development (mid-second instar)—before the onset of
visible mutant phenotypes, but at a stage where maternally con-
tributed proteins have been depleted, rendering the larva true null
mutants. This indicates that a primary effect of CSN perturbation
is a change in gene-expression profiles. The most obvious among
these changes in Drosophila is the achronic expression of numer-
ous developmentally regulated genes (Oron et al, 2007), the trans-
cription of many of which is usually limited to embryogenesis
or metamorphosis. These results indicate that, in the absence of
the CSN, the transcription of these genes is derepressed, similar to
the derepression of light-activated genes in dark-grown mutants
of the Arabidopsis CSN. However, although most of these early
misregulated genes were derepressed, the transcription of another
large set of genes was repressed in the mutants relative to the wild
type (Oron et al, 2007), indicating a positive requirement of the
CSN for gene expression.
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Fig 1 | Dynamic equilibrium among the eight-subunit CSN core complex,
partial complexes and subunit monomers. Not all partial complexes or
monomers are known or shown, and the composition of the partial complexes
is probably both tissue and organism specific. The CSN4-CSN8 complex was
described in human cells as the JAC (Tomoda et al, 2002). The size of each ball
is proportional to the relative protein size. The subunit arrangement is shown
according to Sharon et al (2009). The green balls represent PCI-containing
subunits and the red balls represent MPN-containing subunits. CSN, COP9
signalosome; JAC, Jab1-associated complex; MPN, MPR1p and PAD1p amino-
terminal; PCI, proteasome-COP9-eukaryotic initiation factor 3.

This positive requirement is in agreement with the role of the CSN
in regulating photomorphogenesis. Close re-examination of the early
work on the cop9 (csn8) mutant in Arabidopsis (Wei & Deng, 1992)
reveals that the light-activated genes cab and rbcS are not only derep-
ressed in the dark, but that their light-induced expression levels are
lower than those of wild-type plants (N. Wei, personal communic-
ation; see Fig 5 in Wei & Deng, 1992). Similarly, although the expres-
sion of many auxin-induced genes is derepressed in Arabidopsis csn
mutants, the induction of an auxin-responsive reporter gene in the
presence of auxin is also reduced (Dohmann et al, 2008a), further
illustrating a role of the CSN not only as a transcriptional repressor,
but also as a transcriptional activator. This effect is mirrored in mice;
during T-cell development, CSN5 is required for T-cell receptor-driven
signals that are involved in positive selection (Panattoni et al, 2008),
and the specific deletion of Csn8 in T cells leads to an impairment
of signal-induced expression of cell cycle-related genes (Menon
etal, 2007). For example, in the absence of CSN8, the genes encoding
cyclin E1, cyclin D2 and E2f1 are elevated relative to wild-type
mice—consistent with the repressive role of the CSN. However,
on stimulation for cell-cycle re-entry, the expression of these genes
could not be upregulated to wild-type levels.

Despite these clear effects on transcription, a question remains as to
whether the mechanism of this regulation is based exclusively on the
CSN-dependent stability of transcription regulators, or whether other
mechanisms are also involved. Some CSN functions are clearly cyto-
plasmic (Schweitzer et al, 2007; Tomoda et al, 2002); however, could
the nuclear CSN (Chamovitz et al, 1996; Mundt et al, 2002; Tomoda
et al, 2002) regulate transcription directly? An amino-terminal frag-
ment of human CSN1 has been shown to translocate to the nucleus
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Table 1 | Activities ascribed to the CSN or CSN subunits

Activity References
Deneddylation Lyapina et al, 2001
Deubiquitination Wu et al, 2006; Zhou et al, 2003

Naumann et al, 1999; Seeger et al, 1998

Chamovitz et al, 1996; Tomoda et al, 2002;
Wang et al, 2009

Kinase activity

Regulation of protein
subcellular localization

Transcriptional coactivation/ Claret et al, 1996; Dressel et al, 1999
corepression

CSN, COP9 signalosome.

and inhibit gene expression from several specific promoters (Tsuge
et al, 2001). Although the mechanism of this inhibition is still unclear,
it might be related to the fact that this part of CSN1 interacts with
SAP130—a member of the DDB1 protein family and an established
component of the transcription machinery (Menon et al, 2008).

Is the CSN a chromatin-based transcriptional regulator?
Several recent studies have shown that CSN subunits can localize
to chromatin, further suggesting a direct role for the CSN in trans-
criptional regulation. The first indication that the CSN might be assoc-
iated with chromatin came from the work of Groisman and colleagues
(2003), who detected it in purified chromatin fractions from Hela
cells. They found that the CSN is bound to chromatin in association
with both the CSA and DDB2-containing E3 ligase complexes, where
it participates in regulating cellular responses to DNA damage.

A stable association between CSN subunits and chromatin was
subsequently identified by ChIP experiments in both Drosophila
(Ullah et al, 2007) and mammalian cells (Menon et al, 2007; Mori
et al, 2008). Ullah and colleagues described a direct interaction
between CSN4 and the Drosophila Rbf proteins, and showed that
CSN4 could associate with Rbf-targeted promoters in both S2 cells
and Drosophila embryos. CSN4 and Rbf simultaneously occupied
the promoter region of the Pola and PCNA genes, suggesting that Rbf
activity is regulated directly on the chromatin by the CSN, presumably
through the modulation of Rbf stability.

The Groisman and Ullah papers are consistent with a role of
the CSN in regulating transcription-factor stability and/or activ-
ity, albeit directly on the chromatin. The work of Menon et al
(2007) further suggests that the CSN is a direct regulator of the
transcription of cell cycle-related genes. By using Csn8-deficient
T cells—which have impaired proliferation—the authors showed
the normal, signal-induced degradation of several SCF substrates,
including 1kBa, p27 and Pdcd4. By contrast, the accumulation
of G1 cyclins and CDKs was defective in these mutant cells, sug-
gesting that the turnover of these proteins is affected by the loss
of the CSN. Interestingly, treatment with the proteasome inhib-
itor MG132 did not restore the normal accumulation of G1 cyc-
lins and CDKs in these Csn8-deficient cells, leading the authors
to speculate that CSN-mediated transcriptional regulation—
rather than direct regulation of protein turnover—might lead to
the reduced levels of these proteins. Indeed, the expression of the
genes encoding E2F1 and the G1 cyclins E1 and D2 could not be
upregulated after TCR stimulation in the absence of Csn8, mirror-
ing the corresponding protein-accumulation patterns. Both Csn1

©2009 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION


www.emboreports.org

concept

and Csn8 were detected bound to the Ccnd2, Cdk4 and Cdkn1a
promoters by ChIP assays; the localization of two CSN subunits—
and therefore probably the entire CSN complex—at the promoter
regions of genes encoding cell-cycle regulators suggests that the
CSN has the ability to regulate transcription directly, and this
might be—at least partly—protease independent.

The caveat to this hypothesis is that it is partly based on neg-
ative results—the lack of MG132 rescue of G1 cyclin and CDK
protein levels. Therefore, the mechanism by which the CSN reg-
ulates transcription on chromatin—apart from the regulation of
transcription-factor stability—remains to be identified.

Most of these studies describe chromatin-associated roles for
the CSN in the context of cell-cycle regulation, although they are
probably not limited to this process. Indeed, Ullah et al (2007)
claimed that CSN4 immunoprecipitated with the promoters of
other important Drosophila transcription factors, such as the dorsal/
ventral patterning gene zerknullt, the Gap gene tailless and the seg-
mentation gene fushi tarazu, although the data were not shown.
Therefore, the CSN probably associates with genomic regions that
regulate many developmental processes.

Is the PCl domain a DNA-binding motif?

The crystal structure of CSN7, which was recently published,
could shed new light on the role of the CSN in transcriptional
regulation (Dessau et al, 2008). CSN7, similar to five other CSN
subunits (CSN1, CSN2, CSN3, CSN4 and CSN8), contains a PCI
domain, which is also common to six subunits of the proteasome
lid and six subunits of elF3. This domain is thought to mediate
and stabilize protein—protein interactions within the complexes
(Halimi & Chamovitz, 2008; Hofmann & Bucher, 1998).

The PCI domain is comprised of two subdomains, an N-terminal
helical bundle and a carboxy-terminal winged helix, which are int-
imately connected through a central helix (Dessau et al/, 2008).
Importantly for the CSN-mediated transcription discussed here,
the winged helix subdomain comprises a canonical helix-turn-
helix that has a structure and electrostatic potential similar to
those of winged helix nucleic acid-binding proteins, such as RFX-1
(Gajiwala et al, 2000). This suggests that an intact CSN would have
six winged helix domains with the potential to bind to nucleic
acids. Does the presence of multiple winged helix domains in the
CSN imply that it has direct involvement—either as a complex or
as individual subunits—in nucleotide binding? Although multiple
CSN subunits have been shown to associate with chromatin, there
is currently no evidence of direct nucleotide binding. However,
two additional lines of evidence suggest that this possibility is
worthy of further study. First, the CSN has been shown to bind to
heparin, which is a highly sulphated glycosaminoglycan with the
ability to bind to nucleic acid-binding proteins (Chamovitz et al,
1996). Second, theoretical modelling shows that the winged helix
domain of CSN7 can dock with nucleic acids (see Supplementary
Fig 11 in Dessau et al, 2008). Nonetheless, whether such a direct
interaction occurs in vivo remains to be determined by further
experimentation.

Which forms of the CSN regulate transcription?

The exact functional configuration of the CSN subunits is not
always clear. Some of the eight subunits are detected only in a
‘core complex’ of approximately 500 kDa (also known as the
COP9 signalosome), whereas others—such as CSN2, CSN4,
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Sidebar A | In need of answers

(i)  Isthe COP9 signalosome (CSN) a transcriptional regulator? The
activity of the CSN definitely influences both the repression and the
activation of a range of genes. This activity was originally ascribed
to CSN-mediated stability of transcription factors and other
regulatory proteins. Recent work indicates that the CSN can associate
with specific promoters to regulate transcription, although whether
this interaction is direct—or mediated by other proteins—and the
mechanism by which the CSN affects transcription on the chromatin
are not known.

(ii)  Where in the cell does the CSN regulate transcription? Probably
both in the cytoplasm and in the nucleus. Individual subunits have
been detected in various subcellular compartments, including the
cell membrane, cytoplasm and nucleus. However, as outlined in the
text, some of the CSN functions seem to be mediated in the nucleus
directly on the chromatin.

(iii) Is CSN-mediated transcriptional control achieved through its
regulation of transcription-factor stability? The CSN definitely has
a crucial role in regulating the stability of specific transcription
factors. However, some roles of CSN subunits in transcriptional
regulation might be protease independent.

(iv) Does the entire CSN, or do individual CSN subunits, regulate
transcription? Probably both, although we do not completely
understand the relationship between individual subunits and the CSN
complex.

(v)  What is unique about CSN5 and CSN2? Both CSN5 and CSN2
have established functions that are independent of the CSN complex.
Interestingly, CSN5 is a coactivator of transcription, whereas CSN2 is
a corepressor. Could these subunits be the basis of CSN-mediated
activation and repression? Both subunits have the weakest physical
connection to the complex, and it is tempting to speculate that
the CSN releases and rebinds to these proteins to regulate
transcription differentially. Answering this question will require
further study.

(vi) What regulates CSN-mediated transcription? We do not know how,
which or even whether signals directly impinge on CSN activity.
Certain CSN subunits can be phosphorylated (Fang et al, 2008;
Harari-Steinberg & Chamovitz, 2004); however, we do not
understand the implications of this modification for functionality.

(vii) What determines CSN specificity in transcriptional control? We do
not have the answer to this question, although there are obviously
tissue and environmental specificities that need to be considered
both when analysing the primary literature and in planning future
experiments.

CSN5, CSN6 and CSN7—are also detected independently of the
core complex. The distribution of these subunit conformations
might be dependent on the organism, tissue or specific conditions
analysed, and several studies have suggested various equilibria
between these different subunit forms (Fukumoto et al, 2005;
Gusmaroli et al, 2007; Oron et al, 2002; Tsuge et al, 2001).
Deneddylation is clearly dependent on CSN5 within the context
of the entire eight-subunit core complex (Cope et al, 2002; Sharon
et al, 2009). A recombinant human CSN assembled in Escherichia
coli shows deneddylation activity against Cul1, whereas a CSN
complex that lacks CSN5 has no such activity (Sharon et al, 2009),
although the complex can be readily detected in vivo and in vitro
(Dohmann et al, 2005; Oron et al, 2002; Sharon et al, 2009).
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Two subunits in particular—CSN2 and CSN5—seem to be sta-
ble in the absence of the CSN (Gusmaroli et al, 2007). In the model
proposed by Sharon and colleagues (2009), these two subunits
protrude from the core of the CSN and are each connected to it
by a single interaction—CSN5 to CSN6 and CSN2 to CSN1—such
that the loss of either subunit is not expected to affect the overall
complex stability (Fig 1). CSN5 and CSN2 are the two subunits
for which the most evidence exists regarding their roles independ-
ent of the CSN core complex. CSN5—also known as Jab1—was
originally identified as a coactivator (with Jun1) of AP-1 trans-
cription factor-binding sites (Claret et al, 1996), and has since
been shown to interact with numerous proteins affecting diverse
signalling pathways, both cytoplasmic and nuclear (Chamovitz
& Segal, 2001; Richardson & Zundel, 2005; Zhang et al, 2008).
CSN2—also known as Alien—was originally identified as a corep-
ressor of steroid hormone signalling (Dressel et al, 1999). Alien
interacts with a subset of nuclear hormone receptors—such as the
human thyroid and DAX1 receptors and the Drosophila ecdysone
and seven-up receptors—in the absence of hormone. The addi-
tion of the appropriate hormones leads to the dissociation of Alien
from the receptor, allowing for hormone-mediated transcription
(Altincicek et al, 2000; Dressel et al, 1999). Indeed, many of the
physical phenotypes and transcriptome alterations identified in
Drosophila csn mutants could be ascribed to the impaired func-
tion of the ecdysone receptor (Oren-Giladi et al, 2008; Oron et al,
2002, 2007). However, characterizing the function of CSN2/Alien
in mammals is not as straightforward because CSN2 and Alien
are two different splicing variants of the same locus. CSN2 is the
full-length gene product, whereas Alien refers to the N-terminal
300 amino-acid residues of CSN2, which interestingly lack part
of the PCl domain (Tenbaum et al/, 2003). Whether the Alien form
of CSN2 assembles into the CSN is not yet clear. Alien has also
been recently shown to function directly on the chromatin, where
it enhances NAP-1-mediated nucleosome assembly, thereby par-
ticipating in gene silencing (Eckey et al, 2007). Although Alien
was found to associate with chromatin in HEK293 cells in this
study, both CSN8 and CSN2 were detected in the cytoplasm. The
discrepancy between these results, and the nuclear localization
of CSN8 and other subunits found in other studies and discussed
above, remains to be resolved.

Outlook and perspectives

Seventeen years after the initial description of COP9 as a trans-
criptional repressor (Wei & Deng, 1992), the mechanisms by which
the CSN regulates transcription are beginning to be understood.
Recent studies have shed light on the roles of the CSN in regulating
transcription directly on the chromatin, although many important
questions remain regarding how this is achieved on a mechanistic
level (Sidebar A). In contemplating a chromatin-based role, we must
keep in mind that the CSN is not the only component of the ubiquitin-
proteasome system to be implicated in transcriptional control on the
chromatin. For example, the entire yeast proteasome is able to assoc-
iate with regulatory sequences directly on the chromatin (Sikder
et al, 2006). Therefore, it is conceivable that the CSN could partic-
ipate in a chromatin-localized supercomplex with other components
of the ubiquitin-proteasome system. Interestingly, although the pro-
teasome obviously has a proteolytic role in regulating transcription-
factor stability directly on the chromatin (Saccani et a/, 2004), it is
also thought to regulate transcription by nonproteolytic mechanisms
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(Lassot et al, 2007). Therefore, although solid positive data are still
lacking, a nonproteolytic role for the CSN—or at least for some CSN
subunits—remains a possibility. Future work is expected to unravel
the complex regulatory mechanisms of the CSN and its individual
subunits in regulating gene expression.
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