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Abstract
To understand how cells respond to altered oxygenation, a frequent experimental paradigm is to
isolate known components of bona fide oxygen responsive proteins. Recent studies have shown that
a protein known as CSN5 or JAB1 interacts with both the HIF-1α oxygen-responsive transcription
factor and its oxygen-dependent regulator, the Von Hippel-Lindau (pVHL) tumor suppressor. CSN5
is a component of the COP9 Signalosome (CSN) which is a multi-subunit protein that has high
homology to the lid of the 19S lid of 26S proteasome. The exact function of the CSN5 interaction
with pVHL and HIF-1α remains to be fully elucidated, but it is clear that the interaction is both
oxygen dependent and that CSN5 may play different roles under oxic and hypoxic responses. Further,
evidence has also been published indicating that pVHL can be potentially post-translationally
modified by CSN5 (de-neddylation) and that CSN5 transcription is regulated by hypoxia as are many
of the key pVHL/HIF-1α regulatory genes such as the PHDs and OS-9. This review will give a broad
overview of known CSN5 and COP9 Signalosome functions and how these functions impact the
pVHL/HIF-1α signaling complex and potentially other oxygen-sensitive response networks.
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1. Oxygen sensing and response
Over the last two decades, research from a variety of laboratories has revealed a tremendous
amount of information on cellular aspects of oxygen sensing and response (reviewed in [1]).
One of the key regulators of this response is the pVHL ubiquitin E3 ligase. This E3 ligase
mediates the O2-dependent destruction of proteins required for cellular and tissue-specific
responses to hypoxia and anoxia. It has also become apparent that deregulation of this ubiquitin
ligase can occur independently of altered pO2 in various physiologic and pathophysiologic
states [2]. For example, growth factors and oncogenes that activate the PI(3)K pathway can
lead to aerobic stabilization of pVHL targets such as the alpha subunits of the hypoxia-inducible
(HIF-α) family of bHLH-PAS transcription factors [3–5]. The exact molecular dynamics
controlling pVHL ligase activity are very complex however, and novel control mechanisms
continue to be revealed [2,6]. Some of these mechanisms have also revealed a great deal about
key regulatory events controlling protein degradation in general [2,7]. As many excellent
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reviews including Peter Ratcliffe’s review in this edition of Seminars in Cell & Developmental
Biology address pVHL function as an E3 ubiquitin ligase in detail, this review will address
other aspects of pVHL control, namely the control of ubiquitin E3 ligase activity by the COP9
signalosome (CSN).

Clearly, proteins other than the pVHL pathway play roles in oxygen sensing and response.
There are a wide variety of enzymes that directly utilize dioxygen (i.e. cyclooxygenases,
dioxygenases, monooxygenases) or utilize O2 as a cofactor in enzymatic reactions (i.e. some
heme-binding proteins, metalloproteases). The reductive state of the cell also impacts the
tertiary structure and function of many if not all proteins and various lipids. Thus, dioxygen
availability impacts on the cellular microenvironment directly as well as through glycolytic
metabolites and reactive oxygen species generation. Although hypoxia and anoxia generate
such pleiomorphic alterations in cellular functions via these mechanisms, many of these
proteins/lipids remain relatively unstudied with regard to oxygenation. This review focuses on
how one aspect of the protein degradation pathway can impact the pVHL hypoxia-responsive
pathway and reciprocally how altered cellular oxygenation could directly impact 26S-mediated
protein degradation.

2. Cullin-based ubiquitylation
Ubiquitylation is a mechanism for targeting specific proteins for degradation by the 26S
proteosome (reviewed in [8,9]). This process is mediated by three types of enzymes termed
E1, E2 and E3 that facilitate the transfer of ubiquitin (Ub) moieties to target proteins. While
this review focuses primarily on the regulation of the E2 and E3 enzymes utilized in the pVHL
degradation pathway, other E2–E3 pathways are likely impacted upon by oxygen availability
in a similar fashion. E3 enzymes recognize their substrate protein(s) and tether an E2 Ub
conjugating enzyme, thereby catalyzing/promoting the transfer of Ub from the E2 to the target.
There are two main classes of Ub E3 ligases. The first class contains a HECT domain and the
second class possesses a RING finger motif. While HECT E3s utilize a conserved catalytic
cysteine residue forming a thiol–ester intermediate with Ub, RING E3s recruit the E2 via the
RING domain and promote the transfer of Ub from the E2 to a bound substrate.

Cullins, together with their RING finger partner ROC1/Rbx1 (also named Hrt1) [10–14], are
the largest subfamily of RING-based E3s. The interaction between a cullin and ROC1/Rbx1
assembles a core complex, which facilitates the synthesis of polyubiquitin chains [14]. The
pVHL complex composed of the SOCS-box protein pVHL, elongins C and B and cullin 2
(CUL2) will be the major subject of this review, but as the cullin-based E3s are thought to be
regulated similarly, the mechanisms discussed in the following pages are broadly applicable
to other Cullin-based E3s. In the pVHL complex, elongins C and B are referred to as the
recognition complex that stabilize and assist in the correct folding of pVHL [15]. CUL2 can
then bind to the pVHL–elongin complex but the mechanism facilitating this interaction is
currently largely unknown. It is thought that the intact pVHL E3 complex (pVHL/elongin C
and B/CUL2) can then recruit the ROC1/Rbx1 RING finger protein via the C-terminal cullin
domain. In this manner, CUL2 places pVHL and its target within close proximity to ROC1/
Rbx1, which then can recruit the E2 conjugating enzyme Ubc12 [12,13,16]. Consequently, a
substrate such as HIF-1α when bound by pVHL via its prolyl-hydroxylated domains is
positioned optimally for covalently accepting a Ub moiety in a Ubc12-catalysed transfer
reaction.

3. The COP9 signalosome (CSN)
Within the last five years, an evolutionarily conserved protein complex that plays a role in
protein degradation in eukaryotes has been identified. This complex has been termed the
COnstitutive Photomorphogenesis mutant 9 (COP9) signalosome and is a protein complex
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composed of eight subunits (CSN1–CSN8 based on mass) and fractionates as a 450–550 kDa
complex in gel filtration columns. The CSN was originally identified in Arabidopsis
thaliana as a regulator of photomorphogenesis (COP9) [17] and the mammalian complex was
isolated as a co-purifying byproduct of the 26S proteasome [18]. The CSN has subsequently
been reported to control pleiotropic functions in various eukaryotes from yeast to mammals.
For example, the CSN has been implicated in various functions including cytokine and growth
factor signaling, the control of invertebrate development, nuclear transport, mating in budding
yeast, aspects of DNA repair, and oxygen homeostasis [2,19–30].

Currently, the exact function(s) of the CSN complex in these various phenotypes remains
undefined although it clearly plays a role in protein stability within the 26S proteosomal
pathway. Indeed, the CSN has high homology to the 19S lid of the 26S proteosome, and the
CSN subunits are considered paralogs of the eight lid subunits of the proteasome complex
[31]. Thus, one of the possible functions speculated for the CSN is as an alternative lid for the
proteosome. The overall identity and similarity between the CSN and 19S subunits ranges from
34% and 68%, respectively. The most conserved subunits are CSN2 and CSN5, which are over
60% identical between mammals and plants. Of note, the CSN7 subunit is encoded by two
similar genes, CSN7a and CSN7b in mammals although the significance of this is unknown
[32]. Six of the CSN subunits have a PCI domain (Proteasome, COP9 signalosome, Initiation
factor 3) and two subunits have an MPN domain (Mpr1-Pad1-N-terminal). The PCI domain
subunits (COP1–4, 7, 8) are believed to act as scaffolds for CSN assembly, while the MPN
domain subunits (COP5 and 6) have been shown to encode metalloprotease domains [33,34].
It has also been reported that all cullin (Cul)-based E3s directly associate with all subunits of
CSN in human cells [24,27,36,37]. In support of this observation, CSN1 and CSN6 have been
shown to directly interact with ROC1/Rbx1 and CSN2 binds CUL1 in yeast two-hybrid assays
[36–39]. Additionally, purified CSN was found to bind to the ROC1/Rbx1–CUL1 and the
pVHL/elongin C–B/CUL2/Rbx1 complexes in vitro ([39, W.Z., unpublished observation]).
Fig. 1 depicts an interaction model of the CSN subunits and proteins found to be associated
with individual subunits.

4. Nedd8/Rub1 conjugation (neddylation)
Nedd8 (Neural precursor cell Expressed, Developmentally Downregulated 8) is a small
ubiquitin-like protein that was originally found to be conjugated to proteins much like ubiquitin
[40]. Neddylation is similar to ubiquitylation or sumolation in that the small protein Nedd8 is
covalently linked via an isopeptide bond to a lysine on the target protein by Nedd8-specific
E1, E2 and E3 conjugating enzymes. In animals, Nedd8 conjugation is essential for embryonic
development and deficiency leads to accumulation of SCF and pVHL substrates such as b-
catenin/Armadillo, cyclin E and HIF-1α [30,41,42]. Nedd8 can be directly conjugated to
Cdc53, a cullin component of the SCF (Fbox-Skp1-Cdc53/CUL1) E3 Ub ligase complex in
Saccharomyces cerevisiae directly linking Nedd8 to ubiquitylation [43,44]. Interestingly,
Nedd8 appears to differ from Ub by forming principally mononeddylated species. The cullin
neddylation motif contains the consensus sequence: [IL][VIT][RQ][IS][MLV]K[MAS][RHE]
(Fig. 2).

Interestingly, several proteins that have not been examined for neddylation contain this motif.
Cytochrome p450 46 (24S-cholesterol hydroxylase) is an oxygen-regulated enzyme important
for the maintenance of brain cholesterol homeostasis. Recent studies have shown elevated
plasma concentrations of 24-hydroxycholesterol in patients with Alzheimer’s disease and
vascular dementia, suggesting increased brain cholesterol turnover during neurodegeneration.
Although speculative, if this enzyme is indeed regulated by neddylation, the implications in
24-hydroxycholesterol turnover by this enzyme and the documented role of oxygen in this
process could have significant effects on neurodegeneration.
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The X-ray crystal structure of the Skp2/Skp1/CUL1–Rbx1 complex by Zheng et al. revealed
that the neddylation site in human CUL1 is K720 [45]. This residue is positioned at the rim of
a pocket formed by a WH-B helix and four-helix bundle as well as the ROC1/Rbx1 RING
domain. These domains are conserved within the cullin family with K689 being the neddylation
site in human CUL2 [46]. The Skp2/Skp1/CUL1–Rbx1 structure suggests a mechanism by
which the cullin-linked Nedd8 could assist Rbx1 in positioning the E2 conjugating enzyme
juxtaposed to the E3 target for the ubiquitin transfer. Furthermore, the Nedd8 platform may
help position an E2-cojugated Ub in a manner that favors the transfer of Ub to the substrate
that is sequestered by the recognition component of the E3 (Fig. 3A). Additionally, the Cdc53
C-terminal Domain (CCD) region located just C-terminal to the Nedd8 conjugation site is
required for neddylation in vivo and is conserved between all cullin paralogues [43].
Structurally, the CCD starts in the middle of the H31 helix and contains both the S10 and S11
β-sheets with residues V716, R717 and I718 in helix H29 being surface exposed and located
in close proximity to ROC1/Rbx1. A deletion of the CCD region in hCUL1, spanning residues
727–776, abolished Nedd8 conjugation in vitro supporting this observation.

Neddylation requires ROC1/Rbx1 in vitro as RING domain mutations prevent Nedd8
conjugation [47,48]. It has also been shown that ROC1/Rbx1 directly interacts with the Nedd8-
conjugating enzyme Ubc12 [49,50]. In addition, Nedd8 residues E14 and R25 are required for
maintaining Nedd8 activity, suggesting that Nedd8 could facilitate electrostatic interactions to
assist ROC1/Rbx1 in the E2-catalysed polyubiquitylation. These observations led to the
hypothesis that ROC1/Rbx1 functions as an E3 Nedd8-cullin isopeptide ligase, being capable
of binding to both cullins and Ubc12 [47–49]. This supports a model in which neddylation is
initiated by cullin-bound ROC1/Rbx1 binding to the Ubc12 E2 conjugating enzyme. The cullin
CCD domain may also interact with Ubc12 leading to optimal positioning of the E2 for the
subsequent Nedd8 transfer reaction.

To examine the effect of neddylation on cullin-based E3 assembly Read et al. demonstrated
that neddylation did not affect the assembly of the SCFb–TrCP complex in vitro, nor did
neddylation alter the binding of this E3 to its substrate. It has also been shown that the purified
cullin-based SCFb–TrCP E3 was more active in the ubiquitylation of its target than an
unneddylatable SCFb–TrCP [49]. Furthermore, Nedd8 conjugation directly increases the
binding of SCFb–TrCP to the E2 Ub conjugate. These studies have led to the conclusion that
neddylation does not affect E3 assembly, but directly activates the E3 ligase facilitating
ubiquitylation of the target protein.

Until last year, the cullin family of E3 ubiquitin ligase scaffolds was thought to be the only
target of Nedd8 conjugation, but recent evidence has suggested neddylation of other proteins
can occur [51,52]. An important regulator of p53 is Mdm2, an E3 ubiquitin ligase that directly
interacts with p53 causing its ubiquitylation and degradation by the 26S proteasome. Xirodimas
et al. reported that Mdm2 is neddylated and can promote neddylation of p53 although the sites
of Mdm2 neddylation were not found. They further demonstrated that Mdm2-dependent
neddylation of p53 inhibits its transcriptional activity [52]. Likewise, the pVHL tumor
suppressor has also been shown to be neddylated and is discussed below in Section 10.
Interestingly, both p53 and pVHL can associate with CSN5. These observations suggest that
many proteins other than cullins could be neddylated and that proteins associated with CSN5
could be neddylation candidates. It should be noted however that the neddylation consensus
sequences of pVHL and to a lesser degree, p53 vary significantly from those of the cullins (Fig.
2). Should these finding be substantiated however, several other mammalian proteins including
those shown at the bottom of Fig. 2 could be regulated by neddylation. However, if these
proteins are substrates for cullin-dependent Ub E3 activity or if neddylation is playing an
alternative signaling/targeting roles similar to ubiquitylation is currently undetermined.
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5. CSN isopeptidase activity of Nedd8
Increasing evidence indicates that removal of Nedd8 from its cullin targets via CSN-mediated
proteolysis plays a significant role in the regulation of cullin-dependant E3 ubiquitylation. This
hypothesis is supported by the observation that deletion of a CSN subunit in S. pombe resulted
in the accumulation of a predominantly neddylated cullin, thus suggesting that the CSN plays
a critical role in Nedd8 deconjugation in vivo. Furthermore, addition of purified CSN to
neddylated cullins from yeast extracts resulted in deneddylation of the target cullin. Also, in
various genetic models (Drosophila, C. elegans and Arabidopsis), CSN activity is required for
the deneddylation of various cullins including CUL1, CUL2 and CUL3 [21,25,26,38,35].
These results paradoxically suggest that contrary to its inhibition of in vitro ubiquitylation, the
CSN is required for the degradation of cellular cullin E3 substrates.

Wolf et al. have postulated that the CSN paradox may reflect that the in vivo function of CSN-
mediated cullin inhibition is to ‘license’ CSN for its subsequent activation [53]. In this model,
the licensing mechanism would be similar to the assembly of pre-replication complexes (pre-
RCs) at replication origins. In much the same way that low Cdk activity permits pre-RC
assembly, they suggest that CSN-mediated cullin inhibition may create an environment
conducive to the assembly of new cullin–ubiquitin ligase complexes that are subsequently
activated after release from the CSN. Cullin complexes may then have to return to the CSN
for re-assembly (Fig. 3A).

Cope and Deshaies have also postulated a role for CSN in regulating cycles of SCF–ROC1
assembly [54]. In this scenario, an active deneddylated cullin-based E3 ligase–Rbx1 complex
that is bound to its degradation target recruits the CSN, which cleaves Nedd8 from the cullin.
This allows the binding of p120CAND1 (discussed below) to the cullin, which results in the
separation of the Ub E3 ligase recognition complex from the cullin. Subsequent neddylation
of the cullin by the Rbx1-dependant Ubc12 E2 conjugating enzyme facilitates the dissociation
of p120CAND1, resulting in formation of an active Ub E3. This model suggests that cullin
neddylation controls cycles of Ub E3 ligase assembly. Additionally, cullin mutants that are
neddylation deficient should exhibit constitutive association with p120CAND1, thus
exhibiting a significant deficiency in Ub E3 core–cullin–Rbx1 assembly. The Nedd8 E2
conjugating enzyme Ubc12 has also been shown to bind CUL3 independently of the CSN
[26]. This suggests that cullin neddylation occurs following the release of the CSN
holocomplex. The regulatory mechanisms facilitating association/dissociation of the CSN
from the cullin remain undefined. Also, several critical question such as how CSN-mediated
functional inhibition or assembly is regulated and how Ub E3 recognition complexes (i.e.
pVHL/elongin C and B) are assembled with the cullin–Rbx1 complex remain unanswered.
Thus, given the current models, the CSN would act as a platform that ensures the transient
inactivation of cullin complexes by promoting the release of their associated E2s. Therefore,
the cycle of neddylation stimulating the association of cullins with Ub E2s would be followed
by CSN-mediated deneddylation and Ub E2 dissociation. This would suggest that CSN-
mediated cullin deneddylation prevents inappropriate Ub E3 activity. The question of why the
CSN can stably associate with both unneddylated and neddylated cullins however, remains a
great mystery.

CSN-dependent isopeptidase activity is sensitive to metal ion chelators due to CSN5 containing
a conserved, putative metal-binding motif (EXnHS/THX7 SXXD), referred to as the JAMM
motif embedded within the larger MPN domain. The JAMM metalloprotease domain within
the CSN5 subunit of the CSN is necessary for deneddylase activity, as mutations disrupting
this motif accumulate neddylated cullins in S. pombe [33]. Furthermore, the integrity of the
putative JAMM catalytic domain is required for proper photoreceptor cell development in
Drosophila. These results suggest that the CSN is a metalloprotease whose proteolytic activity
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is physiologically important. As all fission and budding yeast csn mutants are deficient in cullin
deneddylation, an intact CSN complex seems to be required for deneddylation activity [20,
26,55,56]. Reciprocally, the CSN5 subunit alone is not able to catalyze the deneddylation
reaction, suggesting that the deneddylation function requires CSN5 association with other
subunits of the CSN complex. Theoretically, CSN isopeptidase activity would also be regulated
by the reduced/oxidized state of the CSN5-metalloprotease as hypoxia can directly and
indirectly affect the function of other metalloproteases [57,58].

The CSN has also been associated with cullin-based Ub E3 subcellular localization and
stability. For instance, CSN5 mutants in Drosophila accumulate high levels of neddylated
CUL1 in the cytoplasm thus suggesting a role for the CSN in influencing the subcellular
localization of cullins [25]. Another example is the observation that in the dark, the putative
E3 ligase of the plant transcription factor HY5 (COP1) translocates into the nucleus from the
cytoplasm, resulting in degradation of HY5 [17]. Importantly, nuclear translocation of COP1
requires the CSN, although exactly how CSN targets COP1 to the nucleus remains undefined.
Surprisingly, Gemmill et al. also reported that wt pVHL influenced a notable perinuclear
accumulation of CSN5 that was not evident in the original mutant pVHL cell line [59]. It is
currently unknown whether the CSN5 observed in this study was a component of the CSN
holocomplex or a smaller CSN5-containing complex. LFA-1 engagement also results in
nuclear translocation of CSN5 and the subsequent nuclear export of p27 is CSN5-dependent
[60]. It has also been shown that CSN1 affects the subcellular distribution of Suc22 (RNR
small subunit) [73]. These observations suggest that the CSN can mediate subcellular
localization of Ub E3 targets and that the Ub E3 targets could reciprocally influence subcellular
localization of CSN subunits.

Importantly, a recent study suggested that neddylation is a regulated cellular process. It was
shown that the CSN-free DDB2–DDB1–CUL4A–ROC1/Rbx1 complex became associated
with chromatin in response to UV [24]. Concomitantly, a large portion of CUL4A was found
to be neddylated. Subsequently, however, the CSN joined the CUL4A ligase–chromatin
complex, resulting in the conversion of neddylated CUL4A into its unmodified form. It has
also been shown that light and oxygen can also influence CSN assembly with Ub E3 ligases
[2,17]. These findings imply that CSN-mediated deneddylase activity and/or association with
Ub E3 ligases can be regulated by cellular environmental queues.

Several questions stand out in evaluating the models considered here. For instance, what
triggers the release and activation of cullin complexes held in custody by the CSN? How do
external signals such as sunlight, hypoxia, auxin, and UV regulate the CSN? What is the role
of the CSN in nuclear targeting of various proteins? What is the role of CSN sub-complexes
in cullin regulation? Finally, what other CSN-associated enzymatic activities are
uncharacterized? For example, some CSN subunits associate with 19S proteasome and eIF3
components and there is almost no information concerning the functions associated with these
interactions.

6. CSN ubiquitin isopeptidase activity
Zhou et al. recently reported that the CSN complex is associated with the deubiquitylating
enzyme Ubp12, and that this interaction facilitates the suppression of cullin Ub ligase activity
in fission yeast [26]. Importantly, the purified CSN holocomplex inhibited the activity of these
E3 ligases independent of the deneddylation activity of CSN. More recently, Groisman et al.
identified an evolutionarily conserved CSN-associated deubiquitylation activity [24]. This
report identified two distinct CSN-containing complexes that associate with either the CSA or
the DDB2 two-nucleotide excision repair proteins. Similarly to cullin-based Ub E3 ligases,
these complexes, termed ‘CSA.com’ and ‘DDB2.com’, contain a cullin (CUL4A) and a ring
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finger (Rbx1) in addition to DDB1. DDB1 and DDB2 are the two subunits that comprise the
UV-damaged DNA-binding protein (DDB). Both CSA.com and DDB2.com possess
polyubiquitylation activity in vitro, but only if purified free of CSN. The isolated CSN was
found to possess two different deubiquitylation activities, the first corresponding to CSN5/
JAMM-dependent cleavage of monoubiquitin from CUL4A and the second a depolymerization
activity toward polyubiquitin chains. The latter activity possibly explains why CSN-associated
DDB2.com and CSA.com are catalytically inactive. Importantly, the CSN-associated ubiquitin
depolymerization activity does not require the JAMM motif. The CSN was also shown to
promote efficient nuclear accumulation of Ubp12, potentially explaining why the inhibitory
effect of Ubp12 depends on the CSN. On the basis of these results, it was proposed that the
CSN has a dual activity in inhibiting cullin functionality in vitro: the first being mediated by
an intrinsic CSN deneddylase and the second depending on the associated Ubp12.

7. Other regulators of neddylation
Recently, several groups reported the discovery of a novel 120 kDa protein termed CAND1
(cullin-associated neddylation dissociated) [61–65]. It appears that CAND1 can specifically
interact with an unneddylated cullin–Rbx1 core. Upon cullin neddylation CAND1 was found
to dissociate from the complex, allowing the binding of the Ub E3 recognition complex (Fig.
3A). Deneddylation of cullins by the CSN thus leads to dissociation of the Ub E3 recognition
complex from the cullin–Rbx1 core followed by the de novo association of CAND1. Therefore,
cycles of neddylation and deneddylation could regulate assembly and disassembly of the E3
ubiquitin ligase complex and the subsequent ubiquitylation and degradation of target proteins.
These observations also suggest that neddylation can play a role in reversing p120CAND1-
mediated inhibition of cullin activity. However, the signal(s) controlling cullin neddylation/
deneddylation have currently not been identified.

Three independent groups have recently reported a novel Nedd8-specific protease called DEN1
(deneddylase 1) [66,67] or NEDP1 [68]. Bacterially expressed human DEN1/NEDP1 was
shown to bind to Nedd8 selectively and possessed hydrolytic activity toward C-terminal
derivatives of Nedd8. These findings suggest a role for DEN1 in processing the C-terminus of
Nedd8 precursor, thereby generating the functional form of Nedd8 for conjugation to cullins.
Additionally, Wu et al. and Mendoza et al. reported that in vitro, DEN1/NEDP1 contains an
isopeptidase activity capable of removing Nedd8 from its cullin targets when present in high
concentrations. Co-expression of Nedd8, CUL4A and NEDP1 led to decreased levels of
CUL4A–Nedd8 conjugates, suggesting a role for NEDP1 in deconjugating Nedd8 from cullins
in vivo. However, Wu et al. reported that the DEN1 deconjugation of Nedd8 from CUL1 was
concentration-dependent in vitro. Thus, at low concentrations, DEN1 could process
hyperneddylated CUL1 to a mononeddylated form. The authors therefore suggested that the
main role for DEN1 as a Nedd8 isopeptidase is to maintain cullins in a mononeddylated form,
thereby reversing spurious hyperneddylation that would lead to disruption of normal regulatory
interactions for the cullins. Another potential function of DEN1 would be to salvage trapped
derivatives of Nedd8 by regenerating Nedd8 from adventitiously formed Nedd8 amides and
thiol esters via the C-terminal hydrolytic activity of DEN1. It has also been demonstrated that
DEN1 can de-conjugate Nedd8 from Ubc12 in vitro, thus suggesting that this protease may
play a role in preventing the autoneddylation of the E2 conjugating enzyme. The elucidation
of potential regulatory steps facilitating/inhibiting DEN1–Ubp12 interactions in future studies
should be highly illuminating.

8. CSN5 functions independent of the CSN holocomplex
A conserved and distinct feature of CSN5 and some other CSN subunits is the existence of
several discrete forms based on relative complex mass as accessed by native gel filtration
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chromatography. CSN5 masses range from monomeric mass in Arabidopsis, mammalian cells,
and Drosophila [69,70,71] to about 200 kDa in fission yeast [55,71] and approximately 450
kD in the CSN holocomplex. Interestingly, in each of the csn mutants of Arabidopsis, CSN5
accumulates only in the free form [72,69]. Similarly, in the csn4 mutant of Drosophila, CSN5
is found only in low molecular mass fractions [70]. This suggests that the association of CSN5
with the CSN holocomplex requires each of the PCI-domain-containing proteins in
Arabidopsis and perhaps in Drosophila. Ectopic overexpression of epitope-tagged CSN5 in
cultured cells results in limited incorporation of the protein into the CSN complex, with a large
fraction found in the free form [73].

Various studies have also shown that CSN1, CSN2, and CSN8 are associated with the
holocomplex under normal conditions and are found to be predominantly nuclear-localized
[73–77]. CSN-independent CSN5, however, is found both in the nucleus and cytoplasm [69,
78,79]. Dependence of CSN5 nuclear accumulation on other subunits has been clearly
demonstrated in the budding yeast CSN-like complex [79]. It has further been reported that
the mini-CSN complex containing CSN5 and a subset of other CSN subunits is mostly cytosolic
[73]. Thus, current evidence suggests that the localization of CSN5 is highly regulated. CSN5
does contain a nuclear export signal, and can bind to CRM1 through its C-terminal region.
Point mutations in the nuclear export signal partially impair the ability of CSN5 in nuclear
export and downregulation of p27 suggesting that facilitative cellular localization plays a role
in at least some of functions reported for CSN5 [73]. In support of this, it has been shown that
overexpression of Her-2/neu enhances p27 degradation and stimulates cytoplasmic
accumulation of CSN5. This finding also suggests that growth factors as well as environmental
factors can regulate CSN5 function although the mechanism underlying these events has yet
to be elucidated. Redistribution of CSN5 to the cytoplasm is also reported in response to contact
inhibition [80]. Moreover, CSN5 binds to integrin adhesion receptor LFA-1 and co-localizes
with it at the cell membrane, again indicating that multiple factors can regulate CSN5 that
impact widely diverse functions. Many questions regarding CSN5 function and regulation thus
remain unresolved. For instance, are CSN5 interactions with its various binding partners
coupled to CSN function in some fashion or does it regulate some of these proteins
independently of the CSN?

What is the role of CSN5 in CSN complex assembly? In Drosophila Csn5 null mutants, CSN4
and CSN7 can still form a large protein complex similar to the wild-type CSN, indicating that
CSN5 is not critical in complex assembly [70]. Thus, the multiple-pair interaction between
CSN5 and other subunits may largely reflect the necessity of those subunits in keeping CSN5
associated with the complex. It also raises the possibility that CSN5 could function as a
common recognition component that recruits proteins to the CSN. CSN5 may also affect the
assembly or stability of small sub-complexes of the CSN and may also affect CSN8
accumulation in plants [70,37]. In fission yeast, the role of CSN5 in CSN holocomplex
formation seems more significant because it is necessary for the association of CSN4 with
CSN2 and with the large holocomplex [75]. This suggests evolutionary divergence in some
aspects of CSN function.

In the early embryonic stages of mammalian development, CSN5 transcripts are present with
low expression levels in all tissues. Preferential expression in selected tissues is detected at
embryonic day 11.5, with higher levels in dorsal root ganglia [81]. At later stages of embryonic
development, prominent expression of CSN5 transcripts was observed in cranial nerve, spinal
and sympathetic ganglia, as well as in the oral and the olfactory epithelium. In the adult brain,
additional areas of CSN5 expression were the hippocampus and the Purkinjie layer of the
cerebellum. The temporal and spatial expression pattern of Nedd8 was also found to
substantially overlap CSN5 expression at all embryonic stages, supporting the model of a
functional interaction between CSN5 and Nedd8 during developmental processes. CSN5-null
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embryos die soon after implantation. As expected, CSN5 null embryonic cells, which lacked
other CSN components, expressed higher levels of p27, p53, and cyclin E, resulting in impaired
proliferation and accelerated apoptosis [82]. CSN5 heterozygous mice were healthy and fertile
but smaller than their wild-type littermates. CSN5+/− mouse embryonic fibroblast cells, in
which the amount of CSN5-containing small sub-complex, but not that of CSN, were
selectively reduced, proliferated poorly, showed an inefficient downregulation of p27 during
G(1), and were delayed in the progression from G(0) to S phase by 3 h compared with the wild-
type cells. Most interestingly, in CSN5+/− mouse embryonic fibroblasts, the levels of cyclin
E and deneddylated CUL1 were unchanged, and p53 was not induced.

9. CSN5-interacting proteins
A strong word of caution is required concerning CSN5 found in yeast-2-hybrid screens as
CSN5 has been shown to interact with the DNA-binding domain of GAL4 alone and must be
rejected as a false positive in the GAL4-based two-hybrid system [83]. With that said, CSN5
has been reported to directly interact with a wide variety of proteins with the majority being
either targets of ubiquitylation or part of the ubiquitylation/neddylation pathways (Fig. 1). In
some cases (i.e. p53, p27, rLHR precursor and Smad4), CSN5 binding is found to stimulate
protein degradation, whereas in other cases such as HIF-1α and perhaps c-Jun, CSN5 binding
appears to promote stabilization [2,29,84–86]. Yet how the target binding by CSN5 may link
to the biochemical activities of the CSN complex or other undetermined cellular processes
have yet to emerge.

10. Neddylation and hypoxic function
It is currently unknown whether cellular oxygenation status directly affects neddylation or
deneddylation. Because the CSN isopeptidase activity depends on the correct coordination of
metallic ions within the JAMM domain of CSN5, it is possible that altered oxygenation could
result in a decrease in CSN proteolytic activity due to decreased affinity for the reduced metal
ion. This would result in stabilization of proteins targeted by Ub E3 ligases. In this regard, it
is interesting to note that some of the binding partners of CSN5 are targets of these Ub E3
ligases (i.e. p27 and p53) and has been shown to accumulate under hypoxic/anoxic conditions
[87,88].

Importantly, CSN5 has been shown to interact with both HIF-1α and its E3 ligase pVHL [2,
89]. In a report by our group, CSN5 was found to be physically associated with the HIF-1α
and to positively regulate HIF function supporting a previous CSN5-HIF-1α interaction found
in a yeast-2-hybrid study [89]. However, that study suggested that the mechanism underlying
CSN5-induced HIF-1α protein stabilization was related to CSN5 competition with p53 for
HIF-1α. As CSN5 stabilizes HIF-1α at higher pO2 concentrations (1–17% O2) than anoxia-
stabilized (0.1–0% O2) p53 however, this would suggest that CSN5 mediates aerobic and
hypoxic HIF-1α stabilization independent of p53.

The data presented by Bemis et al. demonstrated that CSN5 interacts directly with both the
CODD (C-terminal oxygen-dependant degradation domain) of HIF-1α (independent of prolyl-
hydroxylation state) as well as the pVHL E3 ligase. Because CSN5, pVHL and the PHDs
interact with the same region of HIF-1α, the potential for CSN5 altering pVHL or PHD affinity
for HIF-1α seems likely. This poses the possibility that CSN5-associated pVHL and PHD-
associated pVHL could have reciprocal and antagonistic association/dissociation mechanisms
leading to the dramatic switch-like mechanism seen in vivo. This is supported by the finding
that CSN5 expression leads to an inhibition of HIF-1α prolyl-hydroxylation at P564, signifying
that CSN5 sterically prevents PHD association with HIF-1α but does not directly interact with
or alter PHD enzymatic activity. Why CSN5 interacts directly with the CODD, but not the
NODD (N-terminal oxygen-dependant degradation domain) is not clear. It has been suggested
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that PHD-mediated prolyl-hydroxylation of the CODD could dictate NODD prolyl-
hydroxylation, suggesting that inhibition of CODD prolyl-hydroxylation would alter NODD
prolyl-hydroxylation as well (Amato Giaccia, personal communication). It is also interesting
that CSN5 recognizes both the target of the Ub E3 ligase complex as well as the ligase itself,
and it will be informative to determine if CSN5 binds its other targets’ cognate E3 ligases as
well.

Thus, increased CSN5 expression is sufficient and necessary for aerobic HIF-1α stabilization.
CSN5 expression also affects the kinetics and amplitude of hypoxia-induced HIF-1α
stabilization although the mechanism underlying this effect appears distinct from aerobic
stabilization. Overexpression of CSN5 has been associated with tumor progression and could
reflect the deregulation of aerobic HIF stability, which is thought to be an important transition
in tumor progression. Recently, CSN5 mRNA expression has been shown to be downregulated
by prolonged and severe hypoxia [90]. Under these same conditions, HIF-1α stability is also
decreased, further supporting the functional relationship between the two molecules. Because
other known regulators of HIF stability or function (PHD2, ARD1) are also regulated at the
message level, CSN5 regulation by hypoxia is consistent with the tight control of HIF
expression controlled by feedback mechanisms. It is also interesting that CSN5 associated with
HIF-1α independently of the CSN holoenzyme, while pVHL did associate with the CSN
holoenzyme. The consequences of this are undetermined and whether CSN5 acts in recruitment
of UB E3 targets to their cognate ligases or function to inhibit CSN activity under certain
conditions is undetermined. A model of the pVHL E3 ligase activation cycle is presented in
Fig. 3A while a portion of the potential intermediates of the pVHL–CSN complex in which
the function (or existence) of these intermediates is unknown (Fig. 3B).

Stickle et al. recently reported that pVHL becomes covalently conjugated by Nedd8 [51].
Surprisingly this neddylation was not required for the E3 ligase activity, however, it was needed
for binding of pVHL to fibronectin. This would indicate that neddylation indeed plays roles
completely unrelated to Ub E3 function and is the first report to suggest such an activity. On
the other hand, expression of a cullin neddylation-defective pVHL mutant in RCC cells restored
the regulation of HIF-α, however it failed to promote differentiated morphology and was also
insufficient to suppress the formation of tumors in SCID mice. The authors concluded that
Nedd8 modification of pVHL plays an important role in the proper assembly of fibronectin,
and that in the absence of such regulation, an intact HIF pathway is insufficient to prevent
tumorigenesis. It is interesting that pVHL (a regulator of hypoxic phenotypes) and p53 (an
effector of anoxic phenotypes) can also be modified by neddylation [51,52]. Importantly, these
proteins consist of a ubiquitylation target and the recognition component of a ubiquitin E3
ligase suggesting that other proteins targeted for degradation might likewise be neddylated.

Various reports have described a CSN-associated kinase activity associated with the CSN
complex. Subsequently, inositol 1,3,4-triphosphate 5/6 kinase, casein kinase 2 (CK2), and
protein kinase D (PKD) were found to physically interact with CSN however, their significance
in elucidating the various functions of the CSN is currently undetermined [91,92]. It is
interesting to note that the kinase activity associated with the CSN was in part characterized
by its sensitivity to curcumin. Various reports provide circumstantial evidence that a curcumin-
sensitive kinase (possibly the CSN kinase) has distinct effects on hypoxia-mediated cellular
functions. Curcumin possesses potent anti-inflammatory activity and can inhibit COX2
induction by inflammatory cytokines or hypoxia [93]. Curcumin also reversed the subcellular
redistribution of the inducible Hsp70 protein caused by chronic hypoxia [94]. Further, the
induction of triosephosphate isomerase (TPI) gene expression by hypoxia is HIF-1α dependant
and was suppressed by curcumin [95]. Curcumin can also mediate the inhibition of c-Jun/AP-1
activation that results in a significant decrease in the activation of GAPDH mRNA and VEGF
production by hypoxia [95,96]. Pollman et al. also demonstrated that elevated cellular CSN
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activity induced by CSN subunit 2 overexpression was sufficient to increase VEGF production
in HeLa cells [96]. In a similar study curcumin significantly blocked TGF-β induction of VEGF
expression while SP-1 and MKK1 inhibitors did not. It should be noted that TGF-β is a hypoxia-
inducible gene and that TGF-β enhanced both AP-1 and HIF-1 DNA binding activities [97].
These studies however are all circumstantial and direct evidence of the CSN kinase(s) role in
hypoxic responses remains to be rigorously addressed.

11. Concluding remarks
Although the discovery and study of the CSN is barely a decade old, a tremendous amount of
information has been collected that is beginning to elucidate how this protein complex impacts
on so many diverse cellular functions. One of the functions regulated by the CSN is oxygen
homeostasis via the regulation of HIF-α, the pVHL Ub E3 ligase and potentially other effectors
of hypoxic phenotypes. While the details of this regulation are still being defined, the current
data supports major roles for the CSN holocomplex, CSN-independent CSN5 functions and
protein neddylation in controlling cellular oxygen sensing and responses. As future studies
elucidate further functions of this ‘gatekeeper’ of oxygen homeostasis, it will be interesting to
see if components of CSN function are deregulated in hematological, vascular, inflammatory
pathologies.
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Fig. 1.
Known COP9 signalosome interactions in mammals. Shown are the intercomplex interactions
between CSN subunits (in bold) and the interactions of individual CSN subunits with proteins
outside of the CSN.
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Fig. 2.
Cullin neddylation consensus site. The mammalian cullin subunits (exclusive of APC) and a
Saccharomyces cullin were used to generate the consensus sequence. Using the web-based
Emotif Search Engine [98], the consensus sequence was used to query protein databases. The
single conserved mammalian hit is shown. The putative p53 and pVHL sites are also aligned
and used to generate a modified consensus sequence that was queried using Emotif.
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Fig. 3.
(A) pVHL Ub E3 cycle. Shown is a putative model of cycles of pVHL activation and recycling.
(B) Potential pVHL protein complexes of unknown activity. Shown are a variety of potential
pVHL complexes based on known pVHL interacting proteins and some reported post-
translational modifications. This is by no means a comprehensive listing.
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