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Abstract
The COP9 signalosome (CSN) is an evolutionarily conserved protein complex formed by 8 subunits
(CSN1 through CSN8). Deneddylating cullin family proteins is considered the bona fide function of
the CSN. It has been proposed that the CSN regulates the assembly and disassembly of the cullin-
based ubiquitin ligases via its deneddylation activity. Here we report that down-regulation of CSN8
by RNA interference destabilized differentially other CSN subunits and reduced the amount of CSN
holo-complexes, leading to increases in neddylated cullin proteins and reduction of F-box protein
Skp2 in HEK293 cells. Moreover, suppression of CSN8 enhanced the degradation of a proteasome
surrogate substrate and cyclin kinase inhibitor p21cip. Reduced transcript levels of cyclin kinase
inhibitor p21cip and p27kip were also observed upon down-regulation of CSN8. These data suggest
that the homeostatic level of CSN8/CSN suppresses proteasome proteolytic function and regulates
transcription.
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1. Introduction
The COP9 signalosome (CSN) is a highly conserved multiprotein complex composed of eight
unique subunits (CSN1 through CSN8) in higher eukaryotes (Wei & Deng 2003). The CSN
was first identified in Arabidopsis thaliana as a negative regulator of photomorphogenesis
(Wei et al 1994). The subsequent characterization of the CSN in other eukaryotes has revealed
its pleiotropic functions in regulating invertebrate development (Freilich et al 1999), cell cycle
(Denti et al 2006, Doronkin et al 2003, Rosel & Kimmel 2006), mating in budding yeast
(Maytal-Kivity et al 2002), kinase signaling (Tomoda et al 2005), nuclear transport (Liu et al
2003), and initiation of T cell proliferation (Menon et al 2007, Panattoni et al 2008). At the
biochemical level, several activities have been associated with the CSN complex:
deubiquitination and deneddylation activities, and the associated kinase activity. First, protein
kinases co-purified with human CSN can phosphorylate c-Jun, IκB, NF-κB precursor, and p53
(Bech-Otschir et al 2001, Seeger et al 1998) and CSN can interact with several protein kinases
such as inositol 1,3,4-triphosphate 5/6-kinase, protein kinase D, and casein kinases (Uhle et al
2003, Wilson et al 2001). Second, the CSN recruits deubiquitination enzymes and thereby
either deconjugates the ubiquitin from mono-ubiquitinated substrates or removes the
polyubiquitin chain from the substrates (Groisman et al 2003, Zhou et al 2003). Third, the CSN
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has an intrinsic isopeptidase activity that resides in the JAMM motif of CSN5. This activity
removes Nedd8 moiety from the substrates, mainly the cullin family proteins, via a process
known as deneddylation (Cope et al 2002, Lyapina et al 2001). The attachment of Nedd8 to
the cullin family proteins (neddylation) is required for the assembly of functional cullin-based
E3 ubiquitin ligases while deneddylation mediated by the CSN disassembles and perhaps
recycles the E3 ligases (Wolf et al 2003). Therefore, the dynamics of these two processes is
thought to be essential to cullin-based E3 ligases. Indeed, loss of function of the CSN resulted
in reduction of SCF (Skp1-Cullin 1-F-box) E3 ligase components such as cullins, Rbx1 and
particularly F-box proteins, and ultimately led to an abnormal accumulation of the substrates
(He et al 2005, Hetfeld et al 2005, Wang et al 2002, Wee et al 2005, Wu et al 2003).

The CSN holo-complex is composed of 8 subunits with a 1:1 stoichiometry and has a molecular
weight of approximately 500 kDa (Wei & Deng 2003). Each subunit has either a PCI or MPN
domain and is paralogous to one of the eight subunits constituting the lid of the 19S proteasome.
Moreover, the CSN and the lid of the 19S proteasome share a similar pattern of interaction
among analogous subunits, suggesting that these two complexes may have similar architecture
and quaternary structure (Fu et al 2001). Several studies showed that the CSN may directly
interact with the 26S proteasome (Kwok et al 1999, Peng et al 2003, Seeger et al 1998). The
interaction may even influence proteasome activities, likely through competing with the lid of
the 19S proteasome (Huang et al 2005). Therefore, the CSN is postulated as either an alternative
lid for the 26S proteasome or a scaffold for the coordination between cullin-based E3 ligases
and the proteasome to allow more efficient degradation of specific substrates.

In addition to the holo-complex, small complexes (mini-complex) containing some of the 8
CSN subunits were also identified in Arabidopsis (Wang et al 2002), S. pombe (Mundt et al
2002), Drosophila (Oron et al 2002), and mammalian cells (Tomoda et al 2005). The mini-
complexes seem to be cell-type specific, as shown by varied constituents of the subunits with
accordingly various molecular masses among species. Although the functional relevance of
these mini-complexes remain elusive, Tomoda et al (2005) have revealed that a CSN5-
containing mini-complex mediated p27kip down-regulation in leukemia cells independently of
the deneddylation activity of the CSN, suggesting that the mini-complexes may have unique
cellular functions.

In light of its ability to regulate the activity of a large family of ubiquitin E3 ligases as well as
its potential to be an alternative lid of the 19S proteasome, the CSN has been proposed as an
important regulator of the ubiquitin-proteasome system (UPS). Indeed, it was reported that the
CSN regulated the proteasome-mediated degradation of a number of endogenous proteins, such
as retinoblastoma protein (Rb) (Ullah et al 2007), p27kip (Denti et al 2006), IkBα (Schweitzer
et al 2007), estrogen receptor α(ERα) (Callige et al 2005), microtubule end-binding protein 1
(Peth et al 2007), and Rad1-Rad9-Hus1checkpoint protein complex (Huang et al 2007).
However, whether the CSN has an impact on the global UPS-mediated proteolytic function
and whether down-regulation of the CSN has an impact on transcriptional regulation remain
unclear. Here we report that down-regulation of CSN8 via specific small interfering RNA
(siRNA) led to reduced function of the CSN holo-complex and unexpectedly resulted in
significant reduction of the protein levels of a surrogate misfolded protein as well as p21cip

and p27kip. Both increased proteasomal proteolytic function and depressed transcription appear
to be responsible.

2. Materials and methods
2.1. Cell culture, siRNA, and transient transfection

Human embryonic kidney (HEK) 293 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and penicillin-streptomycin (100 U/ml;
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Invitorgen). The siRNA specific for human CSN8 mRNA (siCSN8: 5′-
GGCUGUGAAAGGCAUAUUA-3′) and the scramble siRNA (siSCR: 5′-
ACUACCGUUGUUAUAGGUG-3′) were purchased from Ambion (Austin, TX). The siCSN8
used for fluorescent microscopy were labeled by Cy3 at 5′ end of the sense strand. For a
transient knockdown of CSN8, cells were seeded 24 hours before siRNA transfection on 60-
mm dishes and grown to 30-50% confluency. Lipofetamine™ 2000 transfection reagents
(Invitrogen, Carlsbad, CA) were used for siRNAs (30 nM or otherwise specified) transfection
by following the manufacturer’s protocol. Six hours after the transfection, the siRNA-
containing medium was replaced with regular medium and unless otherwise indicated, the cells
were cultured for another 54 hours before being harvested for assessments reported here.

2.2. GFPu stable cell lines
An enhanced green fluorescence protein (GFP) modified by carboxyl fusion of a ubiquitination
signal sequence (degron CL1, ACKNWFSSLSHFVIHL), referred to as GFPu or GFPu, has
been used as a surrogate substrate for the UPS (Bence et al 2001). HEK293 cells stably
transfected with a GFPu expressing plasmid were previously described (Liu et al 2006).

2.3. Mouse CSN8 cDNA plasmid and the CSN8 rescue experiment
A His-tagged mouse CSN8 construct was newly generated for the CSN8 rescue experiment.
Briefly, CSN8 cDNA was cloned by reverse transcriptase (RT-) PCR using total RNA extracted
from mouse tissues and inserted into the pShuttle-CMV vector (Stratagene, La Jolla, CA). A
His tag was added to the amino terminus of CSN8 to differentiate the transgenic CSN8 from
the endogenous CSN8. To overexpress mouse CSN8 in HEK cells to be treated by human
siCSN8, the His-tagged mouse CSN8 expressing vector was introduced into the GFPu
HEK-293 cells using the Fugene 6 transfection reagent (Roche, Indianapolis, IA). Twenty-four
hours after the mouse CSN8 cDNA transfection, cells were resuspended and seeded for siRNA
transfection.

2.4. Immunolabeling and fluorescent microscopy
After removal of culture medium, cells cultured in chamber slides were fixed with 4% of
paraformaldehyde for 20 minutes. After washed with PBS 3 times (5 minutes each), the cells
were permeabilized with 1% of Triton X-100 in PBS for 1 hour, quenched with 0.1M glycine
in PBS for one hour, and blocked with 0.5% BSA for 1 hour. The rabbit anti-CSN8 primary
antibody (BIOMOL, Plymouth Meeting, PA), and the Alexa-Flour 488 (Figure 1E) or Alexa-
Flour 568 (Figure 5D) conjugated donkey anti-rabbit Ig secondary antibody (Molecular Probes,
Carlsbad, CA) were used to label CSN8. The mouse anti-GFP primary antibody (Santa Cruz,
Santa Cruz, CA) and the Alexa-Flour 488 donkey anti-mouse Ig secondary antibody
(Molecular Probes, Carlsbad, CA) were used to label GFPu. DAPI (Sigma, St. Louis, MO)
was used to stain nuclei. The immunolabeling was visualized and imaged using fluorescence
confocal microscopy.

2.5. Non-denaturing polyacrylamide gel electrophoresis (native-PAGE)
This was performed as previously described with minor modifications (Tomoda et al 2005).
Briefly, cells were lysed in the lysis buffer (50 mM Tris, pH8.0, 120 mM NaCl, 1 mM EDTA,
10% glycerol) containing 0.1 mM PMSF and 1X protease inhibitor cocktail (Roche,
Indianapolis, IN). Equal amounts (∼100 μg) of proteins were separated on the pre-casted native
4-20% gradient gels (BioRad, Hercules, CA) at 4°C in the SDS-free running buffer and
followed by conventional Western blot analysis using antibodies specific for indicated CSN
subunits.
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2.6. Gel filtration chromatography
Cells were lysed in the extraction buffer (EB) containing 50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 10 mM MgCl2, 2 mM ATP, 2.5 mM EDTA, 1 mM DTT, 10% glycerol, 0.1% NP-40,
and freshly added inhibitors respectively for proteases, phosphatases, and metalloproteases.
The lysate was centrifuged at 13,000×g for 15 min twice at 4°C. The supernatant was filtered
through 0.2-μm filters (Gelman Sciences, East Hills, NY). 800 μg of total proteins were loaded
onto a pre-equilibrated Superose 6 (HR10/30) gel filtration column (GE Healthcare,
Piscataway, NJ). The column was then eluted with EB and fractions of 0.25 ml were collected
and analyzed by Western blots.

2.7. Cell lysate and Western blot analysis
Cultured cells were lysed in 1X SDS sampling buffer (50mM Tris-Cl at pH 6.8, 2% SDS and
10% glycerol). The extracts were sonicated on ice and boiled for 5 minutes. The supernatant
was obtained following a 14000×g centrifugation for 5 minutes at 4°C. The protein
concentration was measured by the Bicinchoninic Acid (BCA) method. Equal amount of
samples were resolved by SDS-PAGE, transferred to PVDF membrane, probed with
appropriate antibodies, and followed by detection with enhanced chemiluminence (ECL-Plus)
reagents (GE Healthcare, Piscataway, NJ) and a VersaDoc3000 imaging system (BioRad,
Hercules, CA). The signal was quantified with the Quantity One software (BioRad, Hercules,
CA) as previously described (Chen et al 2005).

2.8. RNA analyses
Total RNA was extracted with the Tri-Reagent (Molecular Research Center, Cincinnati, OH)
following the manufacturer’s protocol. The steady state transcript level of CSN8 was estimated
by Northern blot analysis, using p32-labeled human csn8-specific cDNA probes generated by
using the nick-translation kit (Roche, Indianapolis, IA). The steady state transcript level of
GFPu was quantified by RNA dot blot analysis with probes derived from GFPu cDNA.
Radioactively labeled blots were exposed to a phosphor screen and detected with a
phosphoimager. The transcript levels of p21cip and p27kip were semi-quantitated by RT-PCR
at the minimum cycles that can detect PCR products, using specific primers towards p21cip

and p27kip. Relative transcript levels were obtained with normalization to GAPDH transcript
levels.

2.9. Statistical analysis
All quantitative data are presented as mean ± SD. Differences between experimental groups
were evaluated for significance using Student’s t-test for unpaired two group comparison or
one-way ANOVA when appropriate. The P value <0.05 is considered statistically significant.

3. Results
3.1. Down-regulation of CSN8 differentially decreased other subunits and altered CSN
complex formation

CSN8 is the smallest subunit of the CSN and appears to be the only CSN subunit not found in
S. pombe (Rosel & Kimmel 2006, Wei & Deng 2003). To study the role of CSN8 in CSN
complex formation and CSN activity in mammalian cells, we used the small interfering RNA
(siRNA) technology to transiently silence csn8 gene expression. HEK293 cells were
transfected with the siRNA specific for human CSN8 (siCSN8). Very efficient knockdown
was achieved with siCSN8 at a dose of 10 nM or higher. A reduction of 60-70% of CSN8
mRNA and protein was detected at 60 hours after siCSN8 (30 nM) administration (Fig. 1A to
1D). As expected, the knockdown of CSN8 showed a dose-dependent manner while
transfection of a scramble siRNA (siSCR) did not produce a significant effect (Fig. 1C and
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1D). Immunostaining the cells transfected with Cy3-labeled siCSN8 confirmed that siCSN8
was successfully delivered into more than 80% of the cells and the decrease in CSN8 protein
occurred exclusively in siCSN8 transfected cells (i.e., showing Cy3 red fluorescence; Fig. 1E),
further demonstrating the high efficiency and specificity of CSN8 knockdown.

To examine the role of CSN8 in stabilizing other CSN subunits, we examined their protein
levels in CSN8 knockdown cells. The decrease in CSN8 suppressed protein levels of CSN3,
CSN5 and CSN7 but had little effect on CSN1, CSN2, CSN4, and CSN6 protein levels (Fig.
2).

To study the effect of the down-regulation of CSN8 on the assembly of CSN complexes, we
first performed native-PAGE which had previously proved to be effective in separating the
holo-complex (slower gel mobility) and the mini-complex (faster gel mobility) of the CSN
(Fukumoto et al 2005, Tomoda et al 2005). Cell lysates extracted from siCSN8 or siSCR
transfected cells were subjected to the native-PAGE followed by immunoblotting using
antibodies against indicated subunits (Fig. 3A). As expected, knockdown of CSN8 markedly
reduced the abundance of CSN8 in both the holo-complex and the mini-complex. Notably, the
subunits that were down-regulated by CSN8 knockdown showed different distribution patterns
between the holo-complex and the mini-complex. The abundance of CSN5 was reduced in
both the holo-complex and the mini-complex in siCSN8-transfected cells. However, there was
an increase of CSN7 in the mini-complex although less CSN7 resided in the holo-complex in
siCSN8-transfected cells (Fig. 3A). Upon CSN8 knockdown, more CSN7 appeared in the
smaller species of the mini-complexes while more CSN5 appeared in the relatively larger
species of the mini-complexes (Fig. 3A).

To confirm the findings from the native-PAGE, we also performed gel filtration
chromatography on cell lysates and analyzed the distribution of CSN subunits by
immunoblotting. The holo-complex with a higher molecular weight is eluted in earlier fractions
while the mini-complex comes out later. Consistently, CSN8 knockdown reduced the
abundance of CSN8 and CSN5 in both holo- and mini-complexes. Interestingly, although total
CSN2 protein level was not altered upon CSN8 down-regulation (Fig. 2), less CSN2 resided
in the holo-complex while more CSN2 appeared in the mini-complex (Fig. 3B).

Taken together, our data suggest that CSN8 is essential to CSN holo-complex formation and
reduction of holo-complex formation by reducing CSN8 may alter the equilibrium of the mini-
complexes.

3.2. Down-regulation of CSN8 diminished the bona fide activity of the CSN
We next tested whether knockdown of CSN8 is sufficient to interfere with CSN function, by
examining the levels of neddylated cullin1 (Cul1) and Cul4A in siRNA transfected cells.
Knockdown of CSN8 resulted in a concomitant increase in the neddylated form of both Cul1
and Cul4A in total cell lysates, compared with cells transfected with siSCR (Fig. 4A and 4B).
In addition to accumulation of the neddylated form of the cullin family proteins, loss of function
of the CSN has previously been found to destabilize SCF components, such as the substrates
adaptors F-box proteins (Denti et al 2006, He et al 2005, Wee et al 2005). Hence, we analyzed
the protein levels of 2 mammalian F-box proteins, Skp2 and β-TrCP. The protein abundance
of Skp2 was significantly reduced by approximately 50% in siCSN8 transfected cells,
compared with siSCR transfected cells (Fig. 4C and 4D). This reduction was attenuated by the
treatment with the proteasome inhibitor MG132 (10 μM), suggesting that the decrease of Skp2
levels is due to increased proteasome-dependent degradation. However, the protein levels of
another F-box protein β-TrCP were not affected by knockdown of CSN8, suggesting that
knockdown of CSN8 may only have effects on the stability of a subset of F-box proteins.

Su et al. Page 5

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Taken together, our data demonstrate that CSN8 is required for the deneddylation activity of
the CSN but down-regulation of CSN8 destabilizes only a subset of F-box proteins.

3.3. Down-regulation of CSN8 reduced a proteasome surrogate substrate GFPu
It has been reported that CSN regulates the stability of several endogenous regulatory proteins
such as Rb (Ullah et al 2007), p27kip (Denti et al 2006), IkBα(Schweitzer et al 2007) and
ERα (Callige et al 2005), through controlling the activity of their respective ubiquitin E3
ligases. However, whether the CSN has effects on the global proteolytic function of the
proteasome per se remains to be determined. To monitor proteasome proteolytic function, a
GFP modified by carboxyl fusion of a ubiquitination signal, degron CL1 (referred to as GFPu)
has previously been generated and validated as surrogate substrate both in cultured cells and
in intact animals (Bence et al 2001, Chen et al 2005, Dong et al 2004, Kumarapeli et al
2005). In absence of changes in synthesis, GFPu protein abundance inversely reflects
proteasome proteolytic function. A clonal stable HEK-293 cell line stably expressing GFPu
was previously created (Liu et al 2006). In this cell line, GFPu protein levels were markedly
increased upon the treatment with different proteasome inhibitors (Lactacystin at 6 μM or
MG132 at 2 μM), indicating that the cell line behaves as expected (Fig. 5A). To probe the
impact of CSN8 down-regulation on UPS proteolytic function, we transfected this stable cell
line with either siCSN8 or siSCR and analyzed the abundance of GFPu protein. Intriguingly,
GFPu protein levels were reduced by about 35% at a low dose (10 nM) of siCSN8 and by 60%
at a higher dose (30 nM), compared with siSCR administration (Fig. 5B and 5C). Consistently,
fluorescent confocal images from immunostained transfected cells also revealed a marked
reduction of GFPu levels in CSN8-deficient cells (Fig. 5D). To exclude the potential off-target
effect of siCSN8, we co-transfected the cells with His-tagged mouse CSN8, which has 3-
nucleotide mismatch with the human siCSN8 and therefore can not be silenced by the human
siCSN8. As expected, co-transfection of mouse CSN8 did not affect the knockdown effects of
siCSN8 on the endogenous CSN8, but largely attenuated the reduction of GFPu protein (Fig.
5E and 5F).

3.4. Reduced GFPu protein levels were caused by both enhanced protein degradation and
suppressed transcription in the siCSN8 transfected cells

To determine how CSN8 silence affects the GFPu expression, we first performed RNA dot
blot analysis to examine the steady state transcript levels of GFPu. Transfection of siCSN8 at
a higher dose (30 nM) suppressed the transcript levels of GFPu, while the low dose (10 nM)
of siCSN8 did not change GFPu transcript levels (Fig. 6A and 6B). Consistently, blocking the
proteasome function by MG132 (10 μM) largely, but not completely, prevented the siCSN8
(30 nM) induced decrease of GFPu protein levels (Fig. 6C). To further determine whether the
reduction of GFPu in siCSN8 transfected cells is due to increased protein degradation, we
performed cycloheximide (CHX, 100 μM) chase analyses on GFPu protein levels in siRNA
transfected cells. In siCSN8-transfected cells, 60% of GFPu was degraded within 10 min after
CHX administration, while 80% of GFPu was still present in mock-treated or siSCR-
transfected cells. These indicate that the degradation of GFPu protein was markedly enhanced
in siCSN8 treated cells (Fig. 6D and 6E). Therefore, our data suggest that reduced GFPu protein
levels are caused by both suppressed synthesis and accelerated degradation.

3.5. Dow-regulation of CSN8 altered the levels of p21cip and p27kip

Since loss of function of the CSN appears to alter the proteasome function and regulate GFPu
expression at the transcriptional level, we next tested whether down-regulation of CSN8 has
similar effects on the endogenous protein levels.

It has been previously shown that p21cip, p27kip, β-catenin, and IκBα are degraded by the
proteasome (Bloom et al 2003, Carrano et al 1999, Nakayama et al 2000, Sutterluty et al
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1999, Tsvetkov et al 1999). We first examined the abundance of these proteins in siRNA
transfected cells. We observed that the protein levels of p21cip and p27kip were significantly
reduced in siCSN8 transfected cells (Fig. 7A and 7B). However, the abundance of β-catenin
and IκBα was not affected by the silencing of siCSN8 (Fig. 7A and 7B). Furthermore, the
protein levels of 21cip and p27kip were either partially or largely restored by the treatment of
MG132 (10 μM) (Fig. 7A and 7B), suggesting that the reduction of p21cip and p27kip results
from enhanced proteasomal degradation. Indeed, CHX chase experiments showed that the
turnover of p21cip was accelerated in siCSN8 transfected cells (Fig. 7C and 7D). However, the
CHX chase failed to reveal an increased degradation of p27kip in our experimental conditions
(Fig. 7E and 7F). To determine whether CSN8/CSN is involved in regulating gene
transcription, we also performed RT-PCR to measure the transcripts of p21cip and p27 kip. The
mRNA levels of p21cip and p27 kip were both significantly decreased in siCSN8 transfected
cells (Fig. 7G and 7H), indicating that reduced transcription of p21cip and p27kip may attribute
to their reduced protein levels. These data suggest that, in addition to regulating proteins
degradation, CSN8/CSN may also be involved in regulating transcription.

4. Discussion
Among the eight CSN subunits, six have a PCI domain and two carry an MPN domain, which
are paralogous to 8 subunits of the lid of the 19S proteasome. How the CSN holo-complex is
organized remains elusive, but the interactions between subunits via PCI domain are believed
to be important to CSN assembly (Wei & Deng 2003). Therefore, every subunit appears to be
essential to the formation of the holo-complex. Supporting this notion, we observed that down-
regulation of the smallest subunit CSN8 in HEK293 cells reduced the amount of CSN holo-
complexes (Fig. 3). Interestingly, down-regulation of CSN8 also altered the abundance of
different mini-complexes, suggesting that the disassembled subunits may interact with each
other and form new forms of mini-complexes with various gel mobilities. Mini-complexes
containing some of the CSN subunits have been reported in Arabidopsis (Karniol et al 1999,
Serino et al 1999, Wang et al 2002), Drosophila (Oron et al 2002), and mammalian cells
(Tomoda et al 2005, Tomoda et al 2002) but the constituents of the mini-complexes and their
functions are not clear. Notably, decreases in CSN8 reduced significantly CSN3, CSN5, and
CSN7 but not other 4 CSN subunits (Fig. 2), suggesting that CSN8 may directly interact CSN3,
CSN5 and CSN7 during the formation of CSN holo- and mini-complexes and stabilize them.
This supports the current model for CSN subunit interactions (Wei & Deng 2003).

It has been proposed that all of the 8 subunits are required for the deneddylation activity,
although the isopeptidase activity resides in CSN5 (Wei & Deng 2003). Consistent with this
notion, we found here that knockdown of CSN8 significantly diminished CSN deneddylation
activity as evidenced by increased levels of neddylated Cul1 and Cul4A (Fig. 4A and 4B).
Interestingly, the increase in neddylated Cul4A was accompanied by a decrease in the native
form of Cul4A but the increase in neddylated Cul1 was not (Fig. 4A). Loss of CSN subunits
in several organisms have also been shown to destabilize F-box proteins such as Skp2 and β-
TrCP, compromise SCF E3 ligase activities, and accumulate the respective substrates of the
SCF E3’s (Cope & Deshaies 2006, Cope et al 2002, Doronkin et al 2003, Schwechheimer et
al 2001, Schweitzer et al 2007). In the present study, we observed that suppression of CSN8
in human HEK293 cells reduced F-box protein Skp2 but not β-TrCP (Fig. 4C and 4D),
suggesting that suppression of CSN8 may only destabilize a subset of cullin-based E3 ligases
at least in these cells. Despite a decrease in Skp2, p27kip (the substrate for Skp2) did not appear
to be stabilized by suppression of CSN8 (Fig. 7A, 7B, 7E and 7F), suggesting that the remaining
Skp2 is still sufficient to assemble functional SCFskp2 E3 ligase to target p27kip for degradation
in our models. In contrast to our finding, p27kip appeared to be stabilized by CSN4 and CSN5
down-regulation in 293T cells, which may be attributed to both the destruction of SCF ubiquitin
ligase and the disruption of CSN5 and p27 interaction and subsequent nuclear export (Denti

Su et al. Page 7

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al 2006, Tomoda et al 2002). These discrepant observations on p27 degradation between
CSN5 knockdown and CSN8 knockdown cells suggest that each CSN subunit may behave
differently in regulating the abundance of a specific protein. Additionally, consistent with
unaltered levels of β-TrCP, the substrates that are targeted by β-TrCP for proteasomal
degradation, such as β-catenin and IκBα, were not accumulated either (Fig. 7A and 7B). In
agreement with our data, the degradation patterns of β-TrCP and its substrates, including β-
catenin and IκBα, were unaltered in stimulated Csn8-deficient T cells (Menon et al 2007).

In addition to regulating the cullin-based E3 ligases, some evidence suggests that CSN may
regulate proteasome proteolytic function by direct interaction with the 26S proteasome (Huang
et al 2005). Ignoring any of these features of the CSN may underestimate the impact of the
CSN on UPS functions. We then sought to determine the impact of down-regulation of CSN8
on proteasome proteolytic function using a well-established proteasome functional reporter
system (Fig. 5A). Interestingly, the degradation of GFPu, a reliable surrogate substrate for the
proteasome, was accelerated by silencing CSN8 (Fig. 5B, 6C, 6D and 6E), suggesting enhanced
proteasome proteolytic function in CSN8 knockdown cells. The enhanced degradation of GFPu
was unlikely the result of an increase in 20S proteasome function, because the proteasome
peptidase activity was not altered by knockdown of CSN8 (Supplemental Fig. S1). The overall
ubiquitination activity was not altered by suppression of CSN8 either, as determined by in vitro
de novo ubiquitin conjugation assay (Supplemental Fig. S2). It remains unclear whether the
enhanced proteasome function induced by suppression of CSN8 results from an increase of
the association of the 19S with the 20S proteasome. Consistently, the stability of an endogenous
protein p21cip was also decreased (Fig. 7A, 7B, 7C and 7D). Although it has been reported that
p21cip can be targeted for proteasomal degradation in either ubiquitination-dependent or
ubiquitination-independent manner (Bendjennat et al 2003, Bloom et al 2003, Bornstein et al
2003, Chen et al 2007, Li et al 2007), how the CSN controls the turnover of p21cip remains to
be further defined. Similar to our finding, the proteasome-mediated degradation of Rbf1 and
Rbf2 was increased in cultured cells and embryos with a diminished CSN activity, suggesting
that the CSN may protect certain types of regulatory proteins from degradation (Ullah et al
2007).

In addition to regulating UPS-mediated proteolytic function, CSN may also regulate gene
expression at the transcription level, as indicated by reduced mRNA levels of both transgene
of GFPu and endogenous genes of p21cip and p27kip in CSN8 knockdown cells (Fig. 6A, 6B;
Fig. 7G, 7H). Indeed, the CSN was proposed to act as a transcriptional repressor during the
development of Drosophila, as supported by altered temporal regulation of gene expression in
the csn mutants (Oron et al 2007). Another recent study also revealed that CSN4 can co-occupy
the retinoblastoma protein (Rb) target gene promoters with Rbf1 and Rbf2, suggesting an active
role for the CSN in transcriptional regulation (Ullah et al 2007). In murine T cells, the CSN
appeared to occupy the promoters of certain cell cycle-related genes and CSN8 deficiency led
to aberrant gene expression. Interestingly, the expression of p21cip was induced in the
stimulated CSN8-deficient T cells, suggesting the transcriptional regulation of the CSN may
be cell-type specific (Menon et al 2007). These studies collectively indicate that the CSN may
be involved in the transcriptional regulation of gene expression, either directly or associated
with other transcription factors.

In summary, the present study demonstrates that CSN8 is essential to the stability of CSN3,
CSN5, and CSN7, as well as CSN holo-complex formation and that in absence of CSN8 other
CSN subunits may form abnormal mini-complexes. This study also suggests that CSN8/CSN
negatively regulates UPS-mediated degradation of a subset of protein substrates and positively
regulate the transcription of at least a subset of genes.
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Fig. 1.
Suppression of CSN8 in HEK293 cells by siRNA. (A) CSN8 mRNA levels in cells at 60 hours
after transfection with no siRNA (Non), a scramble siRNA (siSCR, 30 nM), or a siRNA specific
for human Csn8 (siCSN8, 30 nM) were assessed by Northern blot analysis. GAPDH was
probed as loading controls. (B) A summary of the densitometric data of (A). (C) CSN8 protein
levels in total cell lysates from cells with indicated treatments were analyzed by Western blots.
GAPDH protein levels were probed as loading controls. (D) A summary of the densitometric
data of (C). (E) Representative confocal micrographs of cells transfected with indicated siRNA.
Cells that were successfully transfected by Cy3-siCSN8 display red fluorescence dots in the
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juctanuclear area. CSN8 was immunostained green. The nuclei were labeled with DAPI (blue).
Note that CSN8 is significantly reduced in Cy3-positive cells. Scale bar = 10 μm.
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Fig. 2.
Down-regulation of CSN8 differentially alters the protein levels of other CSN subunits. (A)
Representative Western blot images. Total proteins were extracted from the cells transfected
with indicated siRNA, fractionated with SDS-PAGE, and analyzed with Western blots for the
indicated proteins. β-Tubulin was probed as loading controls for quantitative analyses. (B) A
summary of densitometry data of (A). The mean density of a given protein in siSCR treated
cells was respectively set as 100% and used to normalize all the densitometry data of the protein.
*: p<0.05 vs siSCR group (n=4 for each group).
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Fig. 3.
Down-regulation of CSN8 alters CSN complex formation. (A) The distribution of CSN holo-
and mini-complexes in total cell lysates was analyzed by native-PAGE followed by Western
blots for the indicated CSN subunits. (B) The distributions of CSN2, CSN5, and CSN8 were
analyzed by gel filtration chromatography. Fractions 17 - 38 were resolved by SDS-PAGE and
analyzed by Western blot for indicated proteins.
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Fig. 4.
Suppression of CSN8 alters the bona fide activity of the CSN. (A, B) Representative Western
blot images (A) for Cul1 and Cul4A and a summary of densitometry data (B) are presented
respectively in the left and right panels. α-Actin was probed as loading controls. *: p<0.05 vs
siSCR group (n=4 for each group). (C, D) Representative western blot images (C) for Skp2
and β-TrCP and a summary of densitometry data (D) are presented respectively in the upper
and lower panels. β-Tubulin serves as a loading control. *: p<0.05 vs siSCR group (n=4 for
each group).
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Fig. 5.
Specific down-regulation of CSN8 decreases the protein levels of a UPS surrogate substrate
(GFPu). (A) A Western blot image of GFPu in HEK293 cells stably expressing GFPu at 2
hours after administration of proteasome inhibitor Lactacystin (6 μM) or MG132 (2 μM). (B,
C) Knockdown of CSN8 decreased GFPu protein levels in a dose-dependent manner.
Representative western blot images (B) and a summary of densitometry data (C) are presented.
*: p<0.05 vs siSCR group (n=4 for each group). (D) Confocal micrographs of cells transfected
with indicated siRNA. Cells were immunostained for CSN8 (red) and GFP (green). The nuclei
were stained blue with DAPI. Scale bar = 10 μm. (E, F) Overexpression of mouse CSN8
rescued human siCSN8 induced decreases in GFPu protein levels in HEK293 cells.
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Representative Western blot images (E) and the quantitative data of GFPu protein levels (F)
are shown. The relative endogenous (endo) and transgenic CSN8 (His-mCSN8) protein levels
were shown in the bottom of the bar graphs (F). *: p<0.05 vs siSCR, #: p<0.05 vs siCSN8. n=4
for each group.
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Fig. 6.
The CSN regulates GFPu at both the transcriptional and post-translational levels. (A) The
steady-state transcript levels of GFPu were detected by RNA dot blot analysis using p32-labeled
transcript-specific probes derived from GFPu cDNA. GAPDH was similarly probed as loading
controls. (B) A summary of densitometry data of (A). *: p<0.05 vs siSCR group. (C)
Proteasome inhibition by MG132 attenuated the reduction of GFPu levels in si-CSN8
transfected cells. (D) Cycloheximide (CHX) chase assay for GFPu. Cells transfected with
indicated siRNA were treated with CHX (100μM). The levels of GFPu at the indicated time
points after CHX treatment were analyzed by Western blots. (E) Within each treatment group,
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the relative value of the GFPu signals of different time points post-CHX treatment over that
of the 0 min time point were plotted.
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Fig. 7.
Down-regulation of CSN8 reduces the protein levels of p21cip and p27kip. (A, B)
Representative images (A) of Western blot analyses of p27kip, p21cip, β-catenin, and IκBα in
cells transfected with indicated siRNA and a summary of densitometry data (B) are presented.
*: p<0.05 vs siSCR group (n=4 for each group). (C, D) CHX chase assays for p21cip in siCSN8
and siSCR transfected cells. Cells were treated with CHX (100μM) for the indicated time. The
cell lysates were analyzed by Western blots for p21cip (C) and the densitometric readings of
p21cip in each sample relative to the values of CHX-untreated cells (0 min) are plotted in (D).
(E, F) A CHX chase assay for p27kip was done as described in (C, D). (G, H) Semi-quantitative
analyses of the mRNA levels of p21cip and p27kip using semi-quantitative reverse-
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transcriptional (RT-) PCR. RT-PCR was performed using primers specific the mRNAs
indicated. Representative RT-PCR gel images (G) and a summary of the densitometry data (H)
are presented. The density of each sample was normalized by that of GAPDH.
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