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Abstract The 5th subunit of COP9 signalosome (CSN5, also known as Jab1 or COPS5) is implicated in regulating
p53 activity and is overexpressed in various tumors.However, theprecise roles of CSN5 in p53network and tumorigenesis
are not well characterized. Here we show that CSN5 is a critical regulator of both p53 and MDM2. We show that
curcumin, an important inhibitor of CSN-associated kinases, can downregulate not only CSN5 but also MDM2, which
results in p53 stabilization. Importantly, CSN5 interacts with p53. CSN5 expression leads to p53 degradation, facilitating
MDM2-mediated p53 ubiquitination, and promoting p53 nuclear export. Additionally, CSN5 expression results in
stabilization of MDM2 through reducing MDM2 self-ubiquitination and decelerating turnover rate of MDM2.
Significantly, we further show that CSN5 antagonizes the transcriptional activity of p53. These results demonstrate that
CSN5 is a pivotal regulator for both p53 andMDM2.Our studiesmay pave theway for targetingCSN5 for anti-cancer drug
development. J. Cell. Biochem. 103: 1219–1230, 2008. � 2007 Wiley-Liss, Inc.
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The COP9 signalosome (CSN) is an evolutio-
narily conserved multiprotein complex that has
been found in plants and animals. It is a protein
complex, which consists of eight subunits
(CSN1–CSN8), first characterized as a
repressor of plant photomorphogenesis. While
the exact biochemical function of the CSN in
animal cells remains to be characterized, the
complex or its individual subunits have been
implicated in a wide variety of regulatory
processes, including cell cycle control, signal
transduction, transcriptional activation, and
possibly tumorigenesis (reviewed in Wei and
Deng [2003]). Notably, the eight subunits of the

CSN are each paralogous to one of the eight
subunits that form the lid complex (19S) of the
26S proteasome [Karniol and Chamovitz, 2000;
Li and Deng, 2003]. The lid complex is thought
to recognize ubiquitinated substrates and then
funnel them into the proteolytic core complex
for degradation. Because of the homology
between the CSN and the 19S lid complex, the
CSN has been postulated to play a role in
protein degradation. Indeed, it is shown that
CSN is involved in degrading proteins, such as
p27 [Tomoda et al., 1999], c-Jun [Naumann
et al., 1999], and p53 [Bech-Otschir et al., 2001],
via the ubiquitin-proteasome pathway. In the
p53 degradation study, it has been demon-
strated that the CSN can coordinate with the
ubiquitin ligase activity of MDM2 in regulating
the stability of p53 [Bech-Otschir et al., 2001].
This study implicates that CSN plays an
important role in p53 stability; however, the
detailed mechanism remains to be characterized.

In addition, three kinases, including inositol
1,3,4-trisphosphate 5/6-kinase (5/6-kinase)
[Sun et al., 2002], protein kinase D (PKD)
and CK2 [Uhle et al., 2003], have been copuri-
fied with the CSN and are implicated in
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phosphorylating p53 and subsequent p53 deg-
radation. Interestingly, the protein kinase
activity of these CSN-associated kinases can
be inhibited by curcumin [Bech-Otschir et al.,
2001], a naturally occurring yellow pigment
from the rhizomes of the plant Curcuma longa.
Furthermore, p53 protein levels were elevated
in the presence of curcumin. These data suggest
that curcumin inhibits CSN-associated kinases,
thereby affecting the stability of p53. Nonethe-
less, the mechanism by which curcumin antago-
nizes CSN activities to regulate p53 stability
remains to be elucidated. Recently, gene dis-
ruption of CSN5 leads to embryonic lethality
[Tomoda et al., 2004]. Importantly, p53 protein
levels are elevated in CSN5�/� embryos,
suggesting that CSN5 is involved in regulating
p53 stability. CSN5 has an important feature
that is different from other subunits. It is a
NEDD8 (an ubiquitin-like protein) isopeptidase
that impacts the effect of the CSN on the activity
of associated E3 ubiquitin ligases SCF (SKP1-
Cullin-F-box protein) [Cope et al., 2002]. To
enhance the ligase activity of SCF, cullin
protein of SCF needs to be covalently modified
by NEDD8 [Kawakami et al., 2001]. CSN5 can
cleave NEDD8–Cul1 conjugates, thereby regu-
lating SCF activity and subsequent degradation
of targeted proteins [Cope et al., 2002]. MDM2,
an E3 ubiquitin ligase for tumor suppressor p53,
can decrease the stability and half-life of p53
through the ubiquitin-proteasome pathway
[Iwakuma and Lozano, 2003]. Although CSN5
is implicated in degrading p53, it is not clear
whether MDM2, a p53 ubiquitin ligase, is
regulated by CSN5 during the process.

It is clear that the tumor suppressor gene p53
is the most commonly mutated gene in human
cancers. Its function is to protect normal cells
from undergoing transformation in response to
stress. Stabilization of p53 is essential for the
maintenance of its tumor suppressor function.
It is expected that when regulators involved in
p53 protein stability are deregulated, they will
have an impact on human tumorigenesis. For
example, human MDM2 is amplified in greater
than 30% of sarcomas [Lozano and Montes de
Oca Luna, 1998]. Recently, it has been shown
that CSN5 is overexpressed in a high percent-
age of invasive breast cancers [Esteva et al.,
2003; Kouvaraki et al., 2003]. CSN5 over-
expression also associates with poor prognosis
for ovarian cancer patients [Sui et al., 2001].
Additionally, CSN5 can enhance the invasive

capabilities of cancer cells [Adler et al., 2006].
These observations suggest that CSN5 protein
plays a role in tumorigenesis, which may be
traced to a defect in its role in p53 network
control. However, the detailed role or regulation
of CSN5 is not clear. Here, we show that CSN5
and MDM2 are important targets downregu-
lated by curcumin, which contributes to p53
stabilization. We then assessed the roles of
CSN5 in regulating p53 stability and function.
We found that CSN5 interacts with and
decreases the stability of p53. CSN5 can
facilitate MDM2-mediated p53 degradation.
We discovered that CSN5 reduces MDM2-
mediated self-ubiquitination, thus stabilizing
MDM2 protein, which in turn promotes p53
ubiquitination. Also, live-cell images indicated
that CSN5 induces the translocation of p53 from
the nucleus to the cytoplasm; therefore, CSN5-
mediated MDM2 stabilization also contributes
to cytoplasmic localization of p53. We show that
CSN5 expression antagonizes p53-mediated
transcriptional activity. Thus, our studies indi-
cate that CSN5 is an important negative
regulator of p53, exerting a stimulatory effect
toward MDM2-mediated p53 ubiquitination.
Hence, as a positive regulator of MDM2,
inhibition of CSN5-mediated regulation of
MDM2 may be a useful therapeutic strategy
for treating cancers with activated MDM2.

RESULTS

Impact of Curcumin on CSN5 and p53 Expression

Curcumin is known to possess anti-tumor
activity. Also, it is known to inhibit CSN-
associated kinase [Bech-Otschir et al., 2001],
thereby preventing p53 phosphorylation and
subsequent degradation. However, it remains
unclear how curcumin can regulate the p53-
MDM2 network. Here, we showed that curcu-
min has impact on the expression of p53 and
CSN5 in cells. R1B/L17 cells were treated with
curcumin. As expected, curcumin treatment
leads to increased amounts of p53 (Fig. 1A).
Consistently, expression of p21, a target gene of
p53, was related with p53 upregulation. Impor-
tantly, decreasing amounts of CSN5 were
detected from cells harvested after 24 h of
treatment. Furthermore, increased p53 corre-
lates with the downregulation of CSN5. We
obtained similar results when using Rat1 and
Rat1-akt cells for studies (Fig. 1B), thus exclud-
ing the possibility that this phenomenon is cell
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type specific. To further confirm this observa-
tion, we used curcumin to treat H1299 (p53 null)
cells, which were cotransfected with CSN5 and
p53, and found that again curcumin can cause
downregulation of CSN5 and upregulate p53
(Fig. 1C). Hence, these data highlight the
critical role of curcumin in affecting the expres-
sion of p53 via affecting the expression of CSN5.

This inverse relationship between p53 and
CSN5 prompted us to determine whether CSN5
interacts with p53. We showed that CSN5
interacts with p53 in vivo as characterized by
coimmunoprecipitation experiments (Fig. 1D).
293T cells were transfected with Flag-tagged
CSN5-expressing plasmid in the presence or

absence of p53-expressing plasmid. Impor-
tantly, p53 was detected in the anti-Flag
immunoprecipitation (IP) complex (Fig. 1D).
Reciprocal IP also indicated that Flag-CSN5 is
detected in the anti-p53 IP complex. In addition,
we tested the specificity of the interaction
between CSN5 and p53 using the GST pull-
down assay. GST-tagged p53 was able to bind to
CSN5 (Fig. 1E). To further confirm the binding
between endogenous proteins, we performed
the coimmunoprecipitation experiments in
A549 cells. Importantly, CSN5 was detected in
the anti-p53 IP complex (Fig. 1F). Thus, com-
pelling evidence indicates that the two proteins
are associated in the cells.

Fig. 1. Curcumin causes downregulation of CSN5 and stabili-
zationof p53.A: CurcumindownregulatesCSN5 to stabilizep53.
R1B/l17 cells were treated with curcumin (10 mM) for the
indicated hours. Equal amounts of protein from cell lysates were
IB with anti-CSN5, anti-p53, and anti-p21. Tubulin served as a
loading control. The quantitative analysis of expression of p53
was preformed with a NIH imaging program. The increased
fold was expressed as comparison with the value at time 0.
B: Downregulation of CSN5 in Rat1 and Rat1-akt cells treated
with curcumin (10 mM). Rat1 andRat1-akt cells were treatedwith
curcumin for the indicated hours. Equal amounts of protein from
cell lysates were IB with anti-CSN5, anti-p53, and anti-tubulin.
C: Curcumin causes downregulation of CSN5 to stabilize
exogenous p53 in H1299 cells. H1299 cells were transfected
with indicated Flag-tagged CSN5 and the equal amount of p53
expressionvector, followedby the treatmentof curcumin (10mM)
for the indicatedhours. Equal amounts of protein fromcell lysates
were IBwith anti-p53, anti-Flag, and anti-tubulin. Tubulin served

as a loading control. The expression level of p53 or p21 was
quantitatedwith aNIH imaging program. The increased foldwas
expressed as comparison with the value at time 0. D: CSN5
associates with p53. 293T cells were transfected with the
indicated Flag-tagged CSN5 construct and p53 expression
vectors. Cell lysates were immunoprecipitated (IP) with anti-Flag
antibody (M2), and the IP were immunoblotted (IB) with anti-
p53. Cell lysateswere also IPwith anti-p53 antibody, and then IB
with anti-Flag antibody (M2). The cell lysates were IB with anti-
Flag antibody (M2, Sigma) to demonstrate the amount of CSN5
expressed. E: p53 specifically interacts with CSN5. 293T cells
were transfected with indicated Flag-CSN5 expression plasmid.
Cell lysates were subjected to GST or GST-p53 pull-down (PD)
followed by IB with anti-Flag antibody. The right panel shows
10% of the inputs. F: Endogenous interaction. Cells lysates of
A549 cells were IP with control IgG or anti-p53 antibody,
followed by IB with anti-CSN5 or anti-p53. Cells were treated
with MG132 for 8 h prior to collection.
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Role of CSN5 in p53 Degradation

It was shown that CSN can regulate p53
degradation [Bech-Otschir et al., 2001]. How
CSN exerts its negative impact toward p53
remains to be elucidated. We have found
that CSN5 downregulation correlates with p53
upregulation (Fig. 1). Thus, CSN5 may mediate
p53 degradation. Structurally, CSN5 contains
a Mpr1p and Pad1p N-terminal (MPN) domain
and leucine-rich part (Fig. 2A). However, the
biological function of these domains in CSN5
is not clear. The MPN domain is found in the
N-terminus of yeast Mpr1and Pad1 proteins,
which are yeast proteasome subunits, suggest-
ing that MPN domain may participate in protein
degradation [Rinaldi et al., 1995; Penney et al.,
1998; Wei et al., 1998]. The MPN domain can be
further divided into six conserved regions (I–VI)
[Asano et al., 1997]. To determine the contribu-
tion of domains of CSN5 in affecting p53

stability, we performed a p53 expression assay
in the presence of various CSN5 expression
constructs (Fig. 2A,B). We examined the role of
different CSN5 constructs in regulating the
protein level of p53 by transfection, using
H1299 lung carcinoma cells (p53 null). Cells
were cotransfected with equal amount of p53 and
increasing amounts of CSN5 expression con-
structs. Significantly, the expression level of p53
was decreased when high level of wtCSN5
was present (Fig. 2B), suggesting that CSN5
had a negative impact on p53 stability. CSN5
(1–222aa) is a protein with MPN I–VI domain,
while other CSN5 mutants contain deletion in
either MPN I–III or MPN IV–VI domain. We
found that only wt CSN5 and CSN5 (1–222aa)
were able to downregulate the expression of p53,
suggesting that MPN I–VI domain is involved in
affecting the expression of p53 (Fig. 2B).

p53 is a protein with short half-life; therefore,
it is not very stable. The stability of p53 is

Fig. 2. CSN5 is involved in regulating p53 stability. A: Schematic representation of CSN5 deletion
constructs.B:MPNdomainofCSN5 is involved in regulatingp53 stability.H1299cellswere transfectedwith
the equal amount of p53 expression vector and increasing amounts of the indicated Flag-tagged CSN5
expression vectors. Equal amounts of protein from cell lysates were IB with anti-p53, anti-Flag, and anti-
tubulin. Tubulin served as a loading control.
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regulated through proteasome pathway. We
demonstrated that the downregulation of p53
protein by CSN5 is mediated via proteasome
degradation process, as the downregulation of
p53 was prevented when cells were treated with
the specific 26S proteasome inhibitor MG132
(Fig. 3A). As expected, more ubiquitinated form
of p53 was accumulated in the presence of CSN5
when cells were treated with MG132, suggest-
ing that CSN5 is facilitating the ubiquitination
and subsequent degradation of p53 (Fig. 3B).

MDM2 is a known negative regulator
involved in p53 degradation; therefore, we

determined whether CSN5-mediated p53 deg-
radation requires MDM2. We used p53�/�
mouse embryonic fibroblasts (MEF) and p53/
Mdm2 double knock-out MEF to assay the
impact of CSN5 on MDM2 degradation. As
expected, CSN5 is able to degrade exogenous
p53 in p53�/� MEF. In contrast, CSN5 is
unable to degrade exogenous p53 in p53/Mdm2
double knock-out MEF, suggesting that the
presence of MDM2 is required for CSN5 to
degrade p53 (Fig. 3C).

Since MDM2 is an E3 ubiquitin ligase for p53,
we then further determined whether CSN5

Fig. 3. CSN5 facilitates MDM2-mediated p53 ubiquitination.
A: Proteasome inhibitor blocks CSN5-mediated degradation of
p53. H1299 cells were transfected with the indicated expression
vectors in the presence or absence of proteasome inhibitor
MG132. Equal amounts of protein from cell lysates were IB with
anti-p53, anti-Flag, and anti-tubulin. Tubulin served as a loading
control. The expression of p53 was quantitated with a NIH
imaging program. B: CSN5 facilitates the ubiquitination of p53.
H1299 cells were transfected with pCMV-p53 in the presence or
absence of pCMV-Flag-CSN5. The cell lysates were harvested
and IP with anti-p53 antibody, and the IP were IB with anti-p53.
Equal amounts of protein from cell lysateswere IBwith anti-Flag.
Cells were treated with MG132 for 8 h prior to collection.

C: CSN5-mediated p53 degradation requires MDM2. p53�/�
MEFor p53/Mdm2double knock-out (DKOMEF)was transfected
with indicated plasmids. The cell lysates were harvested and IB
with anti-p53 or anti-Flag. Tubulin served as a loading control.
D: CSN5 promotesMDM2-mediated p53 ubiquitination. H1299
cells were cotransfected with pCMV-p53 (1 mg), pCMV-His-
ubiquitin (1 mg), pCMV-MDM2 (1 mg), and increasing amounts of
pCMV-Myc-CSN5 (0, 1, 5mg). Cellswere treatedwithMG132 for
8 h prior to collection. The cell lysates were harvested, and the
His-ubiquitinated p53 were pulled down using His-bind beads.
The protein complexes were probed with anti-p53 antibody to
reveal the His-ubiquitinated p53. Equal amounts of cell lysates
were IB with anti-Myc to indicate the expression of CSN5.
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could accelerate MDM2-mediated p53 ubiquiti-
nation, thereby reducing the stability of p53.
Cells were cotransfected with MDM2, p53,
pCMV-His-ubiquitin, and increasing amount
of CSN5 into H1299 cells. Cells were harvested
and analyzed by His-Bind resin binding for
the presence of His-ubiquitin containing
p53. MDM2 can act as an ubiquitin ligase
and will add His-ubiquitin onto p53. Thus,
His-ubiquitinated form of p53 can be detected
in the His-ubiquitin containing protein com-
plexes bound to His-Bind resin by immuno-
blotting (IB) with anti-p53. Under conditions
where CSN5 is increased, the amounts of His-
ubiquitinated form of p53 increased, suggesting
that CSN5 accelerated MDM2-mediated p53
ubiquitination activity (Fig. 3D).

CSN5 Affects the Subcellular Localization of p53

p53 is exported from the nucleus to the
cytoplasm for degradation. It is known that
CSN5 can exert its biological function by
sequestering its target proteins. For example,
CSN5 sequesters p27 in the cytoplasm to cause
p27 degradation [Tomoda et al., 1999]. We then
determined whether CSN5 has an impact on
p53 subcellular localization. We employed live-
cell imaging to study the subcellular local-
ization of p53 in the presence of CSN5 in

H1299 cells. GFP-p53 was used to indicate the
location of p53 in a live cell. The H1299 cells
were cotransfected with indicated GFP-p53 and
different CSN5 expression constructs. As
expected, we found that GFP-p53 was located
in the nucleus of control cells (CMV5 vector
control) after live-cell images were captured
using immunofluorescent microscope (Fig. 4,
green). Remarkably, GFP-p53’s subcellular
location, originally in the nucleus, was detected
in the cytoplasm when cells were cotransfected
with CSN5 expressing construct (Fig. 4). It is
noteworthy that a CSN5 expression construct,
which contains just MPN I–VI domain (1–
222 aa), can mediate p53 cytoplasmic location.
However, a construct encoding MPN I–III
region (1–120 aa) is inefficient in affecting the
sub-cellular localization of p53 (Fig. 4A,B).
Thus, these results highlight the important role
of CSN5 in affecting the translocation of p53
from the nucleus to the cytoplasm.

CSN5 is Involved in Regulating MDM2 Stability

As described above, curcumin is able to
upregulate p53. It is not clear whether MDM2,
a negative regulator of p53, is also affected. Here,
we demonstrated that curcumin treatment leads
to decreased expression of MDM2 (Fig. 5A). We
then determined whether CSN5 interacts with

Fig. 4. CSN5 instigates cytoplasmic localization of p53.
Localization of GFP-p53 is affected by the expression of CSN5.
The H1299 cells were cotransfected with GFP-p53 and the
indicated CSN5 expressing constructs. Live-cell images were
captured. Subcellular localization of GFP-p53 (green) is shown.
Hoechst 33342 (0.5 mg/ml) was added for DNA staining (red).
Merged images are also indicated. The location of GFP-p53 was

observed under a fluorescence microscope. A total of 300 cells
were counted for the location of GFP-p53 in each condition. The
percentages of nuclear-positive cells (N) and nuclear and cyto-
plasmic-positive cells (NþC) are presented. Data shown were
from a typical experiment conducted in triplicate. Bars represent
standard deviations. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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MDM2. 293T cells were transfected with Flag-
tagged CSN5-expressing plasmid in the pres-
ence or absence of MDM2-expressing plasmid.
Importantly, MDM2 was detected in the anti-
Flag IP complex (Fig. 5B). Reciprocally, Flag-
CSN5 is detected in the anti-MDM2 IP complex.
Additionally, we then tested the specificity of the
interaction between CSN5 and MDM2 using
GST pull-down assay. GST-MDM2 was able to
bind to CSN5 (Fig. 5C). To further confirm the
binding between endogenous proteins, we per-
formed the coimmunoprecipitation experiments
in A549 cells. Importantly, CSN5 was detected in
the anti-MDM2 IP complex (Fig. 5D). Together,
these results indicate that CSN5 interacts
with MDM2.

We have found that CSN5 associates with
MDM2 (Fig. 5). It is not clear whether CSN5
collaborates with MDM2 through interaction,
which in turn would potentiate p53 degrada-
tion. To determine the biological function of the
interaction, we determined whether CSN5

affects MDM2’s expression. We examined the
role of CSN5’s activity in regulating the protein
level of MDM2 by transfection, using H1299
lung carcinoma cells (p53 null). Remarkably,
the expression level of MDM2 was increased
when CSN5 was cotransfected (Fig. 6A), sug-
gesting that CSN5 had a positive impact on
MDM2 stability. MDM2 is an E3 ubiquitin
ligase for itself and is involved in regulating
the stability and half-life of itself through
ubiquitin-proteasome pathway [Fang et al.,
2000]. To address the stability issue further,
we determined whether CSN5 could hinder
MDM2-mediated self-ubiquitination, thereby
increasing the stability of MDM2. We deter-
mined the levels of MDM2 ubiquitination in the
cells transfected with or without CSN5. 293T
cells transfected with MDM2 and pCMV-His-
ubiquitin were harvested and analyzed for the
presence of ubiquitin containing MDM2. MDM2
can act as an ubiquitin ligase and will add
ubiquitin onto itself. Thus, ubiquitinated form

Fig. 5. CSN5 associates with MDM2. A: Curcumin down-
regulatesMDM2.MCF7 cells were treatedwith curcumin for the
indicated hours. Equal amounts of protein from cell lysates were
IB with anti-CSN5, anti-MDM2. Tubulin served as a loading
control. The expression of CSN5 or MDM2was quantitated with
a NIH imaging program. The decreased fold was expressed as
comparison with the value at time 0. B: CSN5 associates with
MDM2. 293T cells were transfected with the indicated Flag-
tagged CSN5 construct and MDM2 expression vectors. Cell
lysates were IP with anti-Flag antibody (M2), and the IP were IB
with anti-MDM2. Cell lysates were also IP with anti-MDM2

antibody, and then IB with anti-Flag antibody (M2). The cell
lysates were IB with anti-Flag antibody (M2, Sigma) to
demonstrate the amount of CSN5 expressed. C: MDM2
specifically interacts with CSN5. 293T cells were transfected
with indicated Flag-CSN5 expression plasmid. Cell lysates were
subjected to GST or GST-MDM2 pull-down (PD) followed by IB
with anti-Flag antibody. The right panel shows 10%of the inputs.
D: Endogenous interaction. Cells lysates of A549 cells were IP
with control IgG or anti-MDM2 antibody, followed by IB with
anti-CSN5 or anti-MDM2.
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of MDM2 can be detected in the MDM2 IP
complexes by IB with anti-ubiquitin. Under
conditions where CSN5 is present, the amounts
of ubiquitinated form of MDM2 decreased,
suggesting that CSN5 blocked MDM2-mediated
self-ubiquitination activity (Fig. 6B).

Consistently, we determined the protein
turnover of MDM2 by cycloheximide treatment
in cells transfected with or without CSN5 and
found that cells expressing CSN5 exhibited a
reduced MDM2 turnover as compared with
control cells (Fig. 6C). The turnover rate of
MDM2 was slower in CSN5 expressing cells
(more than 50% remained after 1 h) than in
control cells (less than 20% remained after 0.5 h)
(Fig. 6D), suggesting that the expression of
CSN5 leads to reduced degradation of MDM2.
Taken together, CSN5 can stabilize MDM2 by

decelerating the ubiquitin-mediated protea-
some degradation of MDM2.

CSN5 Affects the p53 Transcriptional Activity

To assess the functional significance of the
antagonizing effects of CSN5 toward p53, the
transcriptional capacity of p53 was determined.
We performed a p53 reporter gene assay by
cotransfecting the luciferase p53 reporter gene
BDS2-3x-luc, CSN5, and p53 into R1B/L17 cells.
We found that CSN5 compromises p53 tran-
scriptional activity in cells in a dose-dependent
manner, as determined by luciferase activity
(Fig. 7A). Since CSN5 (1–220 aa) is capable of
degrading p53, we also investigated its role in
mediating p53 transcriptional activity. As
expected, this construct is able to reduce the
transcriptional activity of p53. Thus CSN5 and

Fig. 6. The expression of CSN5 increases the stability of
MDM2. A: Ectopic expression of CSN5 can stabilize MDM2.
H1299 cells were transfected with the indicated MDM2
expression vector and the Myc-tagged CSN5 expression vector.
Equal amounts of protein from cell lysates were IB with anti-
MDM2, anti-Myc, and anti-tubulin. Tubulin served as a loading
control.B: CSN5blocks self-ubiquitination ofMDM2. 293T cells
were cotransfected with indicated plasmids. The cell lysates
were harvested, and IP with anti-MDM2. The protein complexes
were then resolved on 8% SDS-polyacrylamide gel and probed

with anti-ubiquitin antibody to reveal the ubiquitinated MDM2.
Equal amounts of cell lysateswere IBwith anti-Flag, anti-tubulin.
Cells were treated with MG132 for 8 h prior to collection.
C: CSN5 reduces the turnover rate of MDM2. 293T cells
transfected with the indicated plasmids were treated with
cycloheximide (CHX) (100 mg/ml) for the indicated hours. Cell
lysates were IB with anti-MDM2, anti-Flag, and anti-tubulin. D:
Levels of MDM2 at each time point in (C) were measured using a
NIH imageprogram. The remaining level ofMDM2at time 0was
set at 100%. MDM2 remaining is indicated graphically.
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CSN5 (1–220 aa) block the p53 transcriptional
activity (Fig. 7B), possibly via degrading p53.

DISCUSSION

CSN5 plays a pivotal role in cancer formation,
and is aberrantly overexpressed in various types
of cancer. This oncogenic activity may arise
mostly from the elevated activity in degrading
important regulators involved in cell proliferation
control. Thus, CSN5 can be an important molec-
ular target for rational cancer therapy. Our study
shows that curcumin negatively regulates CSN5
and increases the expression of p53 (Fig. 1).
Importantly, curcumin, a naturally occurring
yellow pigment with anti-proliferative and apop-
totic activities, is a potent suppressor of tumor
formation [Lin, 2004]. Although curcumin is used
in phase I clinical trial for the treatment of cancer
[Sharma et al., 2004]. The mechanism by which
curcumin mediates tumor suppression remains
not well understood. Our results indicate that
curcumin can mediate downregulation of both
CSN5 and MDM2, which in turn leads to p53
stabilization, offering new clues as to how
curcumin may have tumor suppressive activities.

The finding that embryos of CSN5-null mice
have an accumulation of p53 suggests that this
protein is a crucial regulator of p53 stability
[Tomoda et al., 2004]. Three different lines of
evidence obtained from our studies demon-
strate the activity of CSN5 as a critical regulator
of p53 via MDM2. First, CSN5 can potentiate
MDM2-mediated p53 ubiquitination, which
results in p53 degradation. It is known that
CSN can coordinate with ubiquitin ligases to
regulate their activities [Cope and Deshaies,

2003]. Here, we showed that for the first time a
component of CSN is involved in association
with MDM2 ubiquitin ligase. In this case, CSN5
interacts with MDM2 ubiquitin ligase and may
bring the MDM2 substrate such as p53 closer to
the ubiquitination machinery. It is noteworthy
that CSN5 contains a JAMM metalloprotease
motif that is critical for cleavage of NEDD8
[Ambroggio et al., 2004], an ubiquitin-like
protein, from Cul1, thereby regulating Cul-
containing ubiquitin ligase activity [Kawakami
et al., 2001]. Recently, MDM2 is known to be
self-NEDDylated, and has the capability to
neddylate p53 [Xirodimas et al., 2004]. It will
be interesting to determine whether CSN5 can
regulate the NEDDylation process of MDM2.
Second, CSN5 can antagonize MDM2 self-
ubiquitination, reducing the turnover rate of
MDM2, which can strengthen MDM2 activity
toward p53. MDM2 is regulated by negative
regulators including ARF [Zhou et al., 2001],
PML [Bernardi et al., 2004], and ribosomal
proteins L5 [Dai and Lu, 2004], L11 [Lohrum
et al., 2003], L23 [Dai et al., 2004; Jin et al.,
2004], 14-3-3 s, but positively regulated by
Gankyrin [Higashitsuji et al., 2005], YY1 [Sui
et al., 2001], and KAP1 [Wang et al., 2005] (also
reviewed in Lee and Lozano [2006]). It is not
clear how CSN5 can stabilize MDM2. It is
possible that CSN5 has impact on some of
the regulators of MDM2, which will result in
MDM2 stabilization. Third, CSN5 can mediate
the nuclear export of p53, which may facilitate
the degradation of p53. CSN5 is known to
mediate the translocation of several proteins
from the nucleus to the cytoplasm such as p27
[Tomoda et al., 1999]. Here, we also showed that

Fig. 7. CSN5 antagonizes the transcriptional activity of p53. A: CSN5 antagonizes p53 transcriptional
activity. The BDS2-3X-luc reporter containing a p53-responsive element was transfected with the indicated
p53 or increasing amounts of CSN5-expressing vectors into R1B/L17 cells. Relative luciferase activity is
shown.B: Sameas (A), except thatCSN5 (1–222aa)was assayed for its impact onp53 transcriptional activity.
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CSN5 is efficient in facilitating the exportation
of p53 from the nucleus to the cytoplasm. Given
that CSN5 can stabilize MDM2, a known
protein involved in p53 nuclear export, it is
conceivable that CSN5 expression leads to the
translocation of p53 from the nucleus to the
cytoplasm.

MDM2 levels are associated with poor prog-
nosis of several types of human cancer [Momand
et al., 1998]. It has been shown that MDM2’s
negative impact on p53 stability in cancer can
compromise the magnitude of p53 activation by
cancer therapeutic agents, which causes DNA
damaging to eliminate cancer cells, thereby
reducing therapeutic effectiveness [Momand
et al., 1998]. Obviously, MDM2 is an important
molecular target for rational cancer therapy
[Zhang and Wang, 2000]. A strategy to activate
p53 in tumor by inhibiting MDM2 activity has
been the focus in cancer drug discovery. For
example, anti-sense oligonucleotides to inhibit
the expression of MDM2 have been employed
[Bianco et al., 2005; Zhang et al., 2005]. Also,
small-molecule inhibitors of MDM2, the Nut-
lins, have been developed to inhibit the inter-
action of p53 and MDM2 [Ambrosini et al., 2007;
Cao et al., 2006]. Here, we showed that CSN5
can stabilize MDM2, thereby accelerating p53
degradation and compromising p53 transcrip-
tional activity. As described above, CSN5 is
overexpressed during tumor progression.
Together, it stands to reason that CSN5 is a
potential molecular target for cancer therapy,
and our studies may provide insight into
strategic design for using CSN5 as a target for
anti-cancer drug development.

METHODS

Cell Lines and Cell Culture

293T, R1B/L17 (the mink lung epithelial cell
line derivative) [Lee et al., 1995], H1299 cells,
A549 cells, MCF7 cells (from ATCC), Rat1 and
Rat1-akt cells [Yang et al., 2006], p53�/� MEF,
and p53/Mdm2 double knock-out (p53�/� MEF
and DKO MEF, kind gifts of Dr. Gigi Lozano)
were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine
serum.

Plasmids, Reagents, Antibodies,
and Western Blots

Flag-14-3-3s has been described previously
[Yang et al., 2003]. Plasmids of CSN5 (1–120,

102–334, 102–222, 1–222, 102–222) were con-
structed by PCR cloning using designed pri-
mers. A PCR generated fragment of the cDNA
was subcloned into pCMV5 to yield a construct
that encodes CSN5 domains with a Flag-tagged
sequence. GFP-p53 was kindly provided by Dr.
G Wahl [Stommel et al., 1999]. Curcumin,
cycloheximide and MG132 were from Sigma.
Antibodies against MDM2 (SMP14, Santa
Crutz), p53 (DO1, oncogene science), p53
(FL393, Santa Cruz biotechnology), tubulin
(B-5-1-2, Sigma), CSN5 (Bethyl), Myc (9E10),
and Flag epitope (Sigma), were used for IB or IP.
Total cell lysates were solubilized in lysis buffer
(20 mM Tris–HCl pH 8.0, 100 mM NaCl, 1 mM
EDTA, 0.5% NP40, 0.5% Triton X-100, 1 mM
PMSF, 1 mM NaF, 1 mM sodium orthovana-
date, 1 mg each of aprotinin, leupeptin, and
pepstatin per ml) and were processed as
previous described [Lee et al., 1995]. Western
analysis was performed with chemilumines-
cence (ECL) system (Roche Molecular Biochem-
icals) according to the manufacturer’s
instructions. Protein band quantitation analy-
sis was performed on a Macintosh computer
using the public domain NIH Image program
(developed at the U.S. National Institutes of
Health and available on the Internet at http://
rsb.info.nih.gov/nih-image/).

Ubiquitination Assay

The 293T or H1299 cells were cotransfected
with indicated plasmids. After 24 h posttrans-
fection, cells were treated with 200 mM ALLN
(N-acetyl-Leu-Leu-norleu-AL, Sigma) for 12 h.
The cell lysates were harvested with lysis buffer
(50 mM Tris pH 7.5, 150 mm NaCl, 0.5% NP40,
0.5% Triton-100, 5 mM NEM). The His-ubiq-
uitinated p53 were brought down using His-
Bind resin (Novagen, Germany). The ubiquiti-
nated MDM2 were IP with anti-MDM2. The
protein complexes were then resolved by 8%
SDS-polyacrylamide gel and probed with anti-
p53 or anti-ubiquitin to observe the ubiquiti-
nated p53 or MDM2.

Live-Cell Imaging

Live-cell images of H1299 cells expressing
GFP-p53 and CSN5 expressing constructs were
captured with a cooled Orca-ER CCD camera
(Hamamatsu, Japan) mounted on a Zeiss
Axiovert 200 M microscope. It is fully motorized,
equipped with the heated stages, and heat and
CO2 controlled incubators. The Mark and Find
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software allows the stage to move around in a
controlled fashion and acquire images in phase
contrast and multicolor fluorescent images.
Hoechst 33342 (0.5 mg/ml) was added for DNA
staining.

Luciferase Reporter Gene Assay

The BDS2-3X-luc reporter containing a p53-
responsive element [Hermeking et al., 1997]
was transfected with the pCMV-p53- or pCMV-
CSN5 expressing vectors into R1B/L17 cells.
Luciferase activity was assayed with the dual
luciferase assay system (Promega) according to
the manufacturer’s instructions.
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