
CSN5 specifically interacts with CDK2
and controls senescence in a cytoplasmic
cyclin E-mediated manner
Akihiro Yoshida, Noriko Yoneda-Kato & Jun-ya Kato

Graduate School of Biological Sciences, Nara Institute of Science and Technology, Nara 630-0101, Japan.

The fifth component (CSN5) of the mammalian COP9 signalosome complex plays an essential role in cell
proliferation and senescence, but its molecular mediator remains to be determined. Here, we searched for
interactors among various cell cycle regulators, and found that CSN5, but not the CSN holo-complex, bound
to CDK2 in vivo and in vitro. Depletion of CSN5 enhanced phosphorylation of CDK2 by Akt, resulting in
cytoplasmic accumulation of CDK2 together with cyclin E in a leptomycin B-resistant manner, and
impaired phosphorylation of the retinoblastoma protein. Additional knockdown of CDK2, which reduced
the expression of cyclin E to the normal level, did not restore cell proliferation, but significantly suppressed
senescence in CSN5-depleted cells. Enforced expression of cytoplasmic cyclin E induced premature
senescence in immortalized cell lines. These results show that CSN5 functions through CDK2 to control
premature senescence in a novel way, depending on cyclin E in the cytoplasm.

T
he COP9 signalosome (CSN) complex is composed of 8 subunits (CSN1-8) and well conserved in all
eukaryotes from yeast to humans1,2. Although originally discovered as a suppressor of photomorphogenesis
in higher plants3, the CSN is now known to be involved in various biological responses4. The most well

studied biochemical function of the CSN is the deneddylation of the cullin subunit of cullin-RING ubiquitin
ligases (CRLs), the largest family among the ubiquitin ligases, thereby regulating the protein expression by
controlling proteolysis through the 26S proteasome5–9. The fifth subunit of the CSN (CSN5, also known as
Jab1. See below.) plays an important role in the deneddylation activity, and the integrity of the JAMM domain
located in the N-terminus is essential to the function as a deneddylase1,4,8, presumably acting as a catalytic center
of the isopeptidase (deneddylase) enzyme. However, the fact that the CSN5 polypeptide alone is deficient in this
enzymatic activity indicates that the deneddylation reaction requires the holo-CSN complex.

Among the 8 components of the CSN, CSN5 is unique in many ways. Mammalian CSN5 was originally
identified as a protein binding to the transcription factors c-Jun and JunD, and so termed Jun-activation-
domain-binding protein (Jab) 110. Thereafter, it was repeatedly isolated as an interactor of factors regulating
signal transduction and cell proliferation/survival1,4. Besides being a key component of the deneddylase, CSN5 is
also suggested to be involved in other biochemical functions, (i) determination of the specificity of transcription
factors such as c-Jun, JunD, and E2F-110,11, (ii) mediation of the phosphorylation of c-Jun, NFkB, and p53 by
CSN-associated kinases12,13, and (iii) control of the intracellular distribution of signaling molecules such as p27,
COP1, p53, etc.14,15 by ill-defined mechanisms. The multi-functionality of CSN5 may stem from the fact that it
exists as a monomer or a smaller complex outside of the holo-CSN complex and is sometimes suggested to act as
an individual factor as well as the core of the CSN complex16–21. However, the molecular identity and the precise
function of the smaller form remain to be investigated.

During the last decade, substantial evidence has accumulated demonstrating that the function of the CSN and
its components, especially CSN5, is critical to the proliferation and survival of mammalian cells. First, CSN5 is an
oncogene. A high level of CSN5 has been found in many human cancers, and is often correlated with a poor
prognosis4 (and see references within). Knockdown of CSN5 inhibits the proliferation of human tumor cells22,23,
suggesting that overexpression of CSN5 not only serves as a marker of malignant transformation, but also actually
contributes to tumor cell proliferation. In fact, it was shown that an intact CSN was required for the growth of Ras-
transformed cells24. Second, ectopic expression of a stable form of CSN5 in mice induces the development of
myeloproliferative disorders with expansion of the stem cell population25. Thus, CSN5 functions in favor of cell
proliferation/survival and eventual tumorigenesis. Third, mice deficient in a CSN component (CSN2, CSN3,
CSN5, or CSN8) die at a very early stage of embryonic development26–30. Knocked-out cells are incapable of
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proliferation, and undergo accelerated apoptotic cell death, which is
frequently accompanied by elevated levels of cyclin E, the CDK
inhibitor p27, and the tumor suppressor p53. Conditional knockout
of CSN5 in mouse embryonic fibroblasts (MEFs) revealed that (i) the
JAMM domain-dependent function of CSN5 is required at multiple
points during the cell cycle (e.g., G1, S, and G2/M), (ii) CSN5-deple-
tion increases the population of cells with higher ploidy (4n and
more), and (iii) CSN5-depletion induces cellular senescence even
in the p53-null background and eventual cell death31. Cellular sen-
escence is the process, by which cells cease to proliferate and eternally
withdraw from the cell cycle32. Senescence has multiple causes,
known collectively as Hayflick factors, including telomere shorten-
ing, accumulation of DNA damage, and derepression of the INK4a/
ARF locus, which are induced in overpassaged cultures of primary
cells, by activation of oncogenic pathways, and by the generation of
reactive oxygen species (ROS)33, and recently accepted as a part of the
defense mechanism against cancer34. In a normal setting, the tumor
suppressor p53 plays an essential role, but recent findings suggest
that a p53-independent mechanism is also involved in the control of
senescence35–39. The precise molecular mechanism that initiates the
senescence program remains unclear. CSN5-null MEFs exhibited
more neddylated Cullins 1 and 4, and contained an increased amount
of various proteins including cyclins, CDKs, and CDK inhibitors31.
However, the actual molecular targets by which CSN5-depletion
affects progression of the cell cycle, ploidy control, and p53-inde-
pendent senescence are not clear yet. In this study, we sought for a
more direct connection between CSN5 and cell cycle regulators, and
found that CDK2 but not cyclins formed a stable complex with CSN5
outside of the holo-CSN complex. CSN5-depletion increased the
levels of CDK2 and cyclin E in the cytoplasm, and concomitant
knockdown of CDK2 reduced the level of cytoplasmic cyclin E and
rescued induction of senescence but not the defect of cell prolifera-
tion and increase of ploidy. Cytoplasmic cyclin E was detected in
mouse embryonic fibroblasts (MEFs) that entered proliferative sen-
escence. Enforced expression of cytoplasmic cyclin E in immorta-
lized mouse and human cells induced senescence. This is the first
identification of a factor (CDK2) interacting with CSN5 outside of
the CSN holo-complex, which regulates cellular senescence in a novel
fashion. CSN5 may function other than as a catalytic core of the CSN
deneddylase, playing an essential role in mammalian cell prolifera-
tion.

Results
CSN5 interacts with CDK2. Mammalian CSN5 is closely involved
with regulation of the cell cycle31. It is now accepted that a strictly-
regulated proteolysis involving the ubiquitin-proteasome system
plays an essential role in progression of the cell cycle40–42, and the
CSN is the upstream regulator of the largest family of ubiquitin
ligases, CRLs4–8. Therefore, one might assume that the CSN and its
catalytic-core subunit, CSN5, participate in regulation of the cell
cycle through proteasome-mediated proteolysis. In addition to
this, however, we decided to explore the possibility of a more
direct connection between CSN5 and the cell cycle machinery.

Besides being a catalytic center of the CSN deneddylase8, CSN5
exists as a monomer (in plants) or smaller complexes (in mammals)
and is speculated to act as an individual factor outside the CSN
complex16–21. As a tool to analyze CSN5-associated complexes, we
previously developed two antibodies recognizing CSN5 and CSN1,
respectively19. The aCSN5 antibody does not crossreact with other
CSN subunits and immunoprecipitates a monomeric or a smaller
form of CSN5 free of other CSN subunits, while the aCSN1 antibody,
which does not crossreact with other CSN subunits either, recognizes
a holo-CSN complex (containing all other CSN subunits). Fig. 1A
shows a part of the characterization of the antibodies. aCSN1 immu-
noprecipitates contained all CSN subunits, CSN1-8 (mammalian
CSN consists of two CSN7 subtypes, CSN7a and CSN7b, and both

were included in aCSN1 immunoprecipitates.), whereas no other
CSN subunits were detected in aCSN5 immunoprecipitates. In addi-
tion, aCSN1-immunoprecipitates, but not aCSN5-immunoprecipi-
tates, contained the components of the Cullin RING ubiquitin ligase,
Skp2, Cul1, and Cul4 (Fig. 1A). Using this differential immunopre-
cipitation method, we searched for a novel protein interacting with
CSN5 among the various cell cycle regulators. As shown in Fig. 1B,
we eventually found that Cyclin-Dependent Kinase-2 (CDK2) stably
formed a complex with CSN5, but not with the holo-CSN complex
(at least not in aCSN1 immunoprecipitates) in mouse fibroblasts.
Mouse cells harbor two types of CDK2 proteins with markedly dif-
ferent molecular weights (p39 and p33) produced by alternative
splicing43, the faster migrating form being the major form, both of
which were found in aCSN5-immunoprecipitates. However, we
detected neither of the activating partners of CDK2, cyclins E and
A, in aCSN5 immunoprecipitates (Fig. 1B), although we detected
both cyclins in aCDK2-immunoprecipitates (Fig. 1B), indicating
that CSN5 interacted exclusively with a monomeric form of CDK2.

The binding of CSN5 to CDK2 is very specific because we found
little or no interaction of CSN5 with other CDKs, including CDC2
(5CDK1), CDK4 and CDK6, by immunoprecipitation in cell lysates
isolated from proliferating mouse fibroblasts (Fig. 1C). Although it
was reported that, in Drosophila, the CSN physically interacts with
the retinoblastoma (Rb) protein44, we detected little association of
mammalian CSN5 and the holo-CSN complex (aCSN1 immunopre-
cipitates) with the Rb protein or cyclin D1 (Fig. 1C). The interaction
of CSN5 with CDK2 was not restricted to fibroblasts. We detected a
similar complex of CSN5 and CDK2 in C2C12 mouse myoblasts
(Fig. 1D). Finally, we successfully recapitulated the interaction
between CSN5 and CDK2 in vitro using the GST-pull down assay
(Fig. 1E, F). Again, the major partners of CDK2, cyclins A and E, were
not detectable in GST-CSN5-pull downs (Fig. 1E). Thus, while the
holo-CSN complex binds to the CRL complex, CSN5 specifically
forms a complex with CDK2, free from cyclins and outside of the
holo-CSN.

Interaction between CSN5 and CDK2 during the cell cycle. Since
each CDK functions at a specific point in the mammalian cell cycle,
we analyzed the CSN5-CDK2 interaction during the cell cycle.
NIH3T3 mouse fibroblasts were arrested at G0/G1 by depriving
them of serum, and allowed to reenter the cell cycle by adding
serum. Cells entered the S phase around 12–16 hours after re-
addition of the serum, shown by an increase in DNA content
(Fig. 2A) and the induced expression of cyclins E and A (Fig. 2B).
The expression of both CSN5 and CDK2 was relatively constant
throughout the cell cycle with a slight increase after entering the
S phase (Fig. 2B). Immunoprecipitation/immunoblotting assays
revealed that the complex of CSN5 and CDK2 existed in G0/G1
and throughout the cell cycle with a slight increase later on in
accordance with the slightly-up-regulated expression of both pro-
teins (Fig. 2C).

Conditional knockout of CSN5 in MEF cells. To better understand
the physiological relevance of CSN5’s functions including binding to
CDK2 in proliferating cells, we conditionally knocked out the CSN5
gene in an inducible way in cultured cells because cells are not well
maintained for a long time after knocking out the CSN5 allele26,27,31.
Mouse embryonic fibroblasts (MEFs) containing the floxed allele of
the CSN5 gene27,31 and immortalized by the null allele of p53 were
infected with a retroviral vector containing inducible CRE recom-
binase, which was fused with one or two copies of the estrogen
receptor (ER) (CRE-ER and ER-CRE-ER, respectively)45. Addition
of 4-Hydroxytamoxifen (4OHT, (Z)-4-(1-[4 -(Dimethylaminoe-
thoxy) phenyl] -2-phenyl-1 -butenyl)phenol) into the medium
allowed the ER-fused CRE protein to translocate into the nucleus,
excise the genomic DNA fragment flanked with the floxed sequence,
and inactivate the CSN5 locus. Fig. 3A shows that both CRE-ER and
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ER-CRE-ER converted the floxed allele of CSN5 into the deleted
allele, CRE-ER being more efficient than ER-CRE-ER. We, therefore,
chose to use CRE-ER in the subsequent experiments.

After treatment with 4OHT of CSN5-floxed MEF cells infected
with CRE-ER (MEF CSN5-Floxed CRE-ER), the level of CSN5 pro-
tein declined. Consistent with the previous results26,31, the levels of
CDK2 and cyclin E proteins were higher in CSN5-depleted cells
(Fig. 3B). To elucidate the physiological meaning of CDK2’s up-
regulation in CSN5-depleted cells, we knocked down CDK2 on top
of the CSN5-gene-knockout. MEFs harboring the floxed CSN5 allele
were infected with the CRE-ER virus together with the virus contain-
ing siRNA specific to mouse CDK2 (siCDK2-1 and siCDK2-2), and
treated with 4OHT (Fig. 3B). Treatment with CDK2-specific siRNA

neutralized CDK2’s upregulation due to depletion of CSN5, thereby
allowing the CDK2 protein to return to a level equivalent to that in
normally proliferating cells. Interestingly, the level of cyclin E, which
increased in accordance with CDK2’s upregulation, also returned to
that in normally proliferating cells, indicating that CSN5 regulates
the level of cyclin E through CDK2.

Because the main action point of CDK2 in association with cyclins
E and A is in the G1 and S phases46, we examined the specific effect of
CSN5-depletion on progression through G1. To do this, we arrested
MEFs at G0/G1 by contact inhibition and synchronously moved the
cell cycle by replating. Because it takes 7 days after gene knockout to
eliminate the CSN5 protein31 and completely arrest the cell cycle, we
cultured cells for 4 days in a normal medium after gene depletion by

Figure 1 | CSN5 specifically interacts with CDK2. (A) Lysate from proliferating NIH3T3 cells was immunoprecipitated with normal rabbit serum (NRS)

and rabbit antibodies to CSN5 and CSN1 (aCSN5 and aCSN1, respectively). The immune complex was analyzed by Western blotting using antibodies

against CSN1, CSN2, CSN3, CSN4, CSN5, CSN6, CSN7a, CSN7b, CSN8, Skp2, Cul1, and Cul4. (B) Lysate from NIH3T3 cells was immunoprecipitated

with NRS and rabbit antibodies raised against CSN5, CSN1 and CDK2. The immune complex was analyzed by Western blotting using antibodies against

CSN5, CSN1, CDK2, cyclin A, and cyclin E. (C) Lysate from NIH3T3 cells was immunoprecipitated as in A. The immune complex was analyzed by

Western blotting using antibodies against CSN5, CSN1, CDC2, CDK2, CDK4, CDK6, cyclin D1, and pRb. (D) Lysate from proliferating C2C12 cells was

immunoprecipitated as in A. The immune complex was analyzed by Western blotting using antibodies against CSN5, CSN1, CDK2, and pRb.

(E) Immobilized recombinant GST proteins (GST and GST-CSN5) were incubated with lysate from proliferating NIH3T3 cells. Bound proteins were

detected by immunoblotting using antibodies to CDK2, and cyclins E and A. GST-proteins used in the assay were visualized by CBB staining (lower

panel). (F) Immobilized recombinant GST proteins (GST and GST-CDK2) were incubated with lysate from proliferating NIH3T3 cells. Bound proteins

were detected by immunoblotting using antibodies to CSN5. GST-proteins used in the assay were visualized by CBB staining (lower panel). (A–F) Input

was 10% of the cell lysate used for immunoprecipitation. *; nonspecific background.
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the treatment with 4OHT, arrested them by contact inhibition for 48
hours, and allowed them to synchronously reenter the cell cycle. In
the absence of 4OHT, cells entered the S phase around 16–20 hours
after release (Fig. 4A). However, the majority of cells treated with
4OHT failed to progress through the cell cycle and only a small
portion entered S phase, at a significantly delayed time point,
approximately 28 hours and later (Fig. 4A).

Mammalian cells contain two types of G1 cyclins, cyclins D and E,
which collaboratively play a critical role in progression through the
G1 phase46. The major D-type cyclin in fibroblasts is cyclin D1, and
was not expressed in G0-arrested fibroblasts. Reentry into the cell
cycle of wild-type cells rapidly induced sequential expression of
cyclins D1, E, and A during G1, namely cyclin D1 up until 12 hours
post-release, and cyclins E and A at around 12–20 hours and around
16–28 hours post-release, respectively (Fig. 4B, left panels, 2nd, 3rd,
and 4th lanes). In CSN5-depleted cells, however, only a trace amount
of cyclin D1 was induced to express after the release (Fig. 4B, right
panels, 2nd lane). Quantitative RT-PCR analysis revealed that the lack
of cyclin D1 expression in CSN5-depelted cells at G0/G1 was due to
the loss of transcription from the cyclin D1 locus (Fig. 4C, 1st lane).
Thus, depletion of CSN5 affects multiple mechanisms for cyclin D
regulation47; it stabilizes the cyclin D1 protein in cycling cells31, and
inhibits initiation of new transcription. Although we currently do not
know the mechanism which suppressed cyclin D1 expression in
CSN5-depleted cells, the levels of some known activators of cyclin
D1 transcription (NF-kB, b-catenin, and c-Jun) were indistinguish-
able between wild-type and CSN5-depleted cells (negative data not
shown), and, therefore, it is feasible that some transcriptional sup-
pressors for the cyclin D1 promoter may have stabilized.

In contrast to cyclin D1, the levels of cyclin E and CDK2 proteins
were higher in CSN5-depleted cells, which is consistent with pre-
vious results26,31. Even G0-arrested cells (at time point 0) contained a
significantly higher level of cyclin E and CDK2, and the levels were
maintained or even higher after the release (Fig. 4B, 3rd and 5th lanes).
However, the phosphorylation of retinoblastoma protein was mark-
edly hampered, which was shown by the mobility shift of the Rb
protein by immunoblotting (Fig. 4B, 6th lane from the top) and by
immunoblotting using antibodies recognizing site-specific phos-

phorylation of the Rb protein (Fig. 4B, 7th and 8th lanes from the
top), indicating that cyclin E-CDK2 kinase was not active or not
functional in CSN5-null cells. Immunofluorescence with a specific
antibody revealed that CDK2 was located in the cytoplasm, together
with cyclin E (Fig. 4D–E). Leptomycin B (LMB) exhibited little effect
on the cytoplasmic location of CDK2 (Fig. 4D, E), suggesting that this
is not due to the accelerated nuclear export but rather to the retention
in the cytoplasm, most likely by the block of the nuclear import. In
addition to the impaired cyclin E-CDK2 kinase complex, failure of
Rb phosphorylation and progression through G1 in CSN5-depleted
cells may also be attributed to the defect in cyclin D1 expression
because phosphorylation of Rb by the cyclin D-CDK complex is
necessary for recognition by the cyclin E-CDK2 complex as a sub-
strate48. Thus, knockout of CSN5 resulted in different effects on the
two G1 cyclin complexes, enforced localization of CDK2 and cyclin E
to the cytoplasm and prevention of cyclin D1 transcription. So far, we
found the followings; (i) G0-arrested CSN5-null cells expressed
cyclin E but not cyclins D1 and A, (ii) CSN5 directly binds to
CDK2, and (iii) CDK2-knockdown cancelled upregulation of cyclin
E. Taking these into consideration, the cytoplasmic relocation of
CDK2 and cyclin E seems to be the more direct and specific effect
of CSN5 rather than an indirect effect through the loss of the CSN
complex.

Phosphorylation of CDK2 at the site of Akt kinase was enhanced
in CSN5-depleted cells. Because progression through G1 phase of
the mammalian cell cycle is strictly regulated by extracellular
signals46, we examined signaling pathways in CSN5-null cells. We

Figure 2 | CSN5 interacts with CDK2 throughout the cell cycle. NIH3T3

cells were synchronized at G0/G1 by contact inhibition for 48 hours, and

released to reenter the cell cycle by plating at low density. (A) Cells at

indicated times were harvested and analyzed for DNA content by flow

cytometry. (B) Lysates isolated from cells at indicated times were analyzed

by Western blotting using antibodies against CSN5, CDK2, cyclin A, cyclin

E, and c-tubulin. (C) Lysates isolated from cells at indicated times and

asynchronously proliferating cells were immunoprecipitated with NRS

and a rabbit antibody to CSN5. The immune complex was analyzed by

Western blotting using antibodies against CSN5 and CDK2. Input was

10% of the cell lysate used for immunoprecipitation. * in (B) and (C);

nonspecific background.

Figure 3 | Inducible conditional knockout of the CSN5 locus. (A) Wild-

type and CSN5-floxed MEFs immortalized by the null allele of p53 were

infected with viruses containing GFP alone and together with ER-fused

CRE (CRE-ER and ER-CRE-ER), and selected for the GFP signal. High

molecular weight DNA was extracted from cells cultured with and without

tamoxifen (4OHT), and the genotypes were determined by genomic PCR

as described31. (B) CSN5-floxed p532/2 MEFs were infected with viruses

containing GFP and GFP plus CRE-ER, or co-infected with viruses

containing CRE-ER and siRNA (siGL2 for negative control, and two types

of siCDK2, siCDK2-1 and 2-2). GFP-positive cells were selected, treated

with 4OHT, and harvested. Cell lysates were analyzed by Western blotting

using antibodies against CSN5, CDK2, cyclin E, and c-tubulin. -; mock

infection.
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especially focused on MAK kinase- and PI3 kinase-pathways because
we previously found that CSN5 functions downstream of these two
cascades in Bcr-Abl-transformed cells49. For this purpose, we
cultured MEFs in low serum for 48 hours, treated them in serum
for 15–60 minutes, and analyzed by immunoblotting using pan and
phospho-specific antibodies to MEK, Erk and Akt kinases. Because it
takes 7 days to eliminate the CSN5 protein after gene knockout,
MEFs were treated with 4OHT 4 days prior to starvation. We saw
little difference in the kinetics of activation of the MAP kinase
cascade (MEK1/2 and Erk1/2) between wild-type and CSN5-null
cells (Fig. 5A). In the PI3 kinase-pathway, activation of Akt kinase
was similarly induced by serum in both wild-type and CSN5-nulls
cells. However, a certain phosphorylated Akt substrate was sustained

in starved cells (Fig. 5B). In an asynchronous population of cells, the
patterns of substrates phosphorylated by Akt kinase were different
between wild-type and CSN5-depleted cells (Fig. 5C). Encouraged by
this observation, and considering that CDK2 is also a substrate of Akt
kinase50, we analyzed the Akt-mediated phosphorylation of CDK2
in CSN5-null cells by immunoprecipitation and immunoblotting,
and found it to be markedly increased (Fig. 5D). Akt-mediated
phosphorylation of CDK2 at threonine 39 is known to relocate
CDK2 to the cytoplasm50. In wild-type cells, CSN5 bound to CDK2
(Figs. 1 and 2). In the absence of CSN5, phosphorylation of CDK2 at
the site of Akt kinase was enhanced (Fig. 5D), and CDK2 was
relocated to the cytoplasm (Fig. 4D). Other CDKs did not bind to
CSN5, were not phosphorylated by Akt in CSN5-null cells, and were

Figure 4 | G1 progression of the cell cycle is markedly hampered in CSN5-depleted cells. CSN5-floxed p53-null MEFs containing CRE-ER (as in Fig. 3)

were cultured with and without 4OHT, and passaged in a normal medium for 4 days. Cells were cultured at high density to arrest them in G0/G1 by

contact inhibition for 48 hours, and replated at low density to reenter the cell cycle. (A) Cells at indicated times were harvested and analyzed for DNA

content by flow cytometry. Percentages of cells in S phase are shown. (B) Lysates isolated from cells at indicated times were analyzed by Western blotting

using antibodies against CSN5, cyclin D1, cyclin E, cyclin A, CDK2, pRb, Rb phosphorylated at Ser 807 and Ser 780, and c-tubulin. (C) Total RNA was

extracted from cells at indicated times and analyzed by quantitative RT-PCR using a pair of primers specific to cyclin D1, cyclin E, and b2 microglobulin

(B2M). (D), (E) Cells were cultured with and without 4OHT in the absence and presence of LMB, fixed and stained with an antibody to CDK2 (D) and

cyclin E (E). Cells with cytoplasmic signals were enumerated (right panels). DNA was visualized by staining with Hoechst 33342. Original magnification;

x200.
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not relocated to the cytoplasm (negative data not shown). From
these observations, we concluded that CSN5 bound to CDK2
and prevented Akt-mediated phosphorylation and cytoplasmic
relocation.

To further confirm that the PI3 kinase-Akt pathway participates in
the regulation of CDK2’s subcellular localization in CSN5-depleted
cells, we treated cells with a chemical inhibitor to PI3 kinase, wort-
mannin. MEFs containing the floxed allele of CSN5 and inducible
CRE-ER were treated with 4OHT and incubated in the presence and
absence of wortmannin. Fig. 5E shows that, in the absence of CSN5,
Akt was phosphorylated at the site of activation and was inhibited in
the presence of wortmannin. In cells treated with wortmannin, reten-
tion of CDK2 in the cytoplasm was significantly suppressed (Fig. 5F,
G). Thus, activation of the PI3 kinase-Akt pathway is required for
retention of CDK2 in the cytoplasm in the absence of CSN5.

CDK2-knockdown in CSN5-knockout cells. To elucidate the
physiological meaning of CDK2’s accumulation in the cytoplasm
on CSN5’s depletion, we examined the effect of CDK2-knockdown
in CSN5-null cells, which, as we showed in Fig. 3B, allowed the level
of cyclin E to return to that in normally proliferating cells. Previously,
we showed that CSN5-depletion resulted in three phenotypes, (1) cell
cycle arrest at multiple points, (2) an increase in ploidy, and (3)
induction of senescence in a p53-independent manner31. We,

therefore, examined whether CDK2-upregulation by CSN5-
depletion is connected with any of these three phenotypes. First,
we examined the effect on proliferation. Wild-type and CSN5-
floxed p53-null MEFs infected and prepared as in Fig. 3B were
treated with 4OHT and, after 14 day’s incubation for recovery,
were enumerated. Fig. 6A shows that CDK2 knockdown did not
rescue the proliferative defect of CSN5-null cells. The flow
cytometric measurement of DNA content revealed that CSN5-
depletion increased the ploidy (cells with .4n DNA content) of a
significant population but did not alter the ratio of cell populations in
G1, S, and G2/M, and that additional CDK2-knockdown exhibited
little effect on the cell cycle profile (Fig. 6B). Enumeration of cells
with abnormal nuclei (multinuclei), examined by staining cells on
glass slides with the hoechst dye, gave similar results (Fig. 6C). These
results indicate that cytoplasmic accumulation of CDK2 and cyclin E
was not essential for blockage of the cell cycle, nor the increase in
ploidy.

When we looked at the senescence marker, senescence-associated
b-galactosidase (SA-b-gal) activity, in these cells, however, we
detected a significant difference. CSN5-floxed p53-null MEFs
infected with CRE-ER and CDK2-siRNA (siCDK2) viruses were
treated with 4OHT and assayed for SA-b-gal activity 7 days later.
Fig. 6D shows that nearly all CSN5-depeleted cells exhibited SA-b-
gal activity, whereas markedly fewer cells were positive for SA-b-gal

Figure 5 | Akt-mediated phosphorylation of CDK2 was enhanced in CSN5-depleted cells. (A), (B) CSN5-floxed p53-null MEFs containing CRE-ER (as

in Fig. 3) were cultured with and without 4OHT, and passaged in a normal medium for 4 days. Cells were incubated in low serum for 48 hours, and

stimulated with serum. Lysates isolated from cells at indicated times after serum stimulation were analyzed by Western blotting using antibodies against

CSN5, MEK1, MEK2, phosphorylated MEK1/2, Erk1, Erk2, phosphorylated Erk1/2, Akt, phosphorylated Akt (Ser473 and Ser 308), phosphorylated Akt

substrate and c-tubulin. (C) CSN5-floxed p53-null MEFs containing CRE-ER were cultured with and without 4OHT, and then in a normal medium for 6

days. Cell lysate was isolated and analyzed by Western blotting using antibodies against phosphorylated Akt substrate and c-tubulin. (D) Cell lysate as in C

was immunoprecipitated with NRS and rabbit antibodies raised against CDK2. The immune complex was analyzed by Western blotting using antibodies

against CDK2 and phosphorylated Akt substrate. (E–G) CSN5-floxed p53-null MEFs containing CRE-ER were cultured with and without 4OHT, and

then in a normal medium for 6 days in the presence and absence of wortmannin. Cell lysate was isolated and analyzed by Western blotting using antibodies

against Akt, phosphorylated Akt (Ser473 and Ser 308), and c-tubulin (E). Cells were fixed and stained with an antibody to CDK2. DNA was visualized by

staining with Hoechst 33342 (Original magnification; x200)(F). Cells with cytoplasmic staining of CDK2 were enumerated (G).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 1054 | DOI: 10.1038/srep01054 6



after siCDK2 treatment. Quantification of the data shows that
knockdown of CDK2 reduced the number of SA-b-gal-positive cells
by approximately 50% (Fig. 6E). Considering the level of CDK2
knockdown, the 50% decrease in SA-b-gal-positive cells is signifi-
cant. When we examined another senescence marker, senescence-
associated heterochromatin foci (SAHF), a similar result was
obtained (Fig. 6F). Thus, accumulation of cytoplasmic CDK2 and
concomitant cyclin E was required for induction of p53-independent
senescence in CSN5-null cells.

Cytoplasmic cyclin E, but not CDK2, is essential for induction of
p53-independent cellular senescence. To investigate the potential
role of cytoplasmic CDK2 and cyclin E in senescence, we first
examined the subcellular localization of CDK2 and cyclin E in
late-passaged MEFs, which had already entered proliferative
senescence. In proliferating cells, CDK2 and cyclin E occur largely
in the nucleus and to some extent in the cytoplasm (for example, see
Fig. 4D and E). Subcellular localization of CDK2 changed little after
the cells entered proliferative senescence, though a portion of cells
contained cyclin E in the cytoplasm (Fig. 7A), suggesting that
cytoplasmic cyclin E is a key element for the induction of senescence.

To further confirm that the cytoplasmic relocation of cyclin E is
sufficient for induction of senescence, we forced cyclin E expression
in the cytoplasm in immortalized cultured cells. Because our data
indicate that cyclin E was retained in the cytoplasm, but not exported
from the nucleus, in senescent cells, we took advantage of the estro-
gen receptor (ER)-tag, which retains the fused protein in the cyto-
plasm in the absence of its ligand such as tamoxifen, rather than
adding extra-NES sequences, which translocates the protein already
present in the nucleus into the cytoplasm. We fused human cyclin E
with the ER-tag to distinguish the endogenous protein from the
ectopic one and transfected it into mouse NIH3T3 fibroblasts and

human HEK293T cells. Fig. 7B shows that the ER-fused cyclin E was
stably expressed in transfected cells without significant degradation.
Use of an antibody specific to human cyclin E enabled us to distin-
guish human and mouse proteins (Fig. 7B, left 3 lanes) and immuno-
fluorescent staining using this antibody showed that ER-fused cyclin
E (Cyc E-ER) was exclusively located in the cytoplasm (Fig. 7C).
NIH3T3 cells expressing Cyc E-ER proliferated very poorly
(Fig. 7D), and were positive for SA-b-gal activity (Fig. 7E). Similar
results were obtained in HEK293T cells (Fig. 7F and G). Introduction
of ER-fused CDK2 did not induce senescence in these cells (data not
shown), suggesting specificity for cyclin E. Thus, the cytoplasmic
distribution of cyclin E is sufficient to induce senescence. Interes-
tingly, simple growth arrest such as deprivation of serum from the
medium failed to induce senescence (Fig. 7, right panel), indicating
that an unknown function of cyclin E in the cytoplasm is connected
to the induction of senescence.

Discussion
The function of the CSN is critical to mammalian cell proliferation
and tumorigenesis, and the expression of CSN5 is frequently elevated
in human cancers4, indicating that CSN5 possesses an important
function that is closely connected with tumor cell proliferation. In
this paper, we, for the first time, show that CSN5, but not the whole
CSN complex, interacts with a key regulatory element of the cell cycle,
CDK2. The interaction between CSN5 and CDK2 may participate in
control of premature senescence, which is recently proposed as a
powerful anti-cancer mechanism33,34, rather than the cell cycle itself.
Depletion of CSN5 induces senescence in p53-null fibroblasts31, but
knockout of the CSN5 gene upregulates p53 expression26, indicating
that CSN5 occurs upstream of both p53-dependent and -independent
senescence pathways (Fig. 8) and that interaction between CSN5 and
CDK2 may take part in the p53-independent pathway.

Figure 6 | Upregulation of cytoplasmic CDK2 is required for induction of senescence in CSN5-depleted cells. CSN5-wild type and -floxed MEFs

infected with CRE-ER and siCDK2 (siCDK2-1) viruses prepared in Fig. 3B were used in the following experiments. (A) Cells (10,000) were treated with

4OHT and, after 7 days, live cells were enumerated. (B), (C) Cells were cultured with and without 4OHT. After 7 days, DNA content was analyzed by flow

cytometry (B), and cells were stained with Hoechst 33342 and observed under a fluorescence microscope. Cells with abnormal nuclei were enumerated

(C). (D), (E) Cells were cultured with and without 4OHT in the presence and absence of siCDK2. After 7 days, cells were assayed for SA-b-Gal activity

(Original magnification; x50)(D). Cells with SA-b-Gal activity were enumerated and percentages are shown (E). (F) Cells were treated as in D, stained

with Hoechst 33342 and observed under a fluorescence microscope. SAHF-like-structure-positive cells were enumerated and percentages are shown (C).

For controls, we used wild-type MEFs in the late passage for the positive control (PC), and p53-null fibroblasts for the negative control (NC).
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Interestingly, we placed a sufficient amount of CDK2 in the cyto-
plasm by overexpressing ER-fused CDK2 in cultured cells, but it
failed to induce senescence (data not shown), indicating that addi-
tional signal is needed for the efficient induction of senescence.

Furthermore, overpassaged MEFs, which entered proliferative sen-
escence, did not express increased levels of cytoplasmic CDK2.
Therefore, the relocation of cyclin E to the cytoplasm is a key event,
and the physiological relevance of cytoplasmic CDK2 to the

Figure 7 | Cytoplasmic cyclin E is responsible for induction of senescence. (A) Wild-type MEFs were cultured in vitro for more than 10 passages. Cells

were fixed and stained with antibodies to mouse cyclin E and CDK2. (B) NIH3T3 and HEK293T cells were mock-transfected (None) or transfected with

an empty vector (Vector) and a mammalian expression vector containing human cyclin E fused with ER (hCycE-ER). Transfectants were sorted for the

GFP-positive signal 4 days after transfection. Lysates isolated from transfected cells were analyzed by Western blotting using antibodies specifically

recognizing human cyclin E and c-tubulin. (C) NIH3T3 cells transfected with hCycE-ER together with GFP were fixed and stained with antibody specific

to human cyclin E. Chromosomal DNA was visualized by staining with Hoechst 33342. (D) NIH3T3 cells transfected and prepared as in B were plated (2.5

3 104 cells per plate) and counted after 3 and 5 days. (E) NIH3T3 cells transfected and prepared as in B were plated and stained for SA-b-Gal activity. As a

control, NIH3T3 cells arrested in G0/G1 by serum starvation for 48 hours were assayed (-FBS) likewise. (F) HEK293T cells transfected and prepared as in

B were plated (2.5 3 104 cells per plate) and counted after 3 and 5 days. (G) HEK293T cells transfected and prepared as in B were plated and stained for SA-

b-Gal activity. (H) Transfectants were stained with Hoechst 33342 and observed under a fluorescence microscope. SAHF-like-structure-positive cells

were enumerated and percentages are shown. Original magnification; x200 for A and C, and x50 for (E) and (G).
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authentic senescence pathway remains to be understood. However,
cytopasmic redistribution of CDK2 was observed on activation of the
Akt pathway50, and in breast epithelial cells in response to TGF-b51,
and therefore could be a more general mechanism to control cell
proliferation. In CSN5-depleted cells, upregulation of cytoplasmic
CDK2 is required for senescence, suggesting that blocking the func-
tion of CSN5 to regulate CDK2 by a small molecule may be a novel
approach to developing a new type of anti-cancer drug, which will
induce senescence of tumor cells regardless of p53 status.

Cyclin E is known to be targeted by two types of ubiquitin ligases;
the Fbw7/hCdc4-SCF complex52,53 and an ubiquitin ligase containing
Cul354. The former recognizes cyclin E phosphorylated by or in a
complex with CDK2, while the latter targets free cyclin E for degra-
dation. In CSN5-null cells, cyclin E was stabilized for two reasons, (1)
the Fbw7/hCdc4-SCF complex was not active due to the lack of CSN
deneddylase activity, and (2) considering that cyclin E was located in
the cytoplasm resistant to LMB, the cyclin E/CDK2 complex was not
activated by CAK in the nucleus, and so cyclin E was unphosphory-
lated. Additional knockdown of CDK2 enabled cyclin E to be ubi-
quitinated by a ligase that can target free cyclin E as a substrate such
as Cul3-containing complex54 or an unidentified ligase. Upregulation
of cyclin E was also seen in CSN2-null cells28, but, in CSN8-null T-
cells, cyclin E protein was only marginally stabilized30. Interestingly
enough, in CSN8-null cells, CSN5 protein level did not diminish30,
consistent with the notion that full upregulation of cyclin E requires
loss of CSN5, in addition to the inactivation of the CSN complex.

Stabilization of cyclin E and CDK2 in the cytoplasm seems to
involve the cytoplasmic retention mechanism rather than enhanced
nuclear export. Phosphorylation mediated by Akt kinase is known to
affect the substrate protein through cytoplasmic retention50,55–58.
CSN5 specifically interacted with CDK2 in proliferating cells and,
in CSN5-null cells, CDK2, free from CSN5, was specifically phos-
phorylated by Akt kinase. We, therefore, propose that CSN5 binds to
CDK2 to prevent phosphorylation by Akt kinase, which results in
accumulation of CDK2 and cyclin E in the cytoplasm. This mech-
anism is unique, and as far as we know, reported here for the first
time.

Several pathways and molecules are known to induce senescence
in the absence of p53 (e.g., ARF38, simultaneous loss of Skp2 and
Pten39, loss of CDK437, p16 in case of telomere shortening35, etc.).
Although none of them precisely fit the senescence induced by
CSN5-depletion and cytoplasmic cyclin E (because the level of
Skp2 expression was maintained, our NIH3T3 line lacks the p16/
ARF locus, and expression of CDK4 was maintained), it was reported

that inhibition of CDK activity by upregulation of the CDK inhibi-
tors p21 and p27 induces senescence in some cases and mislocation
of cyclin E in the cytoplasm may exert a similar effect. In this scen-
ario, enforced arrest of the cell cycle in G0 (e.g., caused by an increase
in p21/p27 due to a loss of Skp2, loss of CDK4, and increase in p16)
induces dephosphorylation and activation of pRb, which is key to
senescence. However, the arrest of the cell cycle in G0 is not sufficient
to induce senescence, and therefore, there must be an additional
event that pushes cells from the reversible G0 arrest toward eternal
withdrawal from the cell cycle. In our experiments, serum depriva-
tion arrested cells in G0/G1, but was not sufficient to induce sen-
escence. Because overexpression of wild-type cyclin E in the nucleus
does not induce senescence59, we favor the idea that cyclin E has an
unidentified function in the cytoplasm to induce senescence.
Importantly, we observed cyclin E, but not CDK2, in the cytoplasm
during the proliferative senescence in wild-type MEFs in the late
passages, and so we propose that this might be an alternative and
novel way of inducing senescence in the absence of p53. Recently, it
was shown that senescence is not required for p53 to suppress tumor-
igenesis60. Thus, the pathway for p53-independent senescence seems
to be important as a target for anti-tumor drugs because more than
50% of human cancers have deletions and mutations at the p53 locus.
We can now separate the distinct functions of CSN5; cell cycle con-
trol and immature senescence, the latter being through CDK2. It
would be nice to screen for small molecular weight chemicals that
inhibit interaction between CSN5 and CDK2 but do not inhibit the
deneddylase activity, which may induce senescence without affecting
global proliferation and the cell cycle, leading to the development of
anti-cancer drugs with minimum side effects.

Methods
Cell culture, transfection, and retroviral infection. Mouse embryonic fibroblasts
(MEFs) harboring null (-) and conditional (floxed, f) alleles of the CSN5/Jab1 gene
and immortalized by the null allele of p53 were described previously26,31. NIH3T3
(Arf-null, p53-wild-type) mouse fibroblasts (provided by Drs C. J. Sherr and M. F.
Roussel), MEFs, C2C12 mouse myoblasts, and 293T human embryonic kidney
(HEK) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 units/ml of
penicillin, and 100 mg/ml of streptomycin (GIBCO/BRL). Transfection with
expression vectors was performed by the calcium phosphate-DNA precipitation
method61. For viral production, the plasmid was co-transfected into 293T cells
together with a plasmid encoding an ecotropic helper virus containing a defective
virion-packaging (Q2) sequence. Culture supernatants containing retroviruses
harvested 48,72 h after transfection were used to infect proliferating NIH3T3 cells
and MEFs in the presence of polybrene (4 mg/ml)62. Infected cells were selected for
resistance to puromycin (5 mg/ml) or G418 (1 mg/ml) depending on the type of
vector used for infection and sorted for GFP-positive signals with a FACS Aria flow

Figure 8 | A model of the control of senescence mediated by CSN5 and cytoplasmic cyclin E.
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cytometer (Becton Dickinson). For the activation of inducible CRE proteins, MEFs
containing the conditional allele of CSN5 and null allele of p53 and infected with the
CRE-ER virus were treated with 4OHT (200 nM) for 1–4 hours. (Note that we
confirmed that incubation in a higher concentration of 4OHT and for much longer
time did not cause any effects on the cell cycle, proliferation, and survival of cells
containing no floxed alleles.) High molecular DNA was extracted from the cells and
the genotypes were determined as described31. In some experiments, cells were
incubated in the presence of wortmannin (100 nM) before harvest.

Plasmid construction. The GFP-fused protein expression vectors (pMSCV-puro-
GFP and pMSCV-IRES-GFP, the latter a gift from Dr. Owen Witte), into which CRE-
ER and ER-CRE-ER45 cDNAs (purchased from Addgene Inc.) were subcloned, were
described previously62. The vectors for RNA interference (RNAi) were constructed
with the pSUPER RNAi system (pSUPER.retro, pSUPER.retro.neo1gfp, and
pSUPER.retro.neo, purchased from OligoEngine) according to the manufacturer’s
instructions. The sequence used for the knockdown of CDK2 was obtained from the
published results63.

Cell cycle. Mouse fibroblasts were arrested at the G0/G1 phase by serum depletion
(0.5%) or contact inhibition for 48 hours. Cells were simultaneously reentered into
the cell cycle by re-addition of the serum or by re-plating at low cell density. The cell
cycle was monitored by flow cytometric analysis as described previously19,62.

Quantitative RT-PCR. Total RNA was isolated using the ISOGEN reagent (Nippon
Gene) and reverse transcribed using RNase-free Superscript II reverse transcriptase
(Invitrogen) according to the manufacturer’s instructions. Quantitative RT–PCR was
performed within a linear range as described previously62,64 and the data were
normalized by the expression level of b2 microglobulin (B2M). We confirmed that the
reactions were quantitatively performed within a linear range by several control
experiments. The following oligonucleotide primers specific to mouse B2M, cyclin D1
and cyclin E1 were used: B2M, 59-CTG TAT GCT ATC CAG AAA ACC CCT CAA-
39 (sense) and 59-CAT GTC TCG ATC CCA GTA GAC GGT-39 (antisense); cyclin
D1, 59-GCA GAG AGC TAC AGA CTC CG-39 (sense) and 59-GTC CAG GTA GTT
CAT GGC CAG-39 (antisense); cyclin E1, 59-CCC TCT GAC CAT TGT GTC CT-39

(sense) and 59-TCG CAC CAC TGA TAA CCT GA-39 (antisense).

Protein analyses. Cell lysis, immunoprecipitation, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and immunoblotting were
performed as described62,65. For immunoprecipiotation of CDK2, cell lysate in an
SDS-sample buffer (40 mM Tris-HCl, pH 6.8, 0.1 M DTT, 1% SDS, 10% glycerol, and
0.05% Bromophenol Blue) was diluted (1520 or more) in a hypotonic buffer (50 mM
Tris-HCl pH8.0 and 10 mM MgCl2) and incubated with an excess amount of
antibody against CDK2 (M2) for 2–3 nights at 4uC. Immune complexes were
collected and analyzed by immunoblotting with antibodies to phosphorylated Akt-
substrates (Cell Signaling Technology, Inc.). Rabbit polyclonal antibodies to the CSN
subunits, Cul1 and 4, p53, p21, and Skp2 were generated using bacterially produced
polypeptides in our laboratory. Mouse monoclonal antibodies to cyclin D1 (72-13G)
and CDC2 (17) and rabbit polyclonal antibodies to cyclin E (M20), cyclin A (C19),
CDK2 (M2), CDK4 (C22), CDK6 (C21), ppRb (S780) and c-Jun/AP1(D) were
obtained from Santa Cruz. Mouse monoclonal antibodies to c-tubulin (GTU88) and
Rb (G3-245) were purchased from Sigma and Pharmingen, respectively. Rabbit
polyclonal antibodies to ppRb (S807), Akt (C67E7), phosphorylated Akt (C31E5E
and D9E), and phosphorylated Akt-substrates (100B7E and #9611) were acquired
from Cell Signaling Technology.

Immunofluorescence staining. Cells grown on coverslips were fixed in 4%
paraformaldehyde, permeabilized in 0.5% Triton X-100, stained with rabbit
polyclonal and mouse monoclonal antibodies, and incubated with Alexa Fluor 594-
conjugated anti-mouse/rabbit IgG (Invitrogen). Chromosomal DNA was stained by
incubation in 1 mg/ml of Hoechst 33342 for 2 min. The cell samples were viewed
using phase-contrast or fluorescence microscopy to enumerate fluorescence-positive
cells.

In vitro binding assay. A cDNA fragment containing the entire coding sequence of
mouse CSN5 was inserted into the pGEX vector (Pharmacia) in-frame with
Glutathione S-transferase (GST). Expression and purification of GST-fused proteins
and the binding conditions were as described62.

b-galactosidase assay. Cells were fixed in 0.25% glutaraldehyde, incubated for 16–24
hours in X-Gal solution containing 0.2% X-Gal, 2 mM MgCl2, 5 mM K4Fe(CN)6, and
5 mM K3Fe(CN)6, and viewed with a phase-contrast microscope.
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