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The COP9 signalosome (CSN) is an evolutionarily conserved protein complex that participates in the regulation of the ubiqui-
tin/26S proteasome pathway by controlling the function of cullin-RING-ubiquitin ligases. Impressive progress has been made in
deciphering its critical role in diverse cellular and developmental processes. However, little is known about the underlying regu-
latory principles that coordinate its function. Through biochemical and fluorescence microscopy analyses, we determined that
the complex is localized in the cytoplasm, nucleoplasm, and chromatin-bound fractions, each differing in the composition of
posttranslationally modified subunits, depending on its location within the cell. During the cell cycle, the segregation between
subcellular localizations remains steady. However, upon UV damage, a dose-dependent temporal shuttling of the CSN complex
into the nucleus was seen, accompanied by upregulation of specific phosphorylations within CSN1, CSN3, and CSN8. Taken to-
gether, our results suggest that the specific spatiotemporal composition of the CSN is highly controlled, enabling the complex to

rapidly adapt and respond to DNA damage.

he COPY signalosome (CSN) is a conserved multisubunit

complex which was identified 2 decades ago in plants in a
screen of mutant seedlings exhibiting constant photomorphogen-
esis (reviewed in references 1 and 2). Later on, the complex was
also found in mammals, and today, it is known to be conserved
throughout evolution, from fungi to humans. In higher organ-
isms, the complex is composed of 8 subunits, termed CSN1 to
CSNB8 (1, 2). Deletions of single subunits are lethal, and directed
postnatal deletions cause pronounced developmental and func-
tional damage. On the other hand, lower eukaryotes, such as var-
ious fungi, contain smaller versions of the complex; mutants aris-
ing from subunit deletions are viable, and only a small subset of
them result in a detectable phenotype. Thus, it appears that the
evolutionary evolvement of the CSN, reflected in the addition of
subunits, has also increased its functional complexity and its sig-
nificance in development (3).

Six of the eight canonical CSN subunits (CSN1, CSN2, CSN3,
CSN4, CSN7, and CSN8) contain PCI domains (for proteasome,
COPY, and initiation factor 3) (4), while the two additional sub-
units (CSN5 and CSN6) contain an MPN domain (Mprl-Padl-N
terminal) (5). The JAB1/MPN/Mov34 metalloenzyme (JAMM)
motif within the MPN domain of CSN5 is responsible for the
enzymatic activity of the CSN, namely, deneddylation, the cleav-
age of Nedd8, a ubiquitin-like protein, from cullin-RING E3 li-
gases (CRLs) (5). This catalytic function is dependent on the in-
tegrity of the complex (6). CSN6 contains a noncatalytic MPN
domain lacking the JAMM motif, and it was recently shown that it
is dispensable for complex integrity, as well as for deneddylation
(7). Thus far, a high-resolution molecular structure for the CSN
has not been resolved, but structural mass spectrometry (MS)
analysis and single-particle analysis via electron microscopy have
succeeded in elucidating the topology and structural arrangement
of reconstituted and biochemically active human CSN (8-10).

CSN regulates the ability of CRLs to ubiquitinate protein sub-
strates prior to their degradation by the 26S proteasome (11).
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CRLs are multisubunit ubiquitin ligases in which a central cullin
subunit links a substrate-binding adaptor with an E2-binding
RING protein (12). Covalent conjugation of the Nedd8 molecule
to cullins causes pronounced conformational changes in the CRL
architecture, thereby generating the required platform for effi-
cient substrate ubiquitination (13, 14). The catalytic removal of
Nedd8 from cullins by the CSN (5, 11) reverses this structural
rearrangement, inducing partial CRL disassembly and physical
separation of the functional modules from each other (13).
Nonneddylated cullins can then bind CAND1, a 120-kDa HEAT
repeat protein, which acts to stabilize the CRLs in an inactive state
(15). It was recently shown that in addition to this catalytic mech-
anism, CSN also inhibits CRL function in a noncatalytic fashion
(10, 16). CSN can physically bind the CRLs, independently of
deneddylation, and preclude interactions with E2 enzymes and
ubiquitination substrates, leading to a reduction in the ubiquitin
ligase activity of the CRLs (10, 16).

The mechanisms by which CSN mediates the inactivation of
CRLs are known to have fundamental biological significance, act-
ing on three regulatory levels: (i) controlling protein stability
through deactivation of CRLs and subsequent inhibition of ubiq-
uitination; (ii) maintaining the dynamic activation/deactivation
cycles of CRLs by inducing their disassembly, and the biogenesis
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of new CRL assemblies, according to the changing needs of the
cell; and (iii) protecting the CRL components themselves, as active
CRLs can target their own elements for ubiquitination and subse-
quent degradation (reviewed in references 2 and 17). Considering
that CRLs account for nearly half of the cellular E3s and for ap-
proximately 20% of proteasome-dependent degradation, the ro-
bust functioning of the CSN is critical for myriad biological pro-
cesses underlying normal development and physiology (12).

Deregulation of the CSN and its interactions can exert dra-
matic effects on diverse cellular functions, including DNA repair,
cell cycle control, angiogenesis, and microenvironmental homeo-
stasis, all of which are critical for tumor development (18, 19).
Indeed, accumulating evidence indicates a correlation between
aberrant functioning of the CSN and multiple cancers, making it
an attractive target for therapeutic intervention (19, 20). Frequent
overexpression of CSN subunits, especially the MPN proteins
CSN5 and CSNG, in a variety of human cancers is correlated with
cancer progression and poor survival (21-24), while inhibition or
knockdown of CSN5 was shown to suppress tumor growth in
mice (21, 25). Targeting CSN for cancer intervention, however,
requires an in-depth understanding of the processes that regulate
its mode of action. Considering the essential cellular role of the
CSN, it is reasonable to assume that multiple mechanisms have
evolved to coordinate its function; however, their molecular de-
tails still remain unclear.

In this study, we studied the various factors that affect CSN
function by investigating its subunit diversity and relative abun-
dances in different cellular compartments. We determined that
CSN subunits are localized in the cytoplasm, nucleoplasm, and
chromatin-associated fractions and display a diffusion pattern
similar to that of a large macromolecular complex, implying that
the individual CSN subunits assemble into a single, intact com-
plex. Moreover, biochemical analysis revealed that CSN subunits
are subject to differential posttranslational modifications (PTM)
in the three cellular fractions. Following induction of UV damage,
we could detect transient shuttling of the complex into the nu-
cleus, as well as significant increases in the phosphorylation levels
of specific domains within CSN1, CSN3, and CSN8. Taken to-
gether, our results demonstrate the subunit heterogeneity and dy-
namic flexibility of the CSN complex, suggesting that the cellular
complex is composed of a versatile array of heterogeneous popu-
lations which can accommodate the changing needs of the cell.

MATERIALS AND METHODS

Cell lines and cell cultures. HeLa and HEK293T cells were purchased
from Cell Lines Service, Germany, and the American Type Culture Col-
lection (ATCC), respectively. HEK293 cells were obtained from Eitan
Reuveny (Weizmann Institute of Science). Cells were cultivated in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum, penicillin-streptomycin, sodium pyruvate, nonessential
amino acids (Biological Industries), and MycoZap (Lonza) in a humidi-
fied incubator at 37°C, in a 5% CO, controlled environment, according to
the manufacturer’s instructions. Cells subjected to subcellular fraction-
ation were harvested by trypsinization into phosphate-buffered saline
(PBS) and collected at ~0.5 X 10° cells/tube. Unless otherwise indicated,
all biochemical fractionations were performed in HeLa cells. For the gen-
eration of stable fluorescent CSN cell lines, HEK293 cells were transfected
with expression vectors for Cerulean-CSN3 (Cer-CSN3) and Cerulean-
CSN’5 (Cer-CSN5) by CaCl, transfection (26) and selected on hygromy-
cin (0.4 mg/ml). HEK293T cells were transfected with expression vectors
for Cerulean-CSN2 (Cer-CSN2), Cerulean-CSN6 (Cer-CSN6), and
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Cerulean-CSN7a (referred to as CSN7, Cer-CSN7) by lentiviral transfec-
tion. Transduced cells were isolated and sorted for low expression levels by
fluorescence-activated cell sorting (FACSAria; BD Biosciences) and ex-
panded in complete DMEM.

Confocal microscopy imaging. Confocal fluorescence imaging and
fluorescence recovery after photobleaching (FRAP) measurements were
performed with an IX81-based Olympus FluoView 1000D microscope,
equipped with a spectral scanning system and two independent laser scan-
ners, MAIN and SIM, enabling rapid and simultaneous acquisition of
images during photobleaching. Cells were imaged using a 1.35-numeri-
cal-aperture (NA) UPLSAPO 60X oil objective. Cerulean was excited at
442.7 nm, using a diode laser. FRAP was performed as follows: a region of
13.07 wm by 7.8 wm in the desired cellular domain was selected and
continuously imaged at 105 ms/frame. Following 3 prebleach images, a
circle of 7 wm was bleached for 25 ms using 100% laser power at 405 nm
and continuously imaged for a total of 20 s, using the 442.7-nm-diode
laser. Recovery curves were generated by normalizing the measured fluo-
rescence in the bleached region to that of the prebleach values, after sub-
traction of background fluorescence (27). Every plot represents an aver-
age of 3 independent measurements of at least 20 cells. Normalized
fluorescence recovery data were then individually plotted for each subunit
and fitted to a single or double exponential equation using Origin
(OriginLab Corporation). The double exponential equation y(¢) = YO +
AL(1 — e ¥ + A2(1 — e *?) (28) (y is fluorescence, YO is the initial
fluorescence after bleach, A1 and A2 are the coefficients of the fast and
slow reactions, respectively, and k1 and k2 are the rate constants) was
favored over the single exponential curve as judged by the pattern of
residuals and higher R® values. The parameters half-life 1 and 2 (t,,,1 and
t,,,2) were calculated from the obtained k1 and k2 values, using the equa-
tion t,,, = In(2)/k. Fitting was not performed for free Cerulean, consid-
ering that the time corresponding to its recovery rate is less than the
acquisition time (29).

Total protein extraction, subcellular fractionation, and Western
blotting. Total protein extraction was conducted using modified radio-
immunoprecipitation assay (mRIPA) buffer (Merck-Millipore). Briefly,
~0.5 X 10° cells were lysed on ice for 10 min in buffer containing 50 mM
HEPES (pH 7.6), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate,
protease inhibitors (1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM
benzamidine, 1.4 wg/ml pepstatin A), and phosphatase inhibitors (5 mM
sodium orthovanadate, 4 mM sodium pyrophosphate, 4 mM B-glycero-
phosphate, 50 mM NaF). Extracts were cleared by centrifugation at
15,000 X gfor 10 min. Cell fractionation was modified from references 30
and 31. A total of ~0.5 X 10° cells were resuspended in 0.2 ml hypotonic
buffer A containing 10 mM HEPES (pH 7.6), 10 mM KCl, 1.5 mM MgCl,
with phosphatase inhibitors, 0.5% NP-40, and protease inhibitors (0.26
mM PMSF, 1 mM benzamidine, 1.4 pg/ml pepstatin A) and incubated on
ice for 10 min. Then, 5 pl of 10% NP-40 was added, and cells were sub-
jected to a vortex procedure for 10 s. The cytosolic fraction was separated
from the nuclei by centrifugation at 650 X gfor 3 min and further clarified
by centrifugation at 10,000 X g for 10 min. The nuclear pellet was washed
in 0.1 ml buffer A, and nuclei were pelleted at 450 X g for 2 min. Nuclei
were then resuspended in 0.1 ml hypertonic CSK buffer, containing 20
mM HEPES (pH 7.6), 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 1
mM CaCl,, with phosphatase inhibitors, 0.5% Triton X-100, and protease
inhibitors, and incubated on ice for 3 min. The nucleoplasmic fraction
was separated by centrifugation at 5,000 X g for 5 min. The pellet was
resuspended in 0.08 ml hypertonic CSK buffer and incubated at room
temperature (RT) for 15 min with 2,000 gel units of micrococcal nuclease
(NEB). Chromatin-bound proteins were released from the DNA by addi-
tion 0f 0.02 ml of 1 M ammonium sulfate and incubation for 5 min on ice,
followed by centrifugation at 5,000 X g for 5 min. Samples from different
fractions were loaded on PAGE gels, blotted to nitrocellulose or polyvi-
nylidene difluoride (PVDF) membranes, and probed with antibodies (an-
ti-CSN1 [Enzo PW 8290], anti-CSN2 [Enzo PW8230], anti-CSN3 [Ab-
cam ab79698], anti-CSN4 [Abcam ab12322], anti-CSN5 [Abcam ab495],
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anti-CSN6 [Enzo PW8295], anti-CSN7 [Enzo PW8300], anti-CSN8
[Enzo PW 8290], anti-GAPDH [anti-glyceraldehyde-3-phosphate dehy-
drogenase; Novus NBP1-47339], anti-histone 3 [Abcam ab24834], anti-
DNA damage binding protein 2 [anti-DDB2; ab51017], and anti-green
fluorescent protein [anti-GFP; Abcam ab290]).

Activity assay. Deneddylation assays were performed using a neddy-
lated Cull substrate (pcul) from Schizosaccharomyces pombe cells deleted
for CSN1 (caal-d) (32). Cells were chromosomally tagged at the 5" end of
the pcul gene with a triple-hemagglutinin (triple-HA) tag, under the reg-
ulation of the P3nmtl promoter, according to the method described in
reference 33. S. pombe cell extracts were prepared according to reference
11, and cells were grown in yeast extract with glucose and supplements
(YES medium) to an optical density at 600 nm (ODy,) of ~0.6, har-
vested, and washed in 10 mM Tris (pH 7.5). Cells were resuspended in an
equal volume of lysis buffer containing 20 mM HEPES (pH 7.6), 150 mM
NaCl, 0.2% Triton X-100, 1 mM dithiothreitol (DTT), and protease in-
hibitors and lysed using an equal volume of acid-washed glass beads, by 20
consecutive vortex steps, intermitting with 1 min incubation on ice. Cell
lysate was cleared by two centrifugations at 15,000 X g for 10 min. For
deneddylation assays, 7 j.g cleared lysate was incubated in the presence of
different amounts of HEK293 and HeLa protein extracts, as indicated, for
20 to 30 min at 37°C. Salt conditions were adjusted to 100 mM in all
reactions. After deneddylation, proteins were resolved on a 9% acryl-
amide SDS-PAGE and visualized using an anti-HA antibody (Abcam
ab9110).

2D gel electrophoresis, SDS-PAGE, and Western blotting. Samples
for two-dimensional (2D) gel electrophoresis were prepared according to
GE Healthcare 2D electrophoresis principles and methods and reference
34, with few modifications. One milligram of cytosolic, nucleoplasmic,
and chromatin-associated proteins was precipitated with three volumes of
cold acetone (for CSN5 and CSN8) or isopropanol (for CSN1 and CSN3)
for 1to 2 hat —20°Cand centrifuged at 10,000 X g for 30 min. Pellets were
air dried for 1 min and solubilized in 0.4 ml 2D solubilization buffer
containing 7 M urea, 2 M thiourea, 4% CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate}, 2% ampholytes (Amersham)
(pH 4 to 7), 120 mM DTT, and 40 mM Tris base. Proteins were dialyzed
three times against 1 liter MilliQ water and lyophilized. Dried samples
were resuspended in 0.4 ml 2D sample buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 0.5% ampholytes [pH 4 to 7], 0.5% Triton X-100, 5% glycerol, 20
mM DTT) and assayed for protein concentration according to reference
35. Samples (0.2 mg of each) were loaded onto 18-cm-long immobilized
pH gradient (IPG) strips (Amersham) (pH 4 to 7). Proteins were rehy-
drated at 30 V for 10 to 12 h and focused on an Ettan IPGphor (Amer-
sham) at gradients of 100, 300, 600, and 1,000 V, for 1 h at each step, and
then at a 1,000-to-8,000 V gradient for 30 min and 8,000 V until 55,000 to
60,000 Vh was reached. Focused strips were equilibrated to SDS-PAGE in
SDS equilibration buffer containing 6 M urea, 75 mM Tris-HCl (pH 8.8),
29.3% glycerol, 2% SDS, 1% DTT, and 0.002% bromophenol blue for 15
min and loaded onto PAGE gels. SDS-PAGE 1D and 2D reaction mixtures
were transferred to nitrocellulose or PVDF membranes and incubated
with antibodies against CSN subunits.

IP. For immunoprecipitation (IP), 400 pg cytosolic, nuclear, and
chromatin-associated proteins or combined nucleoplasmic and chroma-
tin-bound proteins was used. Cytosolic proteins were diluted in 500 .l IP
buffer, containing 10 mM HEPES (pH 7.6), 150 mM NaCl, 1.5 mM
MgCl,, protease inhibitors, and phosphatase inhibitors, as described
above. The NaCl concentration was adjusted to 150 mM. Nuclear proteins
were diluted in 500 pl CSK buffer. Proteins were precleared by rotation
with 35 pl of prewashed protein G-Sepharose beads (Amersham) for 1 h
at 4°C. After removal of the resin, proteins were incubated with 6 pl
anti-CSN3 antibody and gently rotated overnight (O/N) at 4°C. The fol-
lowing morning, proteins were incubated for 1 h at 4°C with 35 pl fresh
prewashed protein G-Sepharose. For Western analyses, the resin was
washed 3 times with IP buffer and boiled in SDS-PAGE sample buffer.
Lysates (10 g cytosolic proteins, 30 wg nuclear proteins) and immuno-
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precipitated proteins obtained from 25% of the IP reaction mixture were
separated on SDS-PAGE gels, transferred to PVDF or nitrocellulose, and
blotted with different antibodies.

Cell cycle synchronization by double-thymidine block. HeLa cells
were treated with 5 mM thymidine for 16 h, the thymidine was removed
by washings, and cells were incubated with fresh medium for an addi-
tional 8 h and treated again with 5 mM thymidine for 16 h. Cells were
harvested at different time points postrelease (36). The cell cycle stage was
monitored by fluorescence-activated cell sorting (LSRII), following meth-
anol fixation and propidium iodide staining (36).

Inducing DNA damage by UV irradiation. HeLa cells, grown in 15-
cm-diameter culture dishes, were washed twice in PBS and illuminated
with UV-Cin a chamber at different doses. Cells were collected at different
time points postirradiation.

Chemical treatment of cells. For the inhibition of new protein syn-
thesis, 50 pg/ml cycloheximide was added to the growth medium, and
cells were incubated for 1 h at 37°C before UV illumination. For the
inhibition of proteasomal degradation, 20 pM MG132 was added to the
growth medium 5 h before UV irradiation. Cells were harvested at differ-
ent time points after induction of the damage.

Phosphopeptide analysis. Three biological replicas of control and
UV-irradiated cells were prepared. Cells collected 10 min postdamage
were fractionated to cytosolic, nucleoplasmic, and chromatin-bound
fractions. One milligram total protein of each fraction was immunopre-
cipitated as described above using 12 pl of anti-CSN3 antibody. Proteins
were eluted from protein G-Sepharose beads with 75 pl glycine-HCI (pH
2.5) and neutralized with 3 pl of 2 M Tris-HCI (pH 8.8). Samples were
stored in liquid N, until further processing.

Samples were subjected to in-solution digestion. Proteins were first
reduced using 5 mM DTT for 30 min at 60°C and alkylated with 10 mM
iodoacetamide in the dark at room temperature. Trypsin was then added,
and samples were incubated at 37°C overnight. Digestion was quenched
by addition of trifluoroacetic acid (TFA) to reach a final concentration of
1%. The resulting solution was desalted with 50 mg Sep-Pak C, 5 cartridges
(Waters Corp.) and lyophilized in a vacuum concentrator.

The phosphopeptides from the tryptic digests were enriched using a
Ti*"-immobilized metal affinity chromatography (Ti**-IMAC) micro-
column as previously described (37). Briefly, the trypsinized peptides
were resuspended in 50 pl of 80% acetonitrile (ACN)—6% TFA and then
loaded onto preconditioned Ti**-IMAC microcolumns. After the sample
loading, the Ti**-IMAC microcolumns were sequentially washed with 30
pl of 50% ACN 0.5% TFA containing 200 mM NaCl and 30 pl of 50%
ACN 0.1% TFA. The bound peptides were firstly eluted with 20 pl of 10%
ammonia into 20 pl of 10% formic acid. The final elution was performed
with 2 pl of 80% ACN-20% formic acid. Finally, 2 pl of neat formic acid
was added to acidify the eluent and the acidified samples were subjected to
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analy-
sis.

LC-MS/MS analysis. All LC-MS/MS experiments were performed us-
ing a nanoAcquity UltraPerformance LC (UPLC) (Waters Corp., Milford,
MA) system and a linear trap quadrupole (LTQ) Orbitrap Velos hybrid
ion trap mass spectrometer (Thermo Scientific, Waltham, MA). Separa-
tion of peptides was performed by reverse-phase chromatography using a
Waters reverse-phase nano column (BEH C18) (75-pm inner diameter
[i.d.] by 250 mm; 1.7-pm particle size) at a flow rate of 300 nl/min.
Peptides (5 pl) were initially loaded onto a precolumn (Waters UPLC
Trap Symmetry C,g) (180-pm i.d. by 20 mm; 5-wm particle size) from the
nanoAcquity sample manager with 0.1% formic acid for 3 min at a flow
rate of 10 wl/min. After this period, the column valve was switched to
allow the elution of peptides from the precolumn onto the analytical col-
umn. Solvent A was water—0.1% formic acid, and solvent B was ACN—
0.1% formic acid. The linear gradient employed was 2% to 40% solvent B
in 40 min.

The LC eluent was sprayed into the mass spectrometer by means of a
nanospray source. All m/z values of eluting ions were measured in the
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Orbitrap Velos mass analyzer, set at a resolution of 30,000. Data-depen-
dent scans (Top 20) were employed to automatically isolate and generate
fragment ions by collision-induced dissociation in the linear ion trap,
resulting in the generation of MS/MS spectra. Tons with charge states of 2*
and above were selected for fragmentation.

Raw data were imported into the TransOmics software (Waters) (also
known as Progenesis LC-MS) (38, 39). The software was used for reten-
tion time alignment and peak detection of precursor peptides. A master
peak list was generated from all MS/MS events and sent for database
searching using Mascot v2.4 (Matrix Sciences). Data were searched
against UniprotKB version 05_2012, including 125 common laboratory
contaminants. Fixed modification was set to carbamidomethylation of
cysteines, and variable modification was set to oxidation of methionines
and phosphorylation of serines, threonines, or tyrosines. Phosphopeptide
site localization probability was calculated using Mascot Delta Score (40).
Search results were then imported back to TransOmics to annotate iden-
tified peaks. Differential analysis was conducted by direct comparison of
peak intensities across all samples. Technical replicates were averaged, and
Student’s ¢ test, after logarithmic transformation, was used to identify
significant differences across the biological replica. A P value of less than
0.05 was used as the significance threshold. All raw data, peak lists, and
identifications were deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository (41) with the data set identifier PXD000277.

RESULTS

An active CSN is localized in the cytoplasm and nucleus. Histor-
ically, the CSN was defined as a nuclear complex (42, 43), but
more recent studies have demonstrated that CSN subunits are also
localized in the cytoplasm (44—47). To systematically dissect the
subcellular distribution of the CSN complex, we generated stable
HEK293 cell lines, expressing the fluorescent protein Cerulean
(Cer), fused to the N terminus of subunit CSN2, CSN3, CSN5,
CSNG6, or CSN7 (48). We selected lines that express the fluorescent
subunits at close to endogenous levels and confirmed that the
tagged subunits were properly incorporated into the complex by
performing activity assays and immunoprecipitation analyses us-
ing antibodies against CSN3 and GFP (see Fig. S1 and S2 in the
supplemental material). Activity assays demonstrated that cell
lines expressing the fluorescently labeled subunits exhibit CSN
enzymatic activity comparable to wild-type levels (see Fig. SI).
Likewise, the CSN3 antibody efficiently pulled down the fluores-
cent subunits (see Fig. S2A), as well as endogenous subunits (see
Fig. S2B), confirming that the N-terminal tag did not hinder in-
tegration into the complex. The integration of Cer-CSN3 into the
complex was further validated by a reciprocal pulldown assay us-
ing an anti-GFP antibody (see Fig. S2C). Interestingly, we noted
that in cell lines expressing Cer-CSN6 and Cer-CSN7, the expres-
sion levels of the endogenous subunits were strongly reduced,
suggesting that the expression of these CSN subunits is tightly
regulated (see Fig. S2A and B). Treatment of cells either with cy-
cloheximide to inhibit new protein synthesis or with MG132 to
hinder proteasomal degradation did not influence the expression
level of endogenous CSN6 and CSN7 (data not shown), suggesting
that their expression is regulated at the transcriptional level. Nev-
ertheless, Cer-CSN6 and Cer-CSN7, like the other tagged sub-
units, were efficiently incorporated into the active CSN complex,
enabling us to conclude that the fluorescently labeled cell lines can
reliably reflect the endogenous complex properties.

Confocal microscopy analysis of the fluorescently labeled CSN
subunits indicated that they accumulate in the cytoplasm and the
nucleus (Fig. 1A). To study the diffusion kinetics of the CSN sub-

March 2014 Volume 34 Number 6

Dynamic Regulation of the COP9 Signalosome

units in these compartments, we performed FRAP assays (49). For
comparison, similar measurements were conducted on free Ceru-
lean, representing the dynamics of a fully mobile monomeric pro-
tein (50). The FRAP data were fitted to models of exponential
recovery in which all CSN subunits fitted better to a double expo-
nential function than to a single exponential, indicating a “fast”
(t1) and “slow” (t2) t,,, (see Fig. S3 in the supplemental material).
This result suggests that two processes operating on different time
scales contribute to the complex mobility, where protein-protein
interactions reduce the rate of movement of the subunits. Exam-
ination of the data indicated that in general, within each compart-
ment, the recovery curves of the CSN subunits were very similar,
displaying a mobility rate significantly lower than that of free
Cerulean, suggesting that they are part of a similarly sized complex
(51). CSN5, however, was the only subunit that exhibited in the
cytosol a recovery rate higher than that of the other CSN subunits
(Fig. 1B; see Fig. S3). This observation supports previous studies
indicating that a fraction of the cytoplasmic CSN5 exists as a
monomer or in smaller complexes outside the holo-CSN complex
(52, 53). Interestingly, comparison of the cytosolic and nuclear
fitting parameters indicates a higher contribution of the “slow”
component to the mobility of the nuclear CSN. This observation
may reflect some degree of transient immobilization, possibly
through the interaction with chromatin (54), supporting previ-
ously reported findings indicating that the CSN may bear regula-
tory functions related to transcription regulation (55).

CSN in the nucleus is partially bound to chromatin. To fur-
ther validate the partitioning of the CSN between the cellular
compartments, we performed biochemical separations of cellular
proteins into cytosolic, nucleoplasmic, and chromatin-associated
fractions and analyzed the expression levels of the various CSN
subunits in HEK293 and HeLa cells (Fig. 2A). In both cell lines,
most of the CSN accumulated in the cytoplasm, while a smaller
amount was found in the nucleus. Within the nucleus, a small
subfraction was associated with chromatin, supporting our in vivo
diffusion kinetics results (Fig. 1B). Since the results obtained for
both HeLa and HEK293 cells were practically the same, we con-
tinued our studies using HeLa cells only.

To examine whether the CSN is catalytically active in the dif-
ferent cellular fractions, deneddylation assays were performed on
proteins extracted from each compartment. Enzymatic activity
was obtained for CSN in the three different cellular fractions (Fig.
2B), demonstrating that the complex is catalytically active in the
cytosol, nucleoplasm, and chromatin.

Distinct forms of CSN subunits exist within the different cel-
lular compartments. It has been reported that CSN subunits are
decorated by different PTMs (56-58, 60, 61). However, to the best
of our knowledge, a systematic analysis of variations in the mod-
ifications among the different cellular compartments was not per-
formed. We therefore analyzed a set of CSN subunits from the
cytosol, nucleoplasm, and chromatin-bound fractions by two-di-
mensional (2D) electrophoresis, in which proteins are separated
according to their pI and size. The migration patterns of CSN1,
CSN3, CSN5, and CSN8 in each of the subcellular compartments
are shown in Fig. 3.

In the cytosolic fraction, CSN1 and CSN3 resolved into a series
of charged spots. A similar number of spots were also observed in
the nucleoplasmic fraction; however, a pronounced shift of the
series toward the acidic pH was obtained. The pattern of the spots
resembled multiple phosphorylations (62), which generate a se-
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FIG 1 Cellular CSN is localized in the cytoplasm and nucleus and displays the mobility of a large macromolecular complex. (A) Representative fluorescent
midsection images of live HEK293 cells, stably transfected with CSN subunits N-terminally fused to Cerulean. The images indicate that CSN subunits are
localized in the cytosol and nucleus but are excluded from nucleoli. For convenience, the nuclear borders are marked with a dashed line. Scale bars represent 10
pm. (B) FRAP curves of fluorescent CSN subunits and free Cerulean. Each plot constitutes an average of at least 60 cells, normalized to prebleach intensity.

ries of spots with lower pI; however, we cannot rule out the exis-
tence of other modifications. The total number of species was
significantly lower in the chromatin fraction than in the other two
compartments. Overall, comparison of the migration patterns of
CSN1 and CSN3 in the different cellular compartments indicates
that distinct forms are present in one compartment and absent
from the other. Moreover, even if identical variants exist, their
relative abundances differ between the fractions.

CSN5 had a similar separation profile in the different fractions
in which some of the forms migrated as doublets, a pattern which
may be observed due to phosphorylation coupled with deamida-
tion (62, 63). While the cytosolic and nucleoplasmic fractions dis-
played similar migration patterns, the acidic species were much
less abundant in the chromatin fraction. Unlike the other subunits
examined (CSN1, CSN3, and CSN5), the CSN8 composition was
largely uniform in all subcellular fractions. CSN8 appeared in
three different forms: two variants, which were separated in the pI
dimension, displayed a migration pattern in the size dimension
that was slower than that of the third species, reflecting their
higher molecular weight. This result is in accordance with our
previous observation, which indicated that CSN8, purified from
human erythrocytes, is present in two forms, with a mass differ-
ence of 0.5 kDa, possibly resulting from two adjacent translation
initiation sites (Metl and Met6) (64).

In summary, our results suggest that CSN subunits appear in
differentially modified forms; moreover, subunits in the different
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subcellular compartments can significantly diverge in their char-
acteristics. This variability in CSN subunit composition is partic-
ularly exemplified in the marked decrease in the number of vari-
ants that exists in the chromatin fraction, suggesting that CSN
functionality is specialized in this compartment.

CSN partitioning between cellular fractions is not affected by
the cell cycle. The CSN is known to be involved in multiple aspects
of cell cycle and checkpoint control (32, 65-67). We therefore
explored whether the subcellular partitioning of the complex
changes during the different stages of the cell cycle. To test this
hypothesis, we synchronized HeLa cells using a double-thymidine
block. Protein extracts were prepared at various time points fol-
lowing their release from the block, and the cell cycle state was
evaluated by flow cytometry. The expression level of CSN subunits
within each cellular compartment was then examined by Western
blot analyses. Our analysis indicates that although we could clearly
detect the expected oscillation in the levels of the cell cycle regu-
lator, cyclin E, the cellular levels of CSN subunits remained con-
stant throughout the cell cycle (Fig. 4). Thus, changes in CSN
subunit levels, due to either overexpression or recruitment, do not
seem to be essential for cell cycle progression; however, we cannot
rule out the possibility that variations in the combination and/or
configuration of CSN posttranslational modifications occur.

CSN is transiently recruited to the nucleus upon DNA dam-
age. A number of studies have demonstrated that CSN is involved
in DNA repair and DNA damage responses (3). We therefore
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FIG 2 The active CSN complex is associated with the cytosol, nucleus, and chromatin. (A) Cellular proteins were biochemically separated into cytosolic (Cyt),
nucleoplasmic (N), and chromatin-associated (Chr) fractions in the presence of phosphatase inhibitors and tested for the expression levels of various CSN
subunits. For comparison, similar percentages of each fraction were loaded. Fractionation was assessed by detection of the chromatin-associated histone H3
(Histone3) protein and of the mainly cytosolic glyceraldehyde-3-phosphate dehydrogenase protein (GAPDH). IB, immunoblot. (B) The CSN complex was
shown to be active in the different cellular fractions. Proteins from the different fractions were used in deneddylation assays utilizing neddylated HA-tagged S.
pombe Cull, and the immunoblot was visualized by anti-HA antibody. Proteins (30 pg) from each fraction were used for the activity assays.

wished to explore whether the induction of DNA damage affects  but a clear increase in band intensity was observed in the nucleo-
the partitioning and expression levels of the complex. To thisend,  plasmic and chromatin-associated CSN fractions, immediately af-
HeLa cells were exposed to UV irradiation (UV-C, 20 J/m?), and ter UV irradiation (Fig. 5A). However, CSN recruitment to the
cells were fractionated at different time points, following exposure  nucleus was transient: within 4 h after DNA damage, the nucleo-
to the UV light. Our findings indicated that the level of cytosolic  plasmic and chromatin-associated CSN complexes returned to
CSN did not significantly change in response to UV irradiation, basal levels.
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FIG 3 CSN subunits are distinctly modified in different cellular fractions. Cellular proteins were fractionated in the presence of phosphatase inhibitors into
cytosolic (Cyt), nucleoplasmic (N), and chromatin (Chr) fractions, separated by 2D gel electrophoresis, and visualized using different anti-CSN antibodies, as
indicated. Each spot represents a distinct variant of a CSN subunit.
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FIG 4 Subcellular distribution of the CSN complex is not affected by the cell
cycle. Cells were synchronized and collected at different stages of the cell cycle,
as indicated. Cellular proteins were then fractionated in the absence of phos-
phatase inhibitors and probed with anti-CSN and anti-cyclin E antibodies, as
indicated. Cell cycle stages were verified by flow cytometry, as displayed in the
plots above the lanes. Nonsynchronized cells (C) were used as a control.

To determine whether CSN accumulation in the nucleus is due
to shuttling between compartments or synthesis of new CSN com-
plexes, we performed a cycloheximide chase. The addition of cy-
cloheximide to cells did not affect the transient accumulation of
CSN subunits in the nucleus (see Fig. S4A in the supplemental
material). Similarly, to check whether the subsequent decrease in
nuclear CSN levels was due to proteasomal degradation, we re-
peated this experiment in the presence of the proteasome inhibi-
tor, MG132 (see Fig. S4B). While MG132 induced a slight delay in
the reduction of CSN levels, both in its presence or absence, the
levels of the CSN subunits returned to their basal state 4 h after UV
irradiation. Taken together, these results demonstrate that the
transient accumulation of CSN in the nucleus is not due to syn-
thesis or degradation but rather to redistribution of the existing
CSN pool. Transient reduction in the cytoplasmic CSN was ob-
served; however, the effect was not pronounced, probably because
the amount of CSN that shuttles back and forth during the DNA
damage response is negligible compared to the overall level of the
cytosolic complex.

We then investigated whether the CSN response to DNA dam-
age constitutes a simple “on/off” switch or whether it depends on
the UV dose. Therefore, HeLa cells were UV irradiated at increas-
ing doses from 2 to 20 J/ m? and the abundance of CSN subunits in
the various fractions was examined by Western blotting (Fig. 5B).
Interestingly, the levels of CSN subunits in the nucleoplasm and
chromatin fractions were clearly increased at UV doses of around
5 to 10 J/m?, while no further enrichment in CSN abundance was
obtained at 20 J/m?. Taken together, our results indicate that fol-
lowing DNA damage, CSN transiently migrates to the nucleus,
and the extent of this event is dependent on the amount of UV
radiation to which the cell is exposed.

UV damage induces differential changes in the phosphoryla-
tion level of specific domains. Examination of the chromatin-
associated CSN3 subunit suggested not only that the total amount
of the protein increases following UV damage but also that phos-
phorylated species, consisting of a slower migration pattern, ac-
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FIG 5 CSN subunits are transiently recruited to the nucleus following UV
damage, in a dose-dependent manner. (A) Cells were exposed to 20 J/m? of
UV-C irradiation. Cellular proteins were fractionated into cytosolic (Cyt),
nucleoplasmic (N), and chromatin (Chr) fractions, at different time points
following DNA damage induction, and monitored by Western blot analyses
using anti-CSN antibodies, as indicated. In CSN6, the thin dashed line repre-
sents an additional time point that was omitted. (B) Cells were treated with
increasing doses of UV-C light, fractionated after 10 min, and probed with
various antibodies, as indicated. As a control for DNA damage-dependent
recruitment to chromatin, we used DDB2; histone H3 was used as a loading
control.

cumulate in particular (Fig. 6A). This observation led us to sys-
tematically examine whether UV irradiation can affect the
phosphorylation pattern of CSN subunits. To achieve this goal, we
performed phosphoproteomic analysis by LC-MS/MS. For this
analysis, samples were collected 10 min following UV irradiation,
separated into cytosolic, nucleoplasmic, and chromatin-associ-
ated fractions, and immunoprecipitated using a CSN3 antibody.
The immunoprecipitated proteins were subjected to in-solution
digestion with trypsin and enriched for phosphopeptides using
Ti"*-IMAC beads (37). Enriched fractions were then analyzed in
triplicates by LC-MS/MS. Quantitative analysis was conducted by
direct comparison of precursor peptide and phosphopeptide in-
tensities across the different biological samples and replicates. Stu-
dent’s t test was used for statistical comparisons, and a P value
smaller than 0.05 was considered the significance threshold. Our
results show that DNA damage induced a significant increase in
the phosphorylation level of specific peptides corresponding to
CSNI1, CSN3, and CSNS, within the nucleoplasmic and chroma-
tin-associated fractions, while no substantial effect was detected
for these subunits in the cytosolic fraction (Fig. 6C; see Fig. S5 and
Table S1 in the supplemental material).

In total, we identified four phosphopeptides that were mark-
edly enriched within the chromatin-associated fraction in re-
sponse to DNA damage (Fig. 6; see Fig. S5 and Table S1 in the
supplemental material). Two of the peptides correspond to the cen-
tral and C-terminal regions of CSN1, ***GERDSQTQAILTK**® and
*8SPPREGSQGELTPANSQSR*™, respectively. An additional phos-
phopeptide is located at the C terminus of CSN3, *’SMGSQEDDSG
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FIG 6 UV damage induces upregulation of specific phophopeptides within the nucleus. (A) Phosphorylated CSN3 accumulates in the chromatin-bound
fraction, following DNA damage. Cells were exposed to 20 J/m” of UV-C light. After induction of DNA damage, cellular proteins were fractionated at different
time points in the absence of phosphatase inhibitors and visualized using an anti-CSN3 antibody. In response to UV irradiation, more slowly migrating bands,
which may correspond to a phosphorylated form of CSN3, transiently appeared in the chromatin-bound fraction. (B) Cells were exposed to 20 J/m? of UV-C
light. Cellular proteins were fractionated 10 min after induction of DNA damage and subjected to phosphopeptide analysis. The fold change of the phospho-
peptide intensities of control (blue bars) versus UV-treated (red bars) phosphopeptides, in the nucleoplasmic (N) and chromatin-bound (Chr) fractions, is
indicated. Significances were calculated using Student’s ¢ test; single asterisks, double asterisks, and triple asterisks designate significance at confidence levels of
0.01, 0.005, and 0.0001, respectively. ns, nonsignificant. Each value represents the average of the intensities with standard deviation of the same phosphopeptide
in three biological replicates with three technical replicates each. The most probable phosphorylation site on each peptide, as calculated by the Mascot software,

is highlighted in bold. (C) A schematic representation highlighting the positions of the upregulated phosphorylation sites within CSN1, CSN3, and CSN8.

NKPSSYS**?, and the fourth phosphopeptide is near the C-termi-
nal region of CSN8, '“*KPVAGALDVSFNK'”® (Fig. 6B and C).
The level of the C-terminal phosphopeptide of CSN1, as well as
the phosphopeptides of CSN3 and CSN8, was also increased
in the nucleoplasm following UV irradiation (Fig. 6; see Fig. S5
and Table S1). The central phosphopeptide of CSN1, however,
did not display a significant change in abundance within the
nucleoplasm, suggesting that it possesses a specific role only
within the chromatin. The most drastic effect, with a more than
200-fold increase in abundance in response to DNA damage,
was detected for CSN3, while CSN8 and CSN1 (C-terminal
peptide) exhibited 12- and 7-fold increases, respectively. For
the remaining CSN subunits, no enrichment of phosphopep-
tides was identified.

In summary, our results show a significant upregulation of
specific phosphopeptides within CSN1, CSN3, and CSN8 follow-
ing UV irradiation, underscoring the ability of the complex to
adjust to the cell’s needs. This adjustment is reflected in both in the
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cellular location of the complex and the phosphorylation level of
specific domains.

DISCUSSION

In the present study, we examined fundamental properties of the
cellular CSN: its cellular localization, integrity, subunit composi-
tion, and sensitivity to cellular cues. By combining live micros-
copy, biochemical tools, and mass spectrometry analysis, we dis-
close the multilevel complexity in CSN regulation, insights which
may provide the basis for understanding how CSN functions ad-
equately in diverse cellular processes.

Our results show that an active CSN is localized in the cytosol,
nucleoplasm, and chromatin-associated compartments, with the
majority of complexes residing in the cytosol (Fig. 2). The simi-
larity of the mobility kinetics that were measured for CSN sub-
units (Fig. 1) suggests that they commonly reside within the holo-
CSN complex. An exception was the cytosolic CSN5, which in
comparison to the other subunits displayed a somewhat higher
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mobility rate. This observation is in line with previous studies
indicating that in addition to the intact CSN, CSN5 also exists as
part of smaller non-CSN complexes (52, 53). Nevertheless, the
relatively uniform mobility of CSN subunits is in agreement with
our recent findings, indicating the stability of the endogenous hu-
man CSN, unlike the reconstituted complex, which, in addition to
the intact complex, also exists in smaller subcomplexes (28). Thus,
within the cellular environment, the integrity of the CSN complex
may be tightly regulated, possibly by PTMs that contribute to
subunit associations.

One remarkable observation arising from our study is the im-
pressive plasticity of CSN subunits, which is reflected not only in
the array of distinct subunit variants but also in the divergence in
subunit composition among the cellular localizations (Fig. 3). The
modularity in subunit composition was most pronounced in
CSN1 and CSN3, which exhibited different species in cytosolic,
nucleoplasmic, and chromatin-bound fractions. It will be inter-
esting to reveal how the modified CSN variants specifically con-
tribute to the activity of the complex and whether PTMs dictate
the cellular localization of the complex or whether localization
governs the PTM patterns. We speculate that the variability in
CSN subunits across cellular boundaries has a significant impact
on the functional regulation of the complex, as subunits can be
assembled into multiple configurations, generating an array of
complexes with various functionalities.

Modulation of the complex localization and adjustment of the
PTM configuration are observed following the induction of DNA
damage. The involvement of the CSN in the DNA damage re-
sponse was previously established (3, 42, 54). Yet here we show
that following UV damage, the CSN immediately translocates into
the nucleus (Fig. 5; see Fig. S4 in the supplemental material). This
transient redistribution of the CSN is dependent on the extent of
DNA damage and is accompanied by a significant elevation in
subunit phosphorylation levels within specific sites (Fig. 6). The
spatiotemporal regulation of the CSN probably evolved to effi-
ciently counteract DNA damage. Following UV irradiation, there
is an urgent need for rapid ubiquitination of histones at sites of
damage, which facilitates the recruitment of DNA repair proteins
(68). Under these conditions, existing levels of CSN may not be
sufficient; therefore, supplementary and optimally activated CSN
would be required to overcome the threat of DNA damage.

A marked response to DNA damage was observed in the phos-
phopeptide profiles of CSN1, CSN3, and CSN8, within the nucle-
oplasm and chromatin bound fractions (Fig. 6). Given that phos-
phorylation is associated with surface charge effects which
mediate structural changes and/or binding affinities (69), the in-
teraction between the CSN and CRLs (10, 16) may be highly mod-
ulated by this event, especially considering the strategic position of
the identified peptides. The C-terminal phosphopeptides of CSN1
and CSN3 are part of a major interaction interface formed by the
PCI subunits, while the central CSN1 phosphopeptide seems to be
near the substrate receptor module of CRLs (26). Interestingly,
various global phosphoproteome analyses performed under dif-
ferent cellular conditions (i.e., differentiation, signaling activa-
tion, cell cycle, and cancer) identified phosphorylation events in
exactly the same peptides as we found here, namely, the C-termi-
nal peptides of CSN1 and CSN3 and the end region of CSN8 (61,
70-75). In most of these studies, quantitative changes of the phos-
phorylation at the corresponding peptides were deduced (71-75).
Hence, it is tempting to speculate that these regions within CSN1,
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CSN3, and CSN8 may comprise phosphorylation hot spots which
influence the capacity of the CSN to regulate CRLs and, as a result,
modulate the ubiquitination process.
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