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ABSTRACT The proteasome is the proteolytic machinery at the center of regulated in-
tracellular protein degradation and participates in various cellular processes. Maintaining
the quality of the proteasome is therefore important for proper cell function. It is un-
clear, however, how proteasomes change over time and how aged proteasomes are dis-
posed. Here, we show that the proteasome undergoes specific biochemical alterations
as it ages. We generated Rpn11-Flag/enhanced green fluorescent protein (EGFP) tag-
exchangeable knock-in mice and established a method for selective purification of old
proteasomes in terms of their molecular age at the time after synthesis. The half-life of
proteasomes in mouse embryonic fibroblasts isolated from these knock-in mice was
about 16 h. Using this tool, we found increased association of Txnl1, Usp14, and actin
with the proteasome and specific phosphorylation of Rpn3 at Ser 6 in 3-day-old protea-
somes. We also identified CSNK2A2 encoding the catalytic �= subunit of casein kinase II
(CK2�=) as a responsible gene that regulates the phosphorylation and turnover of old
proteasomes. These findings will provide a basis for understanding the mechanism of
molecular aging of the proteasome.
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The 26S proteasome is an enzymatic complex that mainly degrades ubiquitinated
proteins (1, 2). This large protein complex is composed of a central 20S core particle

(CP) capped at either or both ends by 19S regulatory particles (RPs) (3). The CP is made
up of seven structurally similar �- and �-subunits (�1 to �7 and �1 to �7) and is
responsible for proteolysis. The RPs consist of six ATPases (Rpt1 to Rpt6) and multiple
non-ATPase subunits (Rpn1 to Rpn3, Rpn5 to Rpn13, and Rpn15) and plays essential
roles in capturing ubiquitin chains, deubiquitinating, and unfolding substrates. In
addition to the authentic proteasome subunits, proteasome interacting proteins (PIPs)
that transiently associate with the proteasome to play auxiliary roles have been
identified. For example, the proteasome assembly chaperones PAC1 to PAC4, the
deubiquitinating enzymes Usp14 and Uch37, and ubiquitin receptors HHR23, and
ubiquilins are well characterized (4–9). On the other hand, there still remain many PIPs
whose functions are elusive, including the thioredoxin-like protein Txnl1 (10, 11).

The proteasome plays pivotal roles in various cellular events such as cell cycle,
transcription, and immune response (12, 13). Recent reports have shown that senes-
cence and diseases such as neurodegenerative diseases are associated with aberrant
proteasome activity and that modulation of proteasome activity can regulate such
diseases (14). It has been shown that proteasome activity declines with aging (15).
Ubiquitinated misfolded proteins have been shown to accumulate in many neurode-
generative diseases, which are often associated with a decline in proteasome activity
with aging (16). Downregulation of proteasome activity also triggers autoinflammatory

Citation Tomita T, Hirayama S, Sakurai Y, Ohte
Y, Yoshihara H, Saeki Y, Hamazaki J, Murata S.
2019. Specific modification of aged
proteasomes revealed by tag-exchangeable
knock-in mice. Mol Cell Biol 39:e00426-18.
https://doi.org/10.1128/MCB.00426-18.

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Shigeo Murata,
smurata@mol.f.u-tokyo.ac.jp.

Received 28 August 2018
Returned for modification 21 September
2018
Accepted 10 October 2018

Accepted manuscript posted online 22
October 2018
Published

RESEARCH ARTICLE

crossm

January 2019 Volume 39 Issue 1 e00426-18 mcb.asm.org 1Molecular and Cellular Biology

11 December 2018

https://doi.org/10.1128/MCB.00426-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:smurata@mol.f.u-tokyo.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00426-18&domain=pdf&date_stamp=2018-10-22
https://mcb.asm.org


disorder in patients with mutations in proteasome subunit genes (17–20). An artificial
increase in proteasome activity leads to life span extension and concomitantly prevents
neurodegeneration or confers stress resistance in Drosophila melanogaster and Caeno-
rhabditis elegans (21–23). Therefore, uncovering the mechanism by which the quality of
the proteasome is maintained is important for understanding the pathogenesis of
numerous human diseases. More specifically, how the proteasome changes over time
and how such changes affect proteasome activity remain unknown.

Turnover of the proteasome is one of the regulatory mechanisms of quality control
of the proteasome. It is possible that damaged or unnecessary proteasomes are
removed and that the regulation of the turnover of the proteasome is important for
maintaining cellular homeostasis. Indeed, recent reports showed that the proteasome
can be degraded by autophagy. Nitrogen starvation and proteasome inhibition induce
autophagy-mediated degradation of the 26S proteasome in Arabidopsis and yeast
(24–26), and amino acid starvation triggers autophagy that targets the 26S proteasome
in mammalian cells (27). However, such autophagic degradation of the proteasome was
observed in response to specific extracellular stimuli. Few studies have explored
constitutive degradation of the 26S proteasome, which is likely to be well regulated,
considering that the proteasome has a measurable half-life (28, 29).

To address these issues, we biochemically characterized 3-day-old proteasomes in
terms of their molecular age at the time after synthesis. Using genetically engineered
mice that express a subunit of the proteasome with an exchangeable tag, 3-day-old
proteasomes were selectively purified. This analysis revealed differences in protein-
protein interactions, posttranslational modifications, and subcellular localization be-
tween old and new proteasomes. We then identified genes that affect the turnover of
proteasomes by a genome-wide small interfering RNA (siRNA) screen in human cells. As
a result, we determined genes that delayed the turnover of old proteasomes.

RESULTS
Generation of Rpn11-Flag/EGFP tag-exchangeable mice and MEFs. To purify old

proteasomes, we generated Rpn11-Flag/enhanced green fluorescent protein (EGFP)
tag-exchangeable knock-in mice (Fig. 1A). Rpn11, which is encoded by the Psmd14
gene, is one of the subunits of the RP. In the targeting vector, a sequence encoding
a 6�His-Flag epitope was fused to the 3= end of the last coding nucleotide in exon
12, followed by a poly(A) signal. The modified exon 12 and a flippase recombinase target
(FRT)-flanked phosphoglycerate kinase (PGK)-neomycin gene cassette were flanked by
two loxP sequences. Another modified exon 12 that was fused to an EGFP coding
sequence and a poly(A) signal was placed downstream of the 3= loxP so that the
C-terminal tag of Rpn11 switches from 6�His-Flag to EGFP upon expression of Cre
recombinase.

The targeting vector was introduced into TT2 embryonic stem (ES) cells, and
successful homologous recombination of the Psmd14 genomic region was confirmed
by Southern blot analysis (Fig. 1B). The heterozygous knock-in (Psmd14Flag/�) ES cells
expressed Rpn11-Flag (Fig. 1C). Once Cre recombinase was expressed in the cells,
Rpn11-EGFP was expressed, while Rpn11-Flag decreased, indicating that the loxP-
flanked segment was excised to induce tag switching (Psmd14EGFP/�) (Fig. 1C).

The Psmd14Flag/� ES cells were microinjected into eight-cell embryos of ICR mice,
and the produced chimeric mice were intercrossed with C57BL/6 mice for at least five
generations. Although Psmd14Flag/� mice were born without any gross abnormality and
were fertile, the homozygous knock-in Psmd14Flag/Flag mice were embryonic lethal (see
Table S1 in the supplemental material). To obtain Psmd14EGFP/� mice, we crossed
Psmd14Flag/� mice with mice expressing Cre recombinase throughout the whole body
directed by the adenovirus-derived EIIa promoter (30). Whereas Psmd14Flag/Flag mice
showed lethality, Psmd14EGFP/EGFP mice were fertile and grew without any gross abnor-
mality (Table S1). This suggests that highly charged 6�His-Flag epitope fused to Rpn11
might interfere a function of Rpn11 or the proteasome during embryonic development.
EGFP fluorescence was detectable in Psmd14EGFP/EGFP mice, indicating that the tag
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FIG 1 Generation of Rpn11-Flag/EGFP tag-exchangeable knock-in mice. (A) Schematic representation of the integration strategy for
generating C-terminally tagged Flag fusion Rpn11. After Cre-mediated recombination, the loxP-flanked segment is excised, and the
expression of Flag tag is exchanged for EGFP tag. WT, ex11, ex12, pA, PGK, DTA, and neo denote wild-type, exon 11, exon 12,
polyadenylation signal, PGK promoter sequence, diphtheria toxin A, and neomycin-resistant cassette, respectively. The black dot indicates
the FRT site. (B) Southern blot analysis of KpnI-digested genomic DNAs extracted from mouse tails. Wild-type and Flag knock-in alleles
were detected as 3.1- and 6.3-kb bands, respectively. (C) Immunoblotting of embryonic stem cell extracts infected with or without
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exchange was successful in mice (Fig. 1D and Fig. S1A). We were, however, able to
obtain Psmd14Flag/Flag mouse embryonic fibroblasts (MEFs) from embryonic day 13.5
(E13.5) embryos, which we will refer to as Rpn11-Flag MEFs.

To examine whether there is any loss of function of the proteasome in Rpn11-Flag
MEFs compared to wild-type MEFs (Psmd14�/�), we fractionated lysates of MEFs by
glycerol gradient centrifugation, followed by measurement of peptidase activity of
each fraction. The peptidase activities were almost identical between wild-type and
Rpn11-Flag MEFs (Fig. 1E). The 26S fraction of Rpn11-Flag MEFs did not show a
significant difference in the deubiquitinating activity compared to wild-type MEFs (Fig.
1F). We also verified the incorporation of Rpn11-Flag into the 26S proteasome by
immunoprecipitation assay using antibodies against the RP subunit Rpt6. The compo-
sition of the proteasome containing Rpn11-Flag was similar to that of the control
proteasomes, as revealed by coprecipitated proteasome subunits, �1 and Rpn8
(Fig. 1G). As observed in these experiments, we did not find any notable defects in the
proteasome in Rpn11-Flag MEFs. We therefore utilized Rpn11-Flag MEFs as an alterna-
tive to Psmd14Flag/Flag mice for proteasome analysis.

To exchange the tag in Rpn11-Flag MEFs, we used retroviruses expressing Cre
recombinase (Cre-retrovirus) at a high multiplicity. By infection of Cre-retrovirus, EGFP
fluorescence was observed from almost all cells, suggesting that the tag exchange
occurred efficiently (Fig. S1B). Thus, we successfully generated Rpn11-Flag/EGFP tag
exchangeable mice and MEFs as new tools for proteasome research.

Differences in proteins interacting with old proteasomes. To establish an exper-
imental system to purify “old” proteasomes, we first examined the half-life of the
proteasome in Rpn11-Flag MEFs by the pulse-chase method. 26S proteasomes turned
over slowly with a half-life of about 16 h, which was almost the same as the doubling
time of Rpn11-Flag MEFs (Fig. 2A and Fig. S2A). However, we hypothesized that the
proteasome undergoes biochemical alterations as it ages and expected to identify
factors associated with turnover mechanism of old proteasomes. We found that
3-day-old proteasomes constituted no more than 5% of the total proteasomes (Fig. 2A),
suggesting that characteristics of old proteasomes should be observable with a 3-day
chase. Therefore, 3-day cultures of Rpn11-Flag MEFs after infection with Cre-retrovirus
allowed us to purify old proteasomes that are produced more than 3 days ago by
immunoprecipitating with anti-Flag antibody, whereas proteasomes incorporating
Rpn11-EGFP are relatively “new” proteasomes produced within 72 h, assuming that
Rpn11 does not dissociate from the RP after the RP is assembled (Fig. 2B).

Rpn11-Flag MEFs were infected with Cre-retrovirus and, 3 days later, old protea-
somes were purified using anti-Flag–agarose beads. We did not purify new protea-
somes by anti-EGFP antibody for comparison between new and old proteasomes
because the difference in tags and antibodies used for purification might yield false
differences that would make it difficult to identify true differences. Instead, “total”
proteasomes were purified from Rpn11-Flag MEFs infected with retroviruses that do
not express Cre to compare with the old proteasomes (Fig. 2B).

Subunit composition of 3-day-old proteasomes did not show obvious alterations
compared to total proteasomes, as shown by immunoblot analysis of the CP subunit �3
and the RP subunits Rpt6 and Rpn8 and by silver staining of each immunoprecipitate
following SDS-PAGE (Fig. 3A and B). Note that Rpn11-EGFP, which was newly synthe-
sized after the expression of Cre recombinase, was slightly detected in the old protea-
some complex (Fig. 3A). This was probably due to formation of 26S proteasome that

FIG 1 Legend (Continued)
adenovirus expressing Cre recombinase. (D) Gross appearance of Psmd14�/� and Psmd14EGFP/EGFP mice. Bright-field and fluorescence
images of 3-week-old mice are shown. (E) Lysates from wild-type and Rpn11-Flag MEFs were fractionated by 8 to 32% glycerol gradient
centrifugation. An aliquot of each fraction was used for an assay of chymotryptic activity of the proteasome using Suc-LLVY-AMC as a
substrate. (F) The 26S fractions in panel E were subjected to the assay of the deubiquitinating activity using ubiquitin-AMC as a substrate.
The data represent means � the standard deviations (SD) from triplicate experiments. n.s., not significant. (G) Lysates from wild-type and
Rpn11-Flag MEFs were subjected to immunoprecipitation with anti-Rpt6 antibodies, followed by immunoblotting with the indicated
antibodies. The asterisk denotes IgG. The data are representative of three independent experiments.
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has an old RP containing Rpn11-Flag on one side and a new RP containing Rpn11-EGFP
on the other, suggesting some plasticity of interaction between CP and RP in cells.
However, the contamination of Rpn11-EGFP in the proteasome purified with anti-Flag
beads is small enough to consider that the proteasome purified via Rpn11-Flag are
representative of old proteasomes.

We also examined the amount of several proteasome-interacting proteins bound to
old proteasomes. While the deubiquitinating enzyme Uch37, as well as the ubiquitin
receptor HHR23b, was recruited almost equally to total and old proteasomes, the
thioredoxin-like protein Txnl1, the deubiquitinating enzyme Usp14, and the cytoskel-
etal protein actin showed increased interactions with old proteasomes (Fig. 3A). In
contrast, the association of ubiquitinated proteins with old proteasomes was reduced
(Fig. 3A). This may be due to the increased interaction with Usp14, which might
deubiquitinate substrates on old proteasomes.

Increased oxidation status of old proteasomes. Previous studies suggested that
several posttranslational modifications may influence enzymatic activities of the pro-
teasome (31–35). Therefore, we examined whether old proteasomes underwent specific
modifications. Since carbonylation is commonly used as an indicator for protein
damage caused by oxidative stress (36), protein carbonyls of the total and 3-day-old
proteasomes were visualized by OxyBlot (Fig. 3C). The bands corresponding to the
size of old RP subunits showed approximately 30% increased levels of carbonylation,
suggesting that the proteasome RP or proteins copurified with the proteasome are
subjected to oxidative stress damage as it ages.

Enhanced phosphorylation of Rpn3 at serine 6 in old proteasomes. We also
analyzed the phosphorylation status of old proteasomes because it is an influential
posttranslational modification that regulates proteasome function, as well as various
intracellular signals (31–35). Purified total and 3-day-old proteasomes were examined
by SDS-PAGE containing Phos-tag acrylamide, in which phosphorylated proteins are

FIG 2 Development of strategies to purify old proteasomes. (A) Rpn11-Flag MEFs were radiolabeled and
chased for the indicated time. Lysates were immunoprecipitated with anti-Flag antibodies and subjected
to SDS-PAGE, followed by autoradiography and immunoblotting. Values represent means � the SD of the
relative band intensities (normalized to Flag) obtained from three independent experiments. (B) The
experimental scheme for the purification of the total, old, and new proteasomes using Rpn11-Flag MEFs.
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FIG 3 Purification of old proteasomes. (A) Rpn11-Flag MEFs were infected with control or Cre recombinase-expressing retrovirus, and 3
days later the cells were harvested. Lysates were immunoprecipitated with anti-Flag antibodies, followed by Flag peptide elution. The
amounts of proteasomes loaded were adjusted for the protein level of Rpn11-Flag and subjected to immunoblotting with the indicated
antibodies. Values represent means � the SD of the relative band intensities (normalized to Flag) obtained from three independent
experiments. n.s., not significant; *, P � 0.05. (B) Proteasomes containing Rpn11-Flag purified as for panel A were subjected to SDS-PAGE
and silver stained for protein. Values represent means � the SD of the relative band intensities (normalized to Flag in panel A) obtained
from three independent experiments. n.s., not significant. (C) An OxyBlot protein oxidation detection kit was used for the immunoblot
detection of carbonyl groups introduced into proteins of the purified proteasomes shown in panel A. The carbonyl groups in the protein
side chains were derivatized by reaction with 2,4-dinitrophenylhydrazine (DNPH). Values represent means � the SD of the relative band
intensities (normalized to Flag in panel A) obtained from three independent experiments. *, P � 0.05.
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detected by retarded mobility shift (37). Although most of the old RP subunits did not
show any notable band shifts by Phos-tag acrylamide, the mobility of a fraction of Rpn3
in old proteasomes was specifically retarded, indicating the phosphorylation of old
Rpn3 (Fig. 4A). We expected to detect the phosphorylation of other subunits, as
reported previously (31–35), but they were not detectable, suggesting that the stoi-
chiometry of phosphorylated subunits other than Rpn3 is low in Rpn11-Flag MEFs.

To determine the phosphorylation site, the bands corresponding to the total and
the old Rpn3 were excised and analyzed by mass spectrometry. While unphosphoryl-
ated peptide 202-209 (ALDLVAAK) was detected in almost equal amounts between
total and old Rpn3, phosphorylated peptide 1-8 (MKQEGpSAR) was almost exclusively
detected in Rpn3 from 3-day-old proteasomes (Fig. 4B and C). The amount of phos-
phorylated Rpn3 at serine 6 of total proteasomes was less than 5% of that of 3-day-old
proteasomes, supporting successful purification of old proteasomes (Fig. 2A).

The N terminus of Rpn3 is thought to be located on the surface of the proteasome
complex (38, 39), and Rpn3 at serine 6 is highly conserved only in mammals (Fig. 4D).
To confirm the phosphorylation of Rpn3 in old proteasomes, we raised antibodies that
specifically recognize either the phosphorylated or unphosphorylated forms of Rpn3 at
serine 6 (anti-pSer6-Rpn3 and anti-unphosphorylated-Rpn3 antibodies, respectively).
The anti-pSer6-Rpn3 antibodies specifically recognized the band corresponding to
phosphorylated Rpn3, whereas anti-unphosphorylated-Rpn3 antibodies detected only
the band which was not affected by Phos-tag acrylamide (Fig. 4E). This demonstrates
that the old Rpn3 at serine 6 was certainly phosphorylated.

Enhanced deubiquitinating activity and normal proteolytic activity of old
proteasomes. Since old proteasomes showed alterations in the amount of some

specific interacting proteins, as well as oxidation and phosphorylation states, we
examined whether these differences influenced the enzymatic activities of old protea-
somes. The enzymatic activities of the proteasome were assessed by in vitro experi-
ments using model substrates.

Deubiquitinating activity was measured using the model substrate ubiquitin-AMC.
Old proteasomes exhibited increased deubiquitinating activity, which is probably due
to the elevated association of Usp14 with old proteasomes (Fig. 5A; also Fig. 3A).

We next examined ATP-dependent protease activity by in vitro degradation assay
against two substrates. The degradation rates of ornithine decarboxylase (ODC) and
ubiquitinated inhibitor of apotosis 1 (Ub-cIAP1), which are degraded by the proteasome
in ubiquitin-independent and -dependent manners, respectively (40, 41), were compa-
rable between the total and 3-day-old proteasomes (Fig. 5B).

The 26S proteasome exhibits three different peptidase activities: chymotrypsin-like,
trypsin-like, and caspase-like activities. We measured these catalytic activities for hy-
drolysis of Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC, respectively (42), and found
that peptidase activities of old proteasomes were not compromised (Fig. 5C). Thus,
protein hydrolyzing activities of old proteasomes were almost comparable to that of
the total proteasomes, at least when estimated by in vitro experiments.

Decreased nuclear localization of old proteasomes. We further examined the

localization of old proteasomes because changes in protein-protein interaction and
posttranslational modification often affect subcellular localization of modified proteins.
Rpn11-Flag MEFs infected with Cre-retrovirus were immunostained with anti-Flag
antibodies to visualize old proteasomes in a microscopy analysis (Fig. 5D). New pro-
teasomes were observed by Rpn11-EGFP fluorescence. The viral titer used in this assay
was much lower than in other experiments in order to detect all old, new, and total
proteasomes in the same visual field. The fluorescence of Rpn11-EGFP was mainly
detected in the nucleus. In contrast, old proteasomes stained against Rpn11-Flag in
Rpn11-EGFP-positive cells were mainly detected in the cytosol. The total proteasomes
indicated by anti-Flag immunofluorescence in Rpn11-EGFP-negative cells showed
higher fluorescence intensity in the nucleus than in the cytosol.
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FIG 4 Phosphorylation of old proteasomes. (A) Rpn11-Flag MEFs were infected with control or Cre recombinase-expressing retrovirus, and 3 days later the
cells were harvested. Lysates were immunoprecipitated with anti-Flag antibodies, followed by Flag peptide elution. The samples were normalized by the

(Continued on next page)
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This finding was supported by cell fractionation analysis (Fig. 5E). After Cre expres-
sion, the decrease in Rpn11-Flag was greater in the nucleus than in the cytosol. On the
other hand, the expression of new proteasomes observed by Rpn11-EGFP was higher
in the nucleus than the cytosol. These results suggest that subcellular localization of the
proteasome changes, depending on whether it is newly produced or aged.

Generation of Rpn11-Halo knock-in cells that enables visualization of old and
new proteasomes. Although old proteasomes were biochemically characterized, the
mechanism of their degradation remains elusive, with the exception of stress-induced
autophagic degradation (24–27). To investigate the mechanism of constitutive degra-
dation of the proteasome, we performed a genome-wide siRNA screen to identify
genes that affect the turnover of proteasomes. We used HaloTag labeling technology
by which HaloTag conjugated proteins were labeled with fluorescent chemical ligands
(43). Similar to the construction of Rpn11-Flag/EGFP tag-exchangeable knock-in mice,
a sequence encoding HaloTag was fused to the 3= end of the last coding nucleotide in
exon 12 of PSMD14 encoding Rpn11, followed by a poly(A) signal and a PGK-puromycin
expression cassette for the selection of positive cells in which homologous recombi-
nation was successful (Fig. 6A). We generated Rpn11-Halo knock-in cell lines using the
CRISPR/Cas9 system to monitor the turnover of proteasomes in HeLa cells (44). The
expression and incorporation of Rpn11-Halo into the proteasome complex, as well as
wild-type Rpn11, were confirmed by immunoprecipitation with antibodies against the
RP subunit Rpt6 (Fig. 6B). To ascertain the integrity of proteasomes in the knock-in cells,
lysates of parental cells and Rpn11-Halo knock-in cells were fractionated by glycerol
gradient centrifugation. The peptidase activities of proteasomes in each fraction
showed no significant differences between wild-type and Rpn11-Halo knock-in cells,
suggesting that the function of proteasomes in the Rpn11-Halo knock-in cells was
normal (Fig. 6C).

To visualize old and new proteasomes, a pulse-chase labeling experiment was
performed (Fig. 6D). Rpn11-Halo knock-in cells were treated with Oregon Green (OG)
HaloTag ligand to label preexisting Rpn11-Halo, followed by treatment with blocking
ligand to mask HaloTag that did not react with OG ligand. One, two, or three days after
treatment with OG and blocking ligands, the cells were treated with tetramethylrho-
damine (TMR) HaloTag ligand to detect newly synthesized Rpn11-Halo before cell
harvest. The fluorescence intensity of OG-labeled Rpn11-Halo that represents the
amount of old proteasomes decreased, while the fluorescence intensity of TMR-labeled
newly synthesized Rpn11-Halo increased as the chase period was extended (Fig. 6E),
showing successful discrimination between old and new proteasomes by pulse-chase
HaloTag labeling. The half-life of Rpn11-Halo, about 24 h, was again almost the same
with the doubling time of Rpn11-Halo HeLa cells (Fig. 6E and Fig. S2B).

Genome-wide siRNA screen for identification of genes that affect the turnover
of proteasomes. Using Rpn11-Halo knock-in cells and proteasome labeling, a genome-
wide siRNA screen was performed to identify genes that affect the turnover of protea-
somes. Rpn11-Halo knock-in cells were treated with OG ligands to label old protea-
somes, followed by blocking ligand treatment, and then plated on 384-well plates to
transfect a pooled siRNA library (a pool of four unique siRNA targets per gene) (Fig.
S3A). After incubation for 64 h, the cells were treated with TMR ligands to label new
proteasomes that were synthesized in the last 64 h. The cells were then fixed and
stained with DAPI (4=,6=-diamidino-2-phenylindole). The number of the cells and the
fluorescence intensities of OG and TMR per cell were quantified by high-content

FIG 4 Legend (Continued)
protein level of Rpn11-Flag, analyzed by SDS-PAGE (10% [wt/vol] polyacrylamide containing 0 or 50 �M Phos-tag), and subjected to immunoblotting with
the indicated antibodies. The asterisks denote nonspecific bands. The data are representative of three independent experiments. (B) Mass spectrometric
analysis of the tryptic phosphopeptide MKQEGpSAR from Rpn3 in 3-day-old proteasomes. (C) Relative quantification of MKQEGpSAR and ALDLVAAK
peptides from Rpn3 in the total and 3-day-old proteasomes. (D) Alignment of Rpn3 N-terminal sequences. Residues that correspond to the possible
phosphorylation site serine 6 are shaded. (E) The proteasomes purified as for Fig. 3A were analyzed by SDS-PAGE (10% [wt/vol] polyacrylamide containing
50 �M Phos-tag), followed by immunoblotting with the indicated antibodies.
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FIG 5 Biochemical characterization of old proteasomes. (A) The deubiquitinating activities of 26S proteasomes
purified as for Fig. 3A were measured using ubiquitin-AMC as a substrate. The data represent means � the SD
from triplicate experiments. ***, P � 0.001. (B) Ubiquitin-independent and -dependent protease activities of
proteasomes. The proteasomes purified as for Fig. 3A were subjected to in vitro protein degradation assay.
Antizyme-dependent degradation of 35S-labeled ODC and ubiquitin-dependent degradation of 35S-labeled
polyubiquitinated cIAP1 were measured. The data represent means � the SD from triplicate experiments. n.s.,
not significant. (C) Peptidase activities of the proteasome. The purified proteasomes shown in Fig. 3A were
subjected to in vitro degradation assay using Suc-LLVY-AMC, Boc-LRR-AMC, and Z-LLE-AMC as the substrates to
assess the chymotrypsin-like, trypsin-like, and caspase-like activities, respectively. The data represent means �

(Continued on next page)
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microscopy and automated image analysis. siRNA targeting PSMD14 (Rpn11), which
drastically decreased fluorescence intensity of TMR, served as a positive control for
labeling of Rpn11-Halo (Fig. S3B).

To identify siRNA targets that delay the turnover of proteasomes, we focused on
genes whose knockdown caused high fluorescence intensity of OG, which represents

FIG 5 Legend (Continued)
the SD from triplicate experiments. n.s., not significant. (D) Representative images of Rpn11-Flag MEFs infected
with retrovirus expressing Cre recombinase at a low multiplicity for 3 days. The cells were immunostained with
anti-Flag antibodies. Scale bars, 25 �m. (E) Rpn11-Flag MEFs were infected with control or Cre recombinase-
expressing retrovirus, and 3 days later the cells were harvested. Lysates were fractionated into cytosols and
nuclei by digitonin treatment. �-Tubulin and PA28� served as loading controls for the cytosolic and nuclear
fractions, respectively. Values represent means � the SD of the relative band intensities (normalized to Rpt6)
obtained from three independent experiments. n.s., not significant; **, P � 0.01.

FIG 6 CRISPR/Cas9-mediated endogenous tagging of Rpn11 with HaloTag in HeLa cells. (A) Schematic representation of the
integration strategy for generating C-terminally tagged HaloTag fusion Rpn11 proteins expressed from endogenous locus in HeLa
cell. (B) Lysates from wild-type and Rpn11-Halo knock-in cells (clones 1 and 2) were subjected to immunoprecipitation with
anti-Rpt6 antibodies, followed by immunoblotting with the indicated antibodies. (C) Lysates from wild-type and Rpn11-Halo
knock-in cells (clone 2) were fractionated by 8 to 32% glycerol gradient centrifugation. An aliquot of each fraction was used for
an assay of chymotryptic activity of the proteasome using Suc-LLVY-AMC as a substrate. (D) Schematic view of labeling old and
new proteasomes using Rpn11-Halo knock-in cells. (E) Rpn11-Halo knock-in cells (clone 2) were treated with OG ligands and
subsequently subjected to the blocking ligand. After the indicated time, the cells were then treated with TMR ligand. Harvested
cells were stored at �80°C until they were lysed. Lysates were subjected to fluorescence imaging and immunoblotting. GAPDH
served as a loading control. Values represent the relative band intensities (normalized to Halo).
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the amount of old proteasomes. From 836 genes that marked the top 5% B score of OG
fluorescence intensity (B score � 2.5) in the primary screen, we eliminated false-
positives such as detachment of cells from the assay plates by visual inspection (Fig. 7A
and B). We also eliminated wells showing high TMR intensity that represent enhanced
proteasome expression rather than delay in degradation of the proteasome and wells
with very small cell counts due to poor cell growth (Fig. 7B). As a result, 261 genes were
chosen for the second screen where we used four individual siRNAs for each target
gene and performed Rpn11-Halo labeling by treating cells with either OG or TMR
before siRNA transfection (Fig. 7B). The intensity of OG or TMR was measured for each
siRNA for the amounts of old proteasomes, and we chose 58 genes that had a high
score (B score � 1.5 among the 261 genes) in more than two of four siRNA knockdowns
in both OG and TMR labeling experiments for the third screen (Fig. 7B). In the third
screen, we selected 46 genes whose knockdown specifically affected the decrease in
old proteasomes by comparison with the decrease in Venus as a reference fluorescent
protein that was expressed by the Tet-On induction system (Fig. S3C). These candidate

FIG 7 Primary screen for the identification of genes that affect the turnover of proteasomes. (A) B scores of OG in the primary screen. The data are ordered
from lowest to highest. The black line represents the cutoff value for positive hits. The list of B scores for all samples in the primary screen are available in Data
Set S1. (B) Graphical representation of the genome-wide siRNA screen. (C) List of the final six hit genes and scores in each assay throughout the screening
process. NCBI, National Center for Biotechnology Information; ER, endoplasmic reticulum; CK2, casein kinase II.
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genes were further evaluated for whether the siRNAs increased the ratio of old to new
proteasomes (old/new) by flow cytometry. Finally, we eliminated genes whose expres-
sion level is low in HeLa cells with database searches (45). Consequently, we obtained
six genes whose knockdown markedly delayed the turnover of proteasomes (Fig. 7B
and C).

Identification of genes responsible for the phosphorylation of Rpn3. Of the final
hits, we focused on CSNK2A2, which encodes the catalytic �= subunit of casein kinase
II (CK2�=), because phosphorylation of the proteasome is known to affect the function
of the proteasome (31–35) and because we observed specific phosphorylation of Rpn3
subunit in old proteasomes (Fig. 4). Reverse transcription-PCR (RT-PCR) confirmed
successful knockdown of human and mouse CK2�= (CSNK2A2 and Csnk2a2, respec-
tively) by an siRNA that targeted a sequence common to both human and mouse (Fig.
S4A and B).

To examine whether CK2�= is involved in phosphorylation of Rpn3 of old protea-
somes, CK2�= siRNA was transfected before expression of Cre recombinase in Rpn11-
Flag MEFs (Fig. 8A). Old proteasomes (Cre�) increased the interaction with Usp14 and
included pSer6-Rpn3, consistent with the results shown in Fig. 3 and 4. Knockdown of
CK2�= reduced pSer6-Rpn3 in old proteasomes, suggesting that CK2�= is involved in
the phosphorylation of Rpn3. A decrease in pSer6-Rpn3 was also observed in CK2�=
knockdown HEK293T cells (Fig. S4C). Conversely, the overexpression of CK2�=, which is
known to form a constitutively active kinase complex (46), enhanced the phosphory-
lation of Rpn3 in Rpn11-Flag MEFs and HEK293T cells (Fig. 8B and Fig. S4D). These
results indicate that CK2�= is involved in the phosphorylation of Rpn3. Considering that
CK2�= regulates the turnover of old proteasomes by specifically phosphorylating Rpn3,

FIG 8 Phosphorylation of Rpn3 is regulated by CK2�=. (A) Transfection of negative control or CK2�= siRNA
for 6 days in Rpn11-Flag MEFs, followed by infection with control or Cre recombinase-expressing
retrovirus for 3 days. Lysates were immunoprecipitated with anti-Flag antibodies, followed by Flag
peptide elution. The samples were analyzed by SDS-PAGE (10% [wt/vol] polyacrylamide containing
50 �M Phos-tag) and subjected to immunoblotting with the indicated antibodies. Values represent
means � the SD of the relative band intensities (normalized to Rpn3 in the absence of Phos-tag)
obtained from three independent experiments. ***, P � 0.001; *, P � 0.05. (B) 3�Myc-CK2�= was over-
expressed in Rpn11-Flag MEFs for 48 h. Lysates were immunoprecipitated with anti-Flag antibodies. The
samples were analyzed by SDS-PAGE (10% [wt/vol] polyacrylamide containing 50 �M Phos-tag) and
subjected to immunoblotting with the indicated antibodies. Values represent means � the SD of the
relative band intensities (normalized to Rpn3 in the absence of Phos-tag) obtained from three indepen-
dent experiments. *, P � 0.05.
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it is possible that phosphorylation of Rpn3 regulates proteasome turnover, although
this remains to be proved.

DISCUSSION

In this study, we generated Rpn11-Flag/EGFP tag-exchangeable knock-in mice for
purification and visualization of the proteasome. Using this new tool, we established
methods for quantification and purification of old proteasomes in comparison to new
proteasomes. We showed that proteins associated with the proteasome, posttransla-
tional modifications of the proteasome, and subcellular localization of the proteasome
change over time after proteasome biogenesis. By establishing a cell line in which we
can discriminate new and old proteasomes, we further investigated the mechanism of
proteasome turnover in a genome-wide siRNA screen and identified CSNK2A2 as an
important gene that is involved in proteasome turnover, possibly through phosphor-
ylation of Rpn3.

An early study revealed that the half-life of proteasomes in rat hepatocytes was 12
to 15 days, whereas we found that the half-life in Rpn11-Flag MEFs was about 16 h (29).
This conflict can be explained by the difference in growth rate between those cell lines.
Although we found that the abundance of 3-day-old proteasomes was less than 5% of
the total proteasomes and therefore characterized these as “old proteasomes” (Fig. 2A),
3 days postsynthesis may not be long enough to observe clear modifications. We
acknowledge that what we observed from characterization of 3-day-old proteasomes
could be the beginning or middle of the degradation process of the proteasome or
modifications protecting proteasomes from proteolysis. In either case, we believe that
our findings will contribute to a full understanding of the turnover mechanism of
proteasomes.

Old proteasomes interacted with Txnl1, Usp14, and actin more than new protea-
somes and were specifically phosphorylated in Rpn3 subunit at serine 6. We did not
observe any significant change in the turnover rate of the proteasome by knockdown
of either TXNL1 or USP14, suggesting that association of Txnl1 and Usp14 with the
proteasome has little or nothing to do with proteasome turnover (see Data Set S1 in the
supplemental material). Usp14 has been reported to preferentially associate with
proteasomes if they contain ubiquitinated proteins (47). This observation conflicts with
the characteristic of old proteasomes. We assume that Usp14 could be recruited to old
proteasomes through a different mechanism or that old proteasomes could make
Usp14 less likely to dissociate. The relationship between actin and the proteasome is
poorly understood, but their genetic interaction was reported in budding yeast (48).
Although the mechanistic interplay is unclear, old proteasomes might be transported
to a particular subcellular compartment along with the cytoskeleton, as suggested by
previous reports (49, 50).

Although the total change in protein phosphorylation in Rpn11-Flag MEFs over 3
days was unknown, phosphorylation of Rpn3 was quite specific in that it was the only
RP subunit that was clearly phosphorylated in old proteasomes. To investigate the role
of phosphorylation of Rpn3, we tested putative phosphomimetic mutants of Rpn3 in
which serine 6 was replaced with aspartic acid or glutamic acid (S6D or S6E, respec-
tively) and a phosphor-null mutant of Rpn3 in which serine 6 was replaced with alanine
(S6A). However, proteasomes incorporating these mutant Rpn3 did not show increased
interactions with Txnl1 and Usp14 (data not shown). Also, overexpressed Rpn3 S6D and
S6E fused with EGFP showed increased nuclear localization compared to wild-type or
S6A mutant of Rpn3-EGFP (data not shown), which does not conform with the
characteristics of old proteasomes (Fig. 5D and E). These results may suggest that
phosphorylation of Rpn3 at serine 6 does not directly regulate the changes observed
in old proteasomes. Alternatively, the result may reflect that Rpn3 S6D and S6E mutants
do not accurately mimic phosphorylation of Rpn3, as often observed (51). The role of
Rpn3 phosphorylation therefore remains elusive.

We note that the rate of phosphorylation of Rpn3 in 3-day-old proteasomes was not
very high (Fig. 4A), which could be the reason why we did not observe a drastic effect
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on proteasomal activities. However, although numerous phosphorylation sites of the
proteasome have been reported, not all of them have validated biochemical effects
(31–35), suggesting that phosphorylation of Rpn3 at serine 6 does not necessarily alter
the activities of the proteasome. We presume that this phosphorylation site is recog-
nized by unidentified factors that directly or indirectly trigger the characteristics of old
proteasomes or regulate the stability of old proteasomes.

While CK2�= was found to affect the phosphorylation status of Rpn3, the detailed
molecular mechanism of this phosphorylation is not understood at this point. We have
tested in vitro kinase assay using recombinant proteins, but failed to detect direct
phosphorylation of Rpn3 by CK2�=. Other proteins or a set of specific experimental
conditions might be required for reconstitution of phosphorylation of Rpn3 in vitro.
Although the direct kinase that phosphorylates Rpn3 at serine 6 is unknown, we
presume that a kinase cascade involving CK2�= might be engaged in the turnover
mechanism of the proteasome, considering that the proteasome is regulated by
multiple phosphorylations (31–35). In addition to CK2�=, casein kinase II has another
catalytic subunit CK2� which is encoded by CSNK2A1. As knockdown of CSNK2A1 did
not delay the turnover of proteasomes in the primary screen (cf. Data Set S1), the roles
of two catalytically active subunits of casein kinase II on the proteasome might not be
redundant.

The subcellular localization of new and old proteasomes was different. Old protea-
somes were mainly detected in cytoplasm, while new and total proteasomes were
predominantly nuclear (Fig. 5D and E). The subcellular localization of the proteasome
may be dependent on cell types, cell cycle, and stress conditions (52, 53). In particular,
yeast proteasomes are localized in cytoplasm quiescent yeast cells (54). We therefore
assume that being localized in cytoplasm might be important for the turnover mech-
anism of old proteasomes.

We then attempted to clarify the turnover mechanism of the proteasome by
utilizing the cell lines in which we can discriminate between old and new proteasomes
by pulse-chase HaloTag labeling. Since the proteasome is a complex of 33 subunits, the
turnover of Rpn11 might not always be followed by other subunits. However, previous
studies showed that almost all of the Rpn11 expressed in HeLa cells are incorporated
into the 26S proteasome and that the half-lives of RP subunits and CP subunits are
almost the same, respectively (28, 55). These reports suggest that the proteasome is not
disassembled into each subunit when the proteasome is degraded and that the
turnover of Rpn11 can at least represent that of an RP complex.

Considering that the half-life of proteasomes was almost the same with the dou-
bling time of Rpn11-Flag MEFs (Fig. 2A and Fig. S2A) or Rpn11-Halo HeLa (Fig. 6E and
Fig. S2B), we assume that the contribution of exponential decay to the degradation of
old proteasomes might not be small. To test this possibility, we have compared the
half-life of proteasomes with that of a stable protein Venus in the third screen. We were
able to eliminate a few genes whose knockdown caused severe growth retardation
which resulted in delayed exponential decay, such as CKAP5 (microtubule polymerase)
and NUF2 (chromosome segregation). In other words, we were able to select genes
whose knockdown delayed the turnover of proteasomes while having little effect on its
exponential decay. These findings suggest that a process that regulates the turnover of
proteasomes may exist.

Through siRNA screening, we did not identify particular pathways in which protea-
somes are constitutively degraded, but there are five remaining screening hits that
were not explored in this study. ARCN encodes the � subunit of the coat protein I (COPI)
complex which is required for Golgi-to-endoplasmic reticulum retrograde transport.
Since COPI vesicle trafficking is known to be connected with actin dynamics (56),
identification of this gene raised the possibility of regulation of old proteasomes by
cytoskeleton dynamics. Similarly, SORL1, which encodes an endocytic receptor, could
be engaged in the translocation of old proteasomes by intracellular trafficking system.
Interestingly, genetic variation of SORL1 has been identified to associate with Alzhei-
mer’s disease, which is related to impairment of the ubiquitin-proteasome system (57,
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58), suggesting a relationship between aging of the proteasome and age-related
diseases. EPOR and NR1H2 encode the receptor of erythropoietin and oxysterol, respec-
tively, which are unlikely to directly regulate turnover of the proteasome. However,
both of these genes are expressed in most of the cultured cell lines, including HeLa cells
(45). We assume that their unknown genetic interactions or functions may exist, since
an erythropoietin-independent role of the erythropoietin receptor has been reported
(59). SAYSD1 is an uncharacterized gene, which may be a topic of future investigation.

Recently published papers reported that the proteasome is degraded by autophagy
when cells are exposed to starvation or proteasome inhibition (24–27). However, we did
not observe any delay in the turnover of proteasomes by knockdown of autophagy-
related genes in the siRNA screen in which mammalian cells were cultured with
sufficient nutrients (cf. Data Set S1). We do not preclude the possibility that autophagy
plays a role in the constitutive degradation of the proteasome, but our data suggest
that its contribution may be small. Thus, the degradation pathway of proteasomes
under normal conditions still remains to be identified.

We focused on aging of the proteasome as a molecular complex and did not
investigate its involvement in age-related disease. However, the connection between
aging of the proteasome following synthesis and age-related diseases is potentially
possible considering the importance of the turnover mechanism of the proteasome in
protein quality control and the relationship between age-related diseases and impaired
proteasome activities. While future studies on old proteasomes in aged tissues or
animals will be necessary, we believe that our pioneering work should provide clues to
the mechanism and the significance of proteasome turnover and its relationship to
cellular and organismal senescence.

MATERIALS AND METHODS
Gene targeting of Psmd14. The targeting vector for Rpn11-Flag/EGFP knock-in was constructed by

inserting 6�His-Flag and polyadenylation signal at the 3= end of Psmd14 (Rpn11) exon 12 with a PGK
promoter-driven neomycin resistance gene cassette flanked by FRT sites. This sequence was flanked by
loxP sites and followed by an additional exon 12 with EGFP coding sequence and polyadenylation signal
fused to its 3= end so that the expression of Flag tag was exchanged for EGFP tag by Cre recombinase.
cDNA of EGFP was derived from pEGFP-N1 (Clontech Laboratories, Mountain View, CA). The targeting
construct was linearized and electroporated into TT2 embryonic stem cells as described previously (60).
For Southern blot analysis, genomic DNA was digested with KpnI and was hybridized with the probes
shown in Fig. 1A. The genotypes of the knock-in mice were determined by PCR analysis of extracted
genomic DNA using the following four primers: 5=-GATCAGGTTTAAGAGTTGTGCCTATGTAAG-3=, 5=-TAA
CTGTGAGCATTGGGAACGAAGA-3=, 5=-CATGCCTGCTATTGTCTTCCCAATCC-3=, and 5=-ACCATGTGATCGCG
CTTCTCGTTGG-3=.

The 0.8-, 1.0-, and 1.5-kb fragments were amplified in the wild-type, Rpn11-Flag, and Rpn11-EGFP
alleles, respectively. EIIa-Cre mice were purchased from the Jackson Laboratory (Bar Harbor, ME). All
animal protocols were approved by the Institutional Animal Care Committee of Graduate School of
Pharmaceutical Sciences, the University of Tokyo (approval no. M25-19) and carried out in accordance
with the guidelines set by this committee. Mice were housed in pathogen-free facilities.

Cell culture and reagents. MEFs, HeLa cells, and HEK293T cells were cultured in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% (MEFs) or 5% (HeLa and HEK293T cells) fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA), 100 U/ml penicillin, and 100 �g/ml streptomycin at 37°C
with 5% CO2 incubation. Cre recombinase was expressed in Psmd14Flag/� ES cells via adenovirus or in
Rpn11-Flag MEFs via retrovirus. Adenovirus expressing Cre recombinase was purified by using an
Adeno-X Maxi purification kit (Clontech Laboratories). Vectors for control and Cre recombinase-
expressing retrovirus (pCLNCX EGFP, pCLNCX NLS-Cre, and pMD.G/vsv-g) were kindly provided by
Hiroshi Nishina (Tokyo Medical and Dental University) (61). The cDNAs encoding Rpn3 and CK2�= were
isolated from HEK293T cells by RT-PCR using total RNA and subcloned into modified pIRES vectors
(Clontech Laboratories). All constructs were confirmed by sequencing. Transfection of plasmids and
siRNA was performed using Lipofectamine LTX and PLUS and Lipofectamine RNAiMAX (Thermo Fisher
Scientific), respectively. The sequences of the dsRNAs were as follows: negative control, 5=-AUGUAUUG
GCCUGUAUUAGUU-3= and 5=-CUAAUACAGGCCAAUACAUUU-3=, and CSNK2A2, 5=-GGACAACUAUGACC
AGCUUUU-3= and 5=-AAGCUGGUCAUAGUUGUCCUU-3=.

Pulse-chase experiments. To measure the half-life of proteasomes in Rpn11-Flag MEFs, cells were
metabolically labeled with [35S]methionine for 24 h, washed twice with phosphate-buffered saline (PBS),
and chased. 26S proteasomes purified from the cell lysates were subjected to SDS-PAGE and visualized
by autoradiography. For HaloTag labeling, cells were cultured in the medium added with 100 nM Oregon
green (OG), 10 nM tetramethylrhodamine (TMR), or 10 �M blocking ligand succinimidyl ester (O4) for
15 min and washed twice with PBS). Succinimidyl ester (O4) was incubated with 100 mM Tris-HCl (pH 8.0)
for 60 min at 25°C before use. To generate HeLa cells stably expressing Tet-On-inducible Venus, HeLa
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cells were transfected with pCMV-Tet3G (Clontech Laboratories) and selected with 0.8 mg/ml G418. The
selected cells were further transfected with pTRE3G-IRES (Clontech Laboratories) encoding Venus and
puromycin resistance gene, followed by 4 �g/ml puromycin selection.

Generation of Rpn11-Halo knock-in cells. Two CRISPR guide RNA (gRNA) sequences near the stop
codon of human Rpn11 were chosen. Pairs of oligonucleotides for the site (GTAAACACTGGACAATATTTG
for clone 1 and GTTCCTCCAAATGACGTTTG for clone 2) were annealed, phosphorylated, and ligated into
the pX330 vector (Addgene, Cambridge, MA) (44). For homologous recombination, the targeting vector
was constructed by inserting the HaloTag coding sequence and polyadenylation signal into the 3= end
of the last coding nucleotide in exon 12 of the human Rpn11 gene (PSMD14) with a PGK-puromycin
resistance gene cassette. HeLa cells were transfected with the pX330 vector and the targeting vector and
then selected with 4 �g/ml puromycin. The genotypes of puromycin-resistant colonies were determined
by PCR analysis of extracted genomic DNA using the primers 5=-TGGTTCTGTTTTCTCTTTCC-3= and
5=-CATTCCTTTAATGAAGCTACAGTAATACTCTCACC-3=.

Antibodies. The antibodies against Rpn1 to -3, Rpn6 to -8, Rpn10, Rpn13, Rpt1 to -6, �2, �3, Uch37,
Usp14, Txnl1, HHR23b, and PA28� were described previously (62–67). Polyclonal antibodies against Rpn5,
Rpn9, Rpn11, EGFP, and HaloTag were raised in rabbits by using recombinant proteins of human Rpn5
(residues 1 to 161), human Rpn9 (full length), human Rpn11 (residues 171 to 287), EGFP (full length), and
HaloTag (full length), respectively. The antibody against Rpn12 was raised by immunizing guinea pig with
human Rpn12 (full length). The antibodies for ubiquitin (Z0458; DakoCytomation A/S, Glostrup, Den-
mark), Flag (F1804; Sigma-Aldrich, St. Louis, MO), actin (MAB1501R; Millipore, Billerica, MA), �-tubulin
(sc-5286; Santa Cruz Biotechnology, Dallas, TX), and GAPDH (sc-32233; Santa Cruz) were purchased from
the indicated manufacturers.

Generation of specific antibodies against serine 6 phosphorylated and unphosphorylated
forms of Rpn3. Serine 6 phosphorylation-specific antibody against Rpn3 was generated by immunizing
a rabbit with phosphorylated peptides (MKQEGpSARRRGC) conjugated with keyhole limpet hemocyanin,
followed by affinity purification and removal of the antibodies that reacted with unphosphorylated
peptides (MKQEGSARRRGC). Antibodies against unphosphorylated Rpn3 were raised in a similar way;
serum samples from a rabbit immunized by unphosphorylated peptides were affinity purified with
unphosphorylated peptides, and then the antibodies that reacted with phosphorylated peptides were
removed.

Biochemical analysis. Cells were lysed with ice-cold buffer A (25 mM Tris-HCl [pH 7.5], 0.2% [vol/vol]
NP-40, 1 mM dithiothreitol, 2 mM ATP, and 5 mM MgCl2) and clarified by centrifugation at 20,000 � g for
10 min at 4°C. For phosphorylation assays, phosphatase inhibitor mix (5 mM NaF, 1 mM Na3VO4, 5 mM
Na4P2O7, and 10 mM �-glycerophosphate) was added to the buffer A. In the fractionation analysis, cells
were lysed with buffer B (25 mM HEPES-NaOH [pH 7.5], 10 mM KCl, and 5 mM MgCl2) containing 1 �g/ml
digitonin (Nacalai Tesque, Kyoto, Japan) and centrifuged at 1,000 � g for 5 min at 4°C to generate
supernatant (cytosolic fraction) and pellet. The pellet was dissolved with buffer B containing 1% (vol/vol)
Triton X-100 and 1 U/ml benzonase (Novagen, Billerica, MA), followed by incubation on ice for 20 min,
followed in turn by centrifugation at 5,000 � g for 5 min at 4°C to obtain a clarified nuclear fraction. For
immunoprecipitation, anti-Flag M2–agarose and Flag peptide were purchased from Sigma, and COS-
MOGEL Ig-Accept protein G was purchased from Nacalai. For Western blotting, samples boiled with SDS
sample buffer were subjected to SDS-PAGE, transferred to polyvinylidene fluoride membrane, incubated
with Blocking One (Nacalai), and analyzed by immunoblotting. All images were taken with an LAS 4000
(GE Healthcare) for immunoblotting or a Typhoon FLA 9000 (GE Healthcare) for fluorescence imaging.
Quantification of bands was performed using Fusion SL4 (M&S Instruments, Osaka, Japan) and ImageJ
(National Institutes of Health, Bethesda, MD). A silver stain kit (299-58901; Wako, Saitama, Japan), an
OxyBlot kit (S7150; Millipore), and Phos-tag acrylamide (AAL-107; Wako) were used according to the
manufacturers’ instructions.

Microscopy. Fluorescence images of knock-in mice were captured by M165 FC (Leica Microsystems,
Wetzlar, Germany). Fixed tissues from the knock-in mice with 4% paraformaldehyde (PFA) were infused
with 10 to 30% sucrose, embedded in OCT (Sakura Finetek, Tokyo, Japan), and then frozen. Sections (10
�m) were mounted on glass slides, fixed with 4% PFA for 20 min at room temperature, and permeab-
ilized with 0.2% Triton X-100 in PBS. The permeabilized samples were incubated in blocking buffer (1%
bovine serum albumin, 1% goat serum, 1% glycerol, and 0.2% [vol/vol] Triton X-100 in PBS) for 1 h at
room temperature and subjected to immunostaining. For the secondary antibodies, Alexa Fluor and
ProLong Diamond were purchased from Thermo Fisher Scientific. The images were obtained with a TCS
SP8 (Leica).

Assay of proteasome activity and glycerol gradient centrifugation analysis. To measure the
deubiquitinating activity, purified proteasomes in buffer A were incubated with ubiquitin–7-amido-4-
methylcoumarin (LifeSensors, Malvern, PA) at 37°C for 10 min. The emitted fluorescence was measured
by a 1420 ARVO MX (Perkin-Elmer, Waltham, MA [excitation, 355 nm; emission, 460]). Similarly, fluores-
cent peptide substrates (Peptide Institute, Osaka, Japan) were used to measure chymotrypsin-like activity
by succinyl–Leu-Leu-Vl-Tyr–7-amido-4-methylcoumarin (Suc-LLVY-AMC), trypsin-like activity by t-butylo-
xycarbonyl–Leu-Arg-Arg (Boc-LRR)–AMC, and caspase-like activity by N-benzyloxycarbonyl–Leu-Leu-Glu
(Z-LLE)–AMC, as described previously (42). Purification of recombinant 35S-labeled ornithine decarbox-
ylase (ODC) and 35S-labeled polyubiquitinated cIAP1 protein was performed as described previously (7).
Then, 10 �l of purified proteasomes was mixed with 35S-labeled ODC in the presence of antizyme or with
35S-labeled polyubiquitinated cIAP1 in 50 �l of reaction buffer (25 mM Tris-HCl [pH 7.5], 1 mM dithio-
threitol, 2 mM ATP, and 5 mM MgCl2), followed by incubation at 37°C for 20 min. The radioactivity of the
trichloroacetic acid-soluble fraction was determined by scintillation counting. For glycerol gradient
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centrifugation analysis, clarified cell lysates were subjected to 8 to 32% (vol/vol) linear glycerol gradient
centrifugation (22 h, 83,000 � g) and separated into 32 fractions, followed by measurement of peptidase
activity of each fraction as described previously (7).

LC-MS/MS analysis of Rpn3. Identification of the phosphorylation site of Rpn3 was performed as
described in previous reports (68, 69). Coomassie brilliant blue (CBB)-stained bands corresponding to
Rpn3 were subjected to in-gel trypsin digestion and analyzed with Q-Exactive (Thermo Fisher Scientific).
Mass spectrometry spectra were analyzed using a Protein Discoverer (Thermo Fisher Scientific). The
fragmentation spectra were searched against the UniProt database with the MASCOT search engine.
Multiple alignment was carried out by Clustal Omega (1.2.1).

siRNA library and screening strategy. The genome-wide siRNA library (Human Genome [G-
005005], Human Druggable Subsets [G-004675], and Human Drug Target [G-004655]; Thermo Fisher
Scientific), covering siRNA targeting 18,151 genes in total with pools of four sequences per target gene,
was dissolved in UltraPure distilled water (Thermo Fisher Scientific), and 2.5 �l of 1 �M siRNA solution
was dispensed into 384-well �Clear cell culture microplates (781090; Greiner, Kremsmuenster, Austria).
Before plating cells on the microplates, the siRNA in the plates was mixed with 0.1 �l of Lipofectamine
RNAiMAX in 10 �l of DMEM. Rpn11-Halo knock-in HeLa cells (clone 2) treated with OG and the
blocking ligand in 40 �l of culture medium were plated on the assay plate (1,500 cells per plate) and
cultured. After 64 h, 10 �l of TMR solution in culture medium was added, and then the cells were
fixed by adding 10 �l of 10% PFA (final concentration, 1.6%) for 20 min at room temperature. The
PFA was removed, and the plate was washed with 80 �l of 25 mM Tris-HCl (pH 8.0). To stain nuclei,
each well was filled with 40 �l of buffer containing DAPI (25 mM Tris-HCl [pH 8.0], 2% [wt/vol]
triethylenediamine, and 500 ng/ml DAPI).

The cell images were obtained with CellInsight NXT (Thermo Fisher Scientific). The cells were
recognized by DAPI fluorescence, and the fluorescence intensities of the OG and TMR were quantified.
To adjust positional effects, raw data were subjected to median polish using statistical software R and B
score of each targeted gene was calculated as described previously (70, 71).

In the second screen, individual siRNAs for the hit wells in the primary screen were purchased from
GE Dharmacon (Lafayette, CO). Rpn11-Halo knock-in cells were analyzed in the same way with the
primary screen, except that labeling of newly synthesized Rpn11-Halo just before PFA fixation was
omitted. To measure the turnover of Venus protein, HeLa cells stably expressing Tet-On-inducible Venus
were cultured with 100 ng/ml doxycycline for 8 h, washed twice with PBS, and plated on siRNA assay
plates. In the flow cytometry analysis, Rpn11-Halo knock-in cells cultured in 96-well plates were treated
with HaloTag ligands in the same way with the primary screen. After TMR labeling, the cells were
harvested by trypsinization and subjected to measurement of fluorescence intensities by Attune NxT
(Thermo Fisher Scientific).

RNA isolation and RT-PCR. Total RNAs were isolated with High Pure RNA isolation kit (Roche, Basel,
Switzerland) and reverse transcribed to cDNA using ReverTra Ace (TOYOBO, Osaka, Japan). PCR primers
for RT-PCR are as follows: ACTB, 5=-CCAACCGCGAGAAGATGA-3= and 5=-CCAGAGGCGTACAGGGATAG-3=;
CSNK2A2, 5=-CCATGGAGCACCCATACTTC-3= and 5=-CACAGCATTGTCTGCACAAG-3=; Actb, 5=-CTAAGGCCA
ACCGTGAAAAG-3= and 5=-ACCAGAGGCATACAGGGACA-3=; and Csnk2a2, 5=-CCATGGAGCACCCATATTT
C-3= and 5=-CACGGTGTTCTCAGCACAAG-3=.

Statistical analysis. Statistical significance was calculated by using an unpaired two-tailed t test or
a one-sample t test.
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