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Abstract 
 

The proteasome is proteolytic machinery at the center of regulated protein degradation, which 

participates in various cellular processes. Besides, human diseases such as autoinflammation 

and neurodegeration are associated with impaired proteasome activities, emphasizing the 

importance of research on the regulation of the proteasome activity. However, the turnover 

mechanism of the proteasome itself has not been explored yet. Here, I show that the 

proteasome undergoes some specific biochemical alterations long after its biogenesis, which 

is regulated by particular genes. I established a method for purification of old proteasomes 

and found that the interactions of Txnl1, Usp14, and actin with the proteasome were enhanced 

and that Rpn3 was specifically phosphorylated when the proteasome got old. In addition, a 

human whole-genome siRNA screen determined 10 possible genes that were engaged in the 

turnover of the proteasome. This screen identified responsible genes that regulate the 

phosphorylation of the old proteasome. These findings will provide a new direction of 

researches on the proteasome. 
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Introduction 
 

The 26S proteasome is an enzymatic complex that mainly degrades ubiquitinated proteins1. 

This large protein complex is composed of a central 20S core particle (CP) capped at either 

one or both ends by 19S regulatory particles (RP)2. The 20S CP is responsible for its 

proteolytic activity and is made up of seven structurally similar α and β subunits (α1–7 and 

β1–7). The 19S RP plays an important role in the capture of ubiquitinated proteins and 

consists of six ATPases (Rpt1–6) and multiple non-ATPase subunits (Rpn1–Rpn3, Rpn5–13, 

and Rpn15). In addition to the constitutive proteasome subunits, proteasome interacting 

proteins (PIPs) that transiently associate with the proteasome and play auxiliary roles have 

been identified. For example, the proteasome assembly chaperones PAC1–4, the 

deubiquitinating enzymes Usp14 and Uch37, and ubiquitin receptors HHR23b and ubiquilins 

are well-characterized3–8. On the other hand, there still remain many PIPs whose functions are 

unknown, including the thioredoxin-like protein Txnl19,10. Thus, the proteasome activity is 

regulated by numerous proteins, but there is still room for further investigation. 

It is known that the proteasome plays pivotal roles in various cellular events such as 

cell cycle, transcription, and immune response11,12. In addition, it has been reported that a 

couple of diseases such as cancer and neurodegenerative diseases are associated with aberrant 

proteasome activity. In multiple myeloma, the expression and the activity of the proteasome 

are upregulated13. Many of neurodegenerative diseases are caused by accumulations of 

ubiquitinated misfolded proteins14. Downregulation of the proteasome activity triggers 

autoinflammatory disorder15. The activity of the proteasome decreases with aging, whereas 

increased proteasome activity leads to extension of life span and concomitantly prevents from 

neurodegeneration16–18. Therefore, regulation of proteasome activity is important for 

understanding pathogenesis of human diseases. 

Indeed, numerous researches on the regulation of the proteasome have been 

conducted. For instance, identification of proteasome-interacting proteins, assembly 

mechanisms of the proteasome complex, and development of proteasome activators and 

inhibitors have been studied19,20. 

Here, I propose that the turnover of the proteasome itself be engaged in the 

regulation of proteasome activities. The proteasome is known to be modulated by a number of 

post-translational modifications, and previous reports suggest that some of those 

modifications decreased enzymatic activities of the proteasome21,22. In addition, the 

proteasome contains three catalytically active subunits, β1, β2, and β5, but these are replaced 
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by immunoproteasome subunits β1i, β2i, and β5i when cells are exposed to inflammatory 

stimuli such as γ-type interferon (IFN-γ)23. Thus, it is expected that damaged or unnecessary 
proteasomes have to be removed and that the regulation of the turnover of the proteasome is 

important for maintaining cellular homeostasis. Indeed, since the proteasome is a protein 

complex that has a measurable half-life24, its turnover must be under control. As there are few 

studies on alterations of the proteasome after its biogenesis, this study is aimed at clarifying 

the turnover mechanism of the proteasome, especially with regard to characterization of aged 

proteasomes and degradation of the proteasome. 

To address this issue, this study was conducted by two strategies. The first was to 

characterize the old proteasome by biochemical approaches. Using genetically engineered 

mice that express a subunit of the proteasome with an exchangeable tag, the old proteasome 

was selectively purified. This assay revealed changes in protein-protein interactions, 

post-translational modifications, and localization of the old proteasome. The second strategy 

was to identify genes that affect the turnover of the proteasome. The turnover rate of the 

proteasome was measured in a human whole-genome siRNA screen. As a result, 10 genes 

that greatly delayed the turnover of the old proteasome were determined. Finally, this 

screening identified responsible genes for the phosphorylation of the old proteasome, which 

was observed in the first strategy, suggesting that this phosphorylation is involved in the 

turnover of the aged proteasome. 
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Results 
 

Establishment of a method for purification of the old proteasome 

To purify the old proteasome, I made use of the Rpn11-Flag/EGFP tag-exchangeable 

knock-in mice (Fig 1A). Rpn11 is one of the subunits of 19S RP. In the knock-in allele, a 

sequence encoding Flag epitope was fused to the 3’ end of the Rpn11 coding sequence in the 

exon 12. The modified exon 12 was flanked by two loxP sequences. EGFP tag was also 

incorporated with the exon 12 of Rpn11. Accordingly, the knock-in allele expresses 

Flag-tagged Rpn11. Once it is subjected to Cre-recombinase, the region between the two loxP 

sequences is excised, switching to express EGFP-tagged Rpn11 and stopping expression of 

Rpn11-Flag. Using this tool, we can purify old proteasomes by Flag tag after expression of 

Cre-recombinase in the knock-in cells (Fig 1B). After a certain period of time from the 

expression of Cre-recombinase, proteasomes that incorporate Flag-tagged Rpn11 are 

considered as the old proteasome, while incorporation of EGFP-tagged Rpn11 is a marker of 

the new proteasome. In this experiment, Cre-recombinase was expressed by virus 

transmission into mouse embryonic fibroblasts (MEFs) derived from Rpn11-Flag knock-in 

mice at a high multiplicity of infection, as EGFP fluorescence was observed from almost all 

the MEFs by the expression of Cre-recombinase (Fig 1C). 

 

Protein-protein interaction of the old proteasome 

Accordingly, MEFs from Rpn11-Flag mice were infected with retrovirus encoding EGFP or 

Cre-recombinase, and the old proteasome was purified using Flag-tag three days after the 

virus transmission. To eliminate artifacts caused by artificial tags that may influence on 

protein-protein interaction and structure of the tagged protein, the old proteasome was not 

compared with the new proteasome which can be purified using EGFP tag, but with the total 

proteasome purified using Flag tag from Rpn11-Flag MEFs that were not infected with virus 

expressing Cre-recombinase (Fig 2A). This showed that the old proteasome did not show 

alterations in the composition of 20S CP and 19S RP, as revealed by immunoblot analysis of 

the 20S CP subunit β3 and the 19S RP subunits Rpt6 and Rpn8, and the silver staining of the 
whole purified proteasomes following SDS-PAGE (Fig 2B and 2C). Note that Rpn11-EGFP, 

which was newly synthesized after the expression of Cre-recombinase, was slightly detected 

in the old proteasome complex (Fig 2B). This suggests that the interaction between 20S CP 

and 19S RP is reversible in cells. However, the contamination of Rpn11-EGFP in the 

proteasome purified with Rpn11-Flag is so small that we can consider that the Rpn11-Flag 
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purified proteasome represents nearly the aged proteasomes. I also examined the amount of 

several proteasome-interacting proteins that bound to the old proteasome. While the 

deubiquitinating enzyme Uch37 as well as the ubiquitin receptor HHR23b was recruited 

almost equally to the total and the old proteasome, the thioredoxin-like protein Txnl1, the 

deubiquitinating enzyme Usp14, and the cytoskeletal protein actin showed enhanced 

interactions to the old proteasome (Fig 2B). In contrast, the association between ubiquitinated 

proteins and the old proteasome was reduced (Fig 2B). This may be due to the enhanced 

interaction with Usp14, which deubiquitinated substrates on the old proteasome. 

 

The old proteasome is oxidized 

Since previous reports have suggested that several post-translational modifications may 

influence enzymatic activities of the proteasome21,22, the old proteasome was further 

examined whether it underwent some modifications. As the carbonylation, which is mainly 

caused by oxidative stress, has been used for an indicator for protein damage25, protein 

carbonyls of the total and the old proteasome were visualized by OxyBlot (Fig 2D). This 

revealed that while the signals from carbonylated residues both in the total and the old 20S 

CP were not detectable, the old 19S RP showed increased level of carbonylation, suggesting 

that the proteasome is subjected to oxidative stress damage as it gets old. 

 

Rpn3 at Ser 6 is phosphorylated in the old proteasome 

I also analyzed the phosphorylation status because it is one of the most influential 

post-translational modifications that regulate various intracellular signals and because it has 

been reported that the proteasome is regulated by a combination of its phosphorylation21,22. 

The purified total and old proteasome were examined by SDS-PAGE containing Phos-tag 

acrylamide, in which phosphorylated proteins are detected with mobility shift26. Although 

most of the old 19S RP subunits did not show any band shifts by Phos-tag acrylamide, it was 

found that the mobility of Rpn3 in the old proteasome was specifically hindered, indicating 

that the old Rpn3 was phosphorylated (Fig 3A).  

To determine the phosphorylation site, the bands corresponding the total and the old 

Rpn3 were excised and digested by trypsin, and analyzed by liquid chromatography tandem 

mass spectrometry (LC-MS/MS). While almost equal amount of unphosphorylated peptide 

202–209 (ALDLVAAK) were detected, Rpn3 in the old proteasome abundantly possessed a 

phosphorylated peptide 1–8 (MKQEGpSAR) compared with that in the total proteasome, 

suggesting Ser 6 phosphorylation of Rpn3 in the old proteasome (Fig 3B and 3C). N-terminus 
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of Rpn3 is supposed to be located on the surface of the proteasome complex27, and Rpn3 at 

Ser 6 is highly conserved only in mammals (Fig 3D).  

For the confirmation and further studies of the phosphorylation site of the old 

proteasome, antibodies specific for phosphorylated and unphosphorylated forms of Rpn3 at 

Ser 6 were generated. In the Phos-tag acrylamide assay, phosphorylation-specific antibodies 

specifically recognized the shifted band, whereas antibodies specific to unphosphorylated 

Rpn3 at Ser 6 detected only the bands the mobility of which was not affected by Phos-tag 

acrylamide (Fig 3E). This demonstrated that the old Rpn3 at Ser 6 was certainly 

phosphorylated. 

 

Enhanced deubiquitinating activity and normal proteolytic activity of the old 

proteasome  

Since the old proteasome showed alterations in protein-protein interactions and also in 

oxidation and phosphorylation states, I next examined whether these modifications influenced 

the enzymatic activities of the old proteasome. The enzymatic activities of the proteasome 

were assessed by in vitro experiments using model substrates. Deubiquitinating activity was 

measured using a model substrate Ub-AMC. The old proteasome exhibited increased 

deubiquitinating activity, which might be due to the elevated interaction of Usp14 to the old 

proteasome (Fig 4A, also see Fig 2B).  

Protease activity was evaluated by in vitro degradation assay against two substrates 

that were degraded by the proteasome in an ATP-dependent manner. The degradation rates 

were measured against ornithine decarboxylase (ODC) and ubiquitinated inhibitor of 

apotosis-1 (Ub-cIAP1), which have been reported to be degraded by the proteasome in a 

ubiquitin-independent and -dependent manner, respectively28,29. However, the old proteasome 

did not show impaired protease activities against these native proteins (Fig 4B). The 26S 

proteasome is known to possess chymotrypsin-like, trypsin-like, and caspase-like activities, 

and these catalytic activities can be measured by model peptides, Suc-LLVY-MCA, 

Boc-LRR-MCA, and Z-LLE-MCA, respectively30. Also, the activity of 20S CP, which is 

inactivated when it does not interact with 19S RP nor any activators, can be spuriously 

measured by Suc-LLVY-MCA when sodium dodecyl sulfate (SDS) is added30. Here again, 

peptidase activities of the old proteasome against these substrates were not compromised (Fig 

4C). Thus, the catalytic activities of the old proteasome seemed to be normal, at least 

estimated by in vitro experiments against these substrates. 
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Decreased nuclear localization of the old proteasome 

I further examined the localization of the old proteasome because changes in protein-protein 

interaction and post-translational modification often affect the subcellular localization of the 

modified proteins. In the microscopy analysis, Rpn11-Flag MEFs infected with adenovirus 

expressing Cre-recombinase were immunostained with anti-Flag antibody to visualize the old 

proteasome, and the new proteasome was observed by Rpn11-EGFP fluorescence (Fig 4D). 

The viral titer used in this immunofluorescence assay was relatively lower than other 

experiments in order to simultaneously detect the old, new, and total proteasome. The 

fluorescence of EGFP-tagged Rpn11 was stronger in the nucleus compared with that in the 

cytosol, whereas the immunostained old proteasome was less abundant in the nucleus than 

that in the cytosol. The total proteasome, which was indicated by anti-Flag 

immunofluorescence of the cell that did not express Rpn11-EGFP, showed higher 

fluorescence intensity in the nucleus than in the cytosol. These observations suggest that the 

old proteasome is less prone to be localized in the nucleus.  

This view was supported by cell fractionation analysis. The degradation of 

Rpn11-Flag in the cytosol and nucleus was observed three days after Cre-recombinase was 

expressed in Rpn11-Flag MEFs (Fig 4E). While the protein level of 19S RP subunit Rpt6 was 

not affected by the presence of Cre-recombinase, the decrease of Flag-tagged Rpn11 was 

greater in the nucleus than that in the cytosol. Besides, the expression of the new proteasome 

observed by EGFP-tagged Rpn11 was higher in the nuclear fraction. These data suggest that 

the localization of the proteasome is dependent of its age. 

 

Preparation of Rpn11-Halo knock-in HeLa cells for the turnover measurement 

Although the old proteasome was biochemically characterized, the process of the turnover, 

especially of its degradation, was not clarified from these results. Hence, a human 

whole-genome knockdown screen was performed to investigate the turnover mechanism of 

the proteasome. This experiment was based on HaloTag technology, which is a protein fusion 

tag that can be labeled with fluorescent chemical ligands after HaloTag is expressed in cells31. 

To monitor the turnover of the proteasome, knock-in HeLa cells in which Rpn11 is tagged 

with HaloTag (Rpn11-Halo) have been generated by CRISPR/Cas9 system32. Similar with the 

construct of Rpn11-Flag/EGFP tag-exchangeable knock-in mice, HaloTag was incorporated 

into the 3’ end of the last exon of Rpn11 coding sequence (Fig 5A). Two knock-in clones 

were selected by puromycin treatment. Their lysates were immunoprecipitated with 

antibodies against the 19S RP subunit Rpt6, and Rpn11-Halo as well as wild-type Rpn11 was 
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pulled down with Rpt6, indicating that Rpn11-Halo was surely incorporated into the 

proteasome complex (Fig 5B). To examine whether the activity and the composition of the 

proteasome in this knock-in cells was not impaired, lysates of wild-type and Rpn11-Halo 

knock-in HeLa cells were fractionated by glycerol gradient centrifugation, followed by the 

measurement of the peptidase activity of the proteasome with Suc-LLVY-MCA as a substrate. 

The peptidase activities of each fraction were almost identical between wild-type and 

Rpn11-Halo knock-in cells, suggesting that the function of the proteasome in the knock-in 

clone was normal (Fig 5C). 

 To judge whether this Rpn11-Halo knock-in HeLa can be used for the large-scale 

screen that would monitor the turnover of the proteasome, pulse-chase labeling experiment 

was performed (Fig 5D). Rpn11-Halo knock-in HeLa cells was labeled with Oregon Green, a 

green ligand, and subsequently subjected to the blocking ligand to mask unreacted 

Rpn11-Halo. After a set time, the cells were labeled with TMR, a red ligand, just before cell 

harvest to detect newly synthesized Rpn11-Halo. Accordingly, the fluorescence of Oregon 

Green is considered as the signal from the old proteasome, while that of TMR indicates the 

new proteasome. Although the amount of Rpn11-Halo protein was stable during this 

pulse-chase experiment, the fluorescence intensity of Oregon Green-labeled Rpn11-Halo was 

decreased along with the time course, whereas that of TMR-labeled Rpn11-Halo was 

increased (Fig 5E). Thus, a method for labeling the old and the new proteasome with distinct 

fluorescent ligands was established. 

 

Whole-genome siRNA screen for the identification of genes that affect the turnover of 

the proteasome 

Using the knock-in cells described above, human whole-genome siRNA screen was 

performed to identify genes that affect the turnover of the proteasome (Fig 6A). Oregon 

Green-labeled Rpn11-Halo knock-in HeLa cells were subsequently subjected to the blocking 

ligand, and seeded onto 384-well siRNA library plates. After incubating for 64 hours, the 

cells were then labeled with TMR, followed by cell fixation and nuclear staining. The number 

of the cells and the fluorescence intensities of Oregon Green and TMR per cells, which 

indicated the old and the new Rpn11-Halo, respectively, were quantified by high-throughput 

image analyzer. 

To identify gene knockdown that delay the turnover of the proteasome, this 

screening was aimed at selecting siRNA targets that led to an increase specifically in the 

signal from the old proteasome (i.e., the fluorescence of Oregon Green). For instance, 
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knockdown of thyroid hormone receptor alpha (THRA), a qualifier of the primary screen, 

showed great increase in Oregon Green signal, while the cell count and the signal of TMR 

were not so much altered compared with the knockdown control (Fig 6B). These three 

parameters were statistically analyzed and qualifiers of the primary screen were chosen by 

referring Z* score, which is a statistic often used in the data processing of high-throughput 

screens (Fig 6C)33. In practice, approximately 18 thousand targets were narrowed down to 

836 genes that marked top 5% Z* score of Oregon Green signal (Z* > 2.5). Original pictures 

of all those candidates were checked to eliminate false-positives caused by the detachment of 

the cells and also by scratches in the bottom of the assay plates. Then, candidates that showed 

higher increase in the Z* score of TMR rather than that in Oregon Green were removed 

because it is presumed that this case represented the upregulation of the proteasome 

expression, which was not of interest in this study. Additionally, with consideration of cell 

counts, I eliminated more candidates the turnover of the old proteasome of which might be 

delayed due to their poor cell growth rates. Through this procedure, 261 genes were chosen 

for the secondary screen. 

The secondary screen was performed in three ways. First, using the same cell line 

with the primary screen, the old proteasome was labeled with Oregon Green as done in the 

primary screen to evaluate reproducibility. Second, the old proteasome was labeled with TMR 

to eliminate artifacts brought by labeling ligand because labeling efficiency and detectability 

are different between HaloTag ligands. In these two assays, new proteasomes were not 

labeled with any ligands because the turnover of the old proteasome was intended for analyses. 

Finally, in order to select genes that specifically worked on the proteasome, the turnover of 

the old proteasome was compared with that of other fluorescent protein, Venus. For this 

experiment, HeLa cells stably transfected with Tet-On inducible Venus were generated. This 

transfected cell was exposed to doxycycline for a certain period of time to activate the 

expression of Venus, and after washing out of the doxycycline the turnover of Venus protein 

was measured also by the high-throughput image analyzer (Fig 7A). 

Before comparing the turnover rate of the proteasome with that of Venus, first two 

of the three assays in the secondary screen using Rpn11-Halo knock-in HeLa cells were 

statistically analyzed preferentially. siRNA targets that marked high score (Z* > 2.5) both in 

those two experiments were chosen for the further confirmation assay using flow cytometer, 

which might be more precise in the quantification of fluorescence intensities. In addition, 

siRNA targets for several kinase-related genes were additively selected even though their 

score was not quite high because phosphorylation of the old proteasome had been observed 
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(see Fig 3). In total, 45 siRNA targets were subjected to the flow cytometer assay. In the same 

way with the primary screen, the old proteasome was labeled with Oregon Green and the new 

was with TMR, and their fluorescence intensities were measured by flow cytometer. Again, 

the turnover of the old proteasome was rather focused. For example, knockdown of 

erythropoietin receptor (EPOR) resulted in a shift of the scatter plot along the Oregon Green 

axis, but the plot against TMR axis was not so much altered (Fig 7B).  

The result of the flow cytometer assay was compared with the turnover of Venus 

protein in the secondary screen, and eventually 10 siRNA targets that greatly delayed the 

turnover of the proteasome were selected (Fig 7C). Although knockdown of AKAP8L did not 

mark high scores in the flow cytometer assay, this gene was planed for further analyses 

because global analysis of Rpn3 interactome using mass spectrometry revealed the physical 

interaction between Rpn3 and AKAP8L protein (Fig 8A and 8B)34. On the whole, this 

screening narrowed down to 10 possible genes that might be engaged in the turnover of the 

proteasome. 

 

Identification of responsible genes for the phosphorylation of Rpn3 

Following the result of the screening, further studies on individual genes were conducted. 

Among the final 10 qualifiers, two kinase-related genes, AKAP8L and CSNK2A2, were 

preferentially investigated because those genes possibly participate in the phosphorylation of 

the old Rpn3. AKAP8L protein works as an anchor for protein kinase A. CSNK2A2 encodes 

α’ subunit of casein kinase II. AKAP11 also encodes a scaffold of protein kinase A, but 
analysis of AKAP8L was preferred because AKAP8L protein had shown the interaction with 

Rpn3 as mentioned above.  

To examine the change of phosphorylation status of the old Rpn3, knockdown of 

AKAP8L and CSNK2A2 was performed in Rpn11-Flag MEFs expressed with 

Cre-recombinase (Fig 9A). Consistent with the view of Fig 2B, the old proteasome showed 

the enhanced interaction with Txnl1 and Usp14. Surprisingly, knockdown of both AKAP8L 

and CSNK2A2 reduced the phosphorylation level of Rpn3 at Ser 6 in the old proteasome, 

suggesting that these two genes are involved in the phosphorylation of the old Rpn3. 

Moreover, since casein kinase II is known as a constitutively active kinase, casein kinase II α’ 
encoded by CSNK2A2 was overexpressed in Rpn11-Flag MEFs to evaluate its effect on the 

phosphorylation of Rpn3. Although the physical interaction between the overexpressed casein 

kinase II α’ and the proteasome was not detectable, the enhancement in the phosphorylation 
of Rpn3 was observed (Fig 9B). This data again suggests the involvement of CSNK2A2 in 
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the phosphorylation status of Rpn3. Taken together, the whole-genome siRNA screen finally 

identified genes that delayed the turnover of the proteasome and affected the phosphorylation 

status of Rpn3, which was altered in the old proteasome. 
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Discussion 
 

In this study, the methods for turnover measurement and also for purification of the old 

proteasome were established. The results from this experimental system introduced a novel 

concept that the proteasome gets old; after the biogenesis of the proteasome complex, its 

protein-protein interaction, post-translational modifications, and localization change over time. 

In addition, the high-throughput screen narrowed the list of genes that might be involved in 

the turnover mechanism of the proteasome. Some of the identified genes were found to be 

involved in the phosphorylation of Rpn3 in the old proteasome. Nevertheless, there are a lot 

of issues yet to be solved. 

 While AKAP8L and CSNK2A2 were found to affect the phosphorylation status of 

Rpn3, the mechanism was not understood at this point. More specifically, it is unclear 

whether protein kinase A or casein kinase II directly phosphorylates Rpn3. More detailed 

analyses such as in vitro kinase assay are necessary. 

 The old proteasome showed enhanced interactions with Txnl1, Usp14, and actin, 

and Rpn3 at Ser 6 in the old proteasome was phosphorylated. However, the order of these 

modifications in the process of aging of the proteasome is not clarified. In the siRNA screen, 

knockdown of TXNL1 and USP14 had little effect on the turnover of the proteasome (data 

not shown), suggesting that interactions between these molecules and the proteasome did not 

trigger the turnover process, but were observed as a result of the aging of the proteasome. 

Although the role of phosphorylated Rpn3 is also unknown, this modification may regulate 

the turnover of the proteasome because this phosphorylation was affected by AKAP8L and 

CSNK2A2, which were identified as genes involved in the turnover of the proteasome. The 

relationship between actin and the proteasome is poorly understood. Although their genetic 

interaction was reported35, the physical interaction has not been established. If the old 

proteasome binds not only to actin but also to cytoskeleton organization, the old proteasome 

might possibly be transported and sequestrated to a particular subcellular compartment, as 

previous reports suggested transportation of the proteasome along with the cytoskeleton36,37. 

 This study characterized the aging of the proteasome, whereas its degradation 

process remains elusive. A recently published paper reported that plant proteasomes were 

degraded by autophagy38. However, knockdown of autophagy-related genes in the siRNA 

screen did not result in the delayed turnover (data not shown). This suggests that the role of 

autophagy in the constitutive degradation of the proteasome was undetectable in this assay or 

little at least in mammalian culture cells supplemented with sufficient nutrients. 



 13 

 Since the proteasome is a complex of 33 subunits, the turnover of Rpn11 might not 

always be followed by other subunits. However, almost all of the Rpn11 expressed in HeLa 

cells are incorporated into the 26S proteasome, and it is previously reported that the half-lives 

of 19S RP subunits and 20S CP subunits are almost the same, respectively24,39. This report 

suggests that the turnover of Rpn11 can at least represent that of 19S RP complex. Also, it is 

reasonable to speculate that the proteasome is not disassembled into each subunit but 19S RP 

and 20S CP complex are retained when the proteasome is degraded.  

The functions of most of the identified genes shown in Fig 7C on the turnover of 

the proteasome are not explored yet. Although it is hard to predict the overall pathway of the 

degradation of the proteasome from this gene list, this might be helpful for further researches. 

To elucidate the detailed mechanism of the degradation of the proteasome in mammalian cells 

with a central focus on these genes is an issue in the future. 
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Materials and methods 
 
Cell culture and reagents 

Rpn11-Flag mouse embryonic fibroblasts (MEFs) were derived from Rpn11-Flag/EGFP 

tag-exchangeable knock-in mice (RBRC04949). MEFs and HeLa cells were cultured in 

Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% (MEFs) or 5% 

(HeLa) fetal bovine serum (FBS, Life Technologies), 100 U/ml penicillin, and 100 µg/ml 

streptomycin at 37ºC with 5% CO2 incubation. Cre-recombinase was expressed in 

Rpn11-Flag MEFs via adenovirus or retrovirus. Adenovirus expressing Cre-recombinase was 

purified by Adeno-X Maxi Purification kit (Clontech). Vectors for retrovirus expressing 

Cre-recombinase and EGFP (pCLNCX NLS-Cre, pCLNCX EGFP, and pMD.G/vsv-g) were 

kindly provided by Hiroshi Nishina (Tokyo Medical and Dental University)40. Transfection 

was performed using Lipofectamine LTX & PLUS (for overexpression, Life technologies) or 

Lipofectamine RNAiMAX (for knockdown, Life technologies). The Sequences of the 

dsRNAs are as follows: negative control, 5’-AUGUAUUGGCCUGUAUUAGUU-3’ and 

5’-CUAAUACAGGCCAAUACAUUU-3’; AKAP8L, 

5’-GCAAAUACCGGACCUUCUAUU-3’ and 5’-UAGAAGGUCCGGUAUUUGCUU-3’; 

CSNK2A2, 5’-GGACAACUAUGACCAGCUUUU-3’ and 

5’-AAGCUGGUCAUAGUUGUCCUU-3’. For HaloTag labeling, cells were cultured in the 

medium mentioned above additionally supplemented with 100 nM Oregon Green, 10 nM 

TMR, or 10 µM bloking ligand Succinimidyl Ester (O4) for 15 min and washed by 
phosphate-buffered saline (PBS) twice. Succinimidyl Ester (O4) was incubated with 100 mM 

Tris-HCl (pH 8.0) for 60 min at 25ºC before use. To generate HeLa cells stably expressing 

Tet-On inducible Venus, HeLa cells were transfected with pCMV-Tet3G (Clontech) and were 

selected with 0.8 mg/ml G418. The selected cells were further transfected with 

pTRE3G-IRES (Clontech) encoding Venus and puromycin resistance gene, followed by 4 

µg/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 oligos for the site (GTAAACACTGGACAATATTTG, for clone #1) and 

(GTTCCTCCAAATGACGTTTG, for clone #2) was annealed, phosphorylated, and ligated 

into pX330 vector (Addgene)32. For homologous recombination, the targeting vector was 

constructed by inserting HaloTag and polyadenylation signal (pA) into 3’ of human Rpn11 
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exon 12 with a puromycin resistance gene cassette the PGK promoter sequence and the pA of 

which were flanked at 5’ and 3’ end, respectively. Seven point mutations were introduced into 

the CRISPR-targeting sequences on the targeting vector. HeLa cells were transfected with the 

pX330 vector and the targeting vector using Lipofectamine LTX & PLUS, and then selected 

with 4 µg/ml puromycin. The genotypes of puromycin-resinstant colonies were determined by 
PCR analysis of extracted genomic DNA using the following primers:  

5’-TGGTTCTGTTTTCTCTTTCC-3', 

5’-CATTCCTTTAATGAAGCTACAGTAATACTCTCACC-3'. 

 

Antibodies 

The antibodies against Rpn1–3, Rpn6–8, Rpn10, Rpn13, Rpt1–6, β3, Uch37, Usp14, 

HHR23b, and PA28γ were described previously41–45. Polyclonal antibodies against Rpn5, 
Rpn9, Rpn11, Txnl1, EGFP, and HaloTag were raised in rabbits by using recombinant 

proteins as 6His fusion proteins of human Rpn5 (residues 1–161), human Rpn9 (full length), 

human Rpn11 (residues 171–287), human Txnl1 (residues 275–289), 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 (Dako Cytomation, 

Z 0458), Flag (Sigma, F1804), actin (Millipore, MAB1501R), α-tubulin (Santa Cruz, 
sc-5286), and GAPDH (Santa Cruz, sc-32233) were purchased from respective 

manufacturers. 

 

Generation of specific antibodies against phosphorylated and unphosphorylated forms 

of Rpn3 at Ser 6 

Phosphorylation-specific antibody against Rpn3 at Ser 6 was generated by immunization of a 

rabbit with phosphorylated peptide (MKQEGpSARRRGC) conjugated with keyhole limpet 

hemocyanin (KLH, Calbiochem), and then affinity purification and the removal of the 

fraction that reacted with unphosphorylated peptide (MKQEGSARRRGC) were performed 

using NHS-activated Sepharose 4 Fast Flow (GE Healthcare). Antibody against 

unphosphorylated Rpn3 at Ser 6 was raised in the similar way; the serum from a rabbit 

immunized by unphosphorylated peptide was subjected to affinity purification and antibodies 

that reacted with phosphorylated peptide were removed. 

 

Immunoblotting and immunoprecipitation 

Cells washed by PBS were lysed with ice-cold buffer A (25 mM Tris-HCl [pH 7.5], 0.2% 
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[v/v] NP-40, 1 mM dithiothreitol, 2 mM ATP, and 5 mM MgCl2), and the extracts were 

clarified by centrifugation at 20,000 × g for 10 min at 4ºC. For phosphorylation assays, 

phosphatase inhibitor mix (5 mM NaF, 1 mM Na3VO4, 5 mM Na4P2O7, and 10 mM 

β-glycerophosphate) was added into the buffer A. In the fractionation analysis, cells were first 

lysed with buffer B (25 mM HEPES-NaOH [pH 7.5], 10 mM KCl, and 5 mM MgCl2) 

containing 1 µg/ml digitonin (Nacalai), and centrifuged at 1,000 × g for 5 min at 4ºC to 
generate supernatant (cytosolic fraction) and pellet. The pellet was dissolved with buffer B 

containing 1% (v/v) Triton-X100 and 1 U/ml Benzonase Nuclease (Novagen), and incubated 

on ice for 20 min, followed by centrifugation at 5,000 × g for 5 min at 4ºC to obtain clarified 

nuclear fraction. For immunoprecipitation, anti-Flag M2 agarose and Flag peptide were 

purchased from Sigma, and COSMOGEL Ig-Accept Protein G 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 LAS 4000 (for immunoblotting, GE Healthcare) 

or Typhoon FLA 9000 (for fluorescence imaging, GE Healthcare) in the same settings and 

processed exactly the same way. Quantification of bands was performed using Fusion SL4 

(M&S Instruments). Silver stain kit (Wako, 299-58901), OxyBlot kit (Millipore, S7150), and 

Phos-tag acrylamide (Wako, AAL-107) were purchased following the manufacturer’s 

introductions. 

 

Immunofluorescence 

Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at room temperature 

(RT), and permeabilized with 0.2% Triton-X100 in PBS. The permeabilized cells were 

incubated in blocking buffer (1% bovine serum albumin, 1% goat serum, 1% glycerol, and 

0.2% [v/v] Triton-X100 in PBS) for 1 h at RT, and analyzed by immunostaining. The 

secondary antibody Alexa Fluor and the mountant ProLong Diamond were purchased from 

Life technologies. The images were obtained with TCS SP8 (Leica). 

 

Assay of proteasome activity and glycerol gradient centrifugation analysis 

To measure deubiquitinating activity, purified proteasomes in buffer A were incubated with 

ubiquitin-7-amido-4-methylcoumarin (Ub-AMC, LifeSensors) at 37ºC for 10 min. The 

emitted fluorescence was measured by 1420 ARVO MX (Perkin Elmer; excitation: 355 nm, 

emission: 460). Similarly, fluorescent peptide substrates purchased from Peptide Institute 

were used to measure chymotrypsin-like activity by 
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succinyl-Leu-Leu-Vl-Tyr-7-amido-4-methylcoumarin (Suc-LLVY-MCA), trypsin-like 

activity by t-butyloxycarbonyl-Leu-Arg-Arg (Boc-LRR)-MCA, and caspase-like activity by 

N-benzyloxycarbonyl-Leu-Leu-Glu (Z-LLE)-MCA, as described previously30. The 

degradation assay of recombinant 35S-labeled ornithine decarboxylase (ODC) and 35S-labeled 

polyubiquitinated cIAP1 protein was performed as described previously46. For glycerol 

gradient centrifugation analysis, clarified cell lysates were subjected to 8 to 32% (v/v) 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 previously46. 

 

LC-MS/MS analysis of Rpn3 

Identification of the phosphorylation site of Rpn3 was performed following the methods 

described in previous reports47,48. The CBB-stained bands corresponding Rpn3 were subjected 

to in-gel trypsin digestion and analyzed on Easy nLC 1000 coupled with Q-Exactive MS and 

nanoelectrospray ion source (Thermo Fisher Scientific). MS spectra were analyzed using 

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 human whole-genome siRNA library (Human Genome [G-005005], Human Druggable 

Subsets [G-004675], and Human Drug Target [G-004655]) from Thermo Fisher Scientific, 

covering siRNA targets for 18,151 genes in total with pools of four sequences per target gene, 

was dissolved in Ultra Pure Distilled Water (Life technologies) and 2.5 µl of 1 µM siRNA 

solution was dispensed into 384-well µClear cell culture microplates (Greiner 781090). 

Before cell seeding, siRNA on the assay plate was incubated with 0.1 µl of Lipofectamine 

RNAiMAX in 10 µl of Opti-MEM (Life technologies). Rpn11-Halo knock-in HeLa cells 

(clone #2) labeled with Oregon Green and the blocking ligand in 40 µl of culture medium 

were seeded onto the assay plate (1,500 cells per plate) and cultured. After 64 h, 10 µl of 

TMR solution in culture medium was added and then the cells were fixed by adding 10 µl of 
10% PFA (final concentration: 1.6%) for 20 min at RT. PFA was removed by centrifugation, 

and the plate was washed by 80 µl of 25 mM Tris-HCl (pH 8.0). To stain nuclei, each well 

was filled with 40 µl of DAPI buffer (25 mM Tris-HCl [pH 8.0], 2% [w/v] triethylenediamine, 
and 500 ng/ml DAPI). 

The cell images were obtained with CellInsight NXT (Thermo Fisher Scientific). 
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The cells were recognized by DAPI fluorescence, and subsequently the signal intensities of 

Oregon Green and TMR were quantified. To adjust positional effects, raw data was subjected 

to median polish using a statistical software R and Z* score of each targeted gene was 

calculated33,49. 

 In the secondary screen, siRNA targets with two sequences per hit gene from the 

primary screen were analyzed. Rpn11-Halo knock-in HeLa cells were analyzed in the same 

way with the primary screen, but labeling of newly synthesized Rpn11-Halo just before PFA 

fixation was omitted. HeLa cells stably expressing Tet-On inducible Venus were cultured 

with 100 ng/ml doxycycline for 8 h, washed by PBS twice, and seeded onto the siRNA assay 

plates. In the flow cytometer assay, Rpn11-Halo knock-in HeLa cells cultured in 96-well 

plates were labeled in the same way with the primary screen. After TMR labeling, the cells 

were harvested by trypsinization, washed by flow cytometer buffer (1% FBS, 2 mM EDTA, 

and 0.02% NaN3 in PBS), and subjected to measurement of fluorescence intensities by Attune 

NxT (Thermo Fisher Scientific). The scatter plot was drawn using FlowJo software. 
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Figure 1. Materials for the purification of the old proteasome. 

(A) Construct of Rpn11-Flag/EGFP tag-exchangeable knock-in mice. WT, KI, ex11, ex12, 

pA, PGK, and neo denote wild-type, knock-in, exon 11, exon 12, polyadenylation signal, 

PGK promoter sequence, and neomycin-resistant cassette, respectively. 

(B) Concept of the old and the new proteasome. 

(C) Rpn11-Flag MEFs were infected with adenovirus expressing Cre-recombinase, and after 

three days EGFP fluorescence was observed. Nuclei were stained with DAPI. Scale bar, 100 

µm. 
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Figure 2. Purification of the old proteasome. 

(A) The experimental scheme for the purification of the total and the old proteasome using 

Rpn11-Flag MEFs. 

(B) Rpn11-Flag MEFs were infected with retrovirus expressing EGFP (control) or 

Cre-recombinase, and after three days the cells were harvested. Lysates were 

immunoprecipitated with anti-Flag antibodies, followed by Flag peptide elution. The samples 

were normalized by the protein level of Rpn11-Flag and subjected to immunoblotting with the 

indicated antibodies. 

(C) Silver staining of the purified proteasome shown in (B). 

(D) OxyBlot of the purified proteasome shown in (B). The carbonyl groups in the protein side 

chains were derivatized by reaction with 2,4-dinitrophenylhydrazine (DNPH). 
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Figure 3. Phosphorylation of the old proteasome. 

(A) Rpn11-Flag MEFs were infected with or without adenovirus expressing Cre-recombinase, 

and after three days the cells were harvested. Lysates were immunoprecipitated with anti-Flag 

antibodies, followed by Flag peptide elution. The samples were normalized by the protein 

level of Rpn11-Flag and loaded into SDS-PAGE with or without Phos-tag acrylamide, and 

subjected to immunoblotting with the indicated antibodies. Asterisks indicate non-specific 

bands. 

(B) Mass spectrometric analysis of the tryptic phosphopeptide MKQEGpSAR from Rpn3. 

(C) Relative quantification of MKQEGpSAR and ALDLVAAK peptides from Rpn3 in the 

total and the old proteasome. 

(D) Multiple alignments of Rpn3 N-terminus. 

(E) The purified proteasomes shown in Fig 2B were loaded into SDS-PAGE containing 

Phos-tag acrylamide, followed by immunoblotting with the indicated antibodies. 
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Figure 4. Biochemical characterization of the old proteasome. 

(A) Deubiquitinating activity of the proteasome. The purified proteasomes shown in Fig 2B 

were subjected to in vitro degradation assay using Ub-AMC as a substrate. The data represent 

means ± standard deviations (SD) from triplicate experiments. Statistical comparison was 

made by Student’s t-test for two tailed unpaired samples. ***P < 0.001. 

(B) Ubiquitin-independentand and -dependent protease activities of proteasomes. The purified 

proteasomes shown in Fig 2B were subjected to in vitro protein degradation assay. 

Antizyme-dependent degradation of 35S-labeled ODC and ubiquitin-dependent degradation of 
35S-labeled cIAP1 were measured. The data represent means ± standard deviations (SD) 

from triplicate experiments. Statistical comparisons were made by Student’s t-test for two 

tailed unpaired samples. n.s., not significant. 

(C) Peptidase activities of the proteasome. The purified proteasomes shown in Fig 2B were 

subjected to in vitro degradation assay using Suc-LLVY-MCA, Boc-LRR-MCA, 

Z-LLE-MCA, and Suc-LLVY-MCA added with 0.025% SDS as substrates to assess the 

chymotrypsin-like, trypsin-like, caspase-like, and 20S CP activities, respectively. The data 

represent means ±  standard deviations (SD) from triplicate experiments. Statistical 

comparisons were made by Student’s t-test for two tailed unpaired samples. n.s., not 

significant. 

(D) Immunofluorescence with anti-Flag antibody of Rpn11-Flag MEFs infected with 

adenovirus expressing Cre-recombinase for three days. Scale bar, 25 µm. 
(E) Rpn11-Flag MEFs were infected with or without adenovirus expressing Cre-recombinase, 

and after three days the cells were harvested. Lysates were fractionated into cytosol and 

nucleus by digitonin treatement. α-tubulin and PA28γ serve as loading controls for cytosolic 
and nuclear fractions, respectively. Values represent the relative band intensities (normalized 

to Rpt6). 
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Figure 5. Generation of Rpn11-Halo knock-in HeLa cells. 

(A) Construct of Rpn11-Halo knock-in HeLa cells. 

(B) Lysates from wild-type and Rpn11-Halo knock-in HeLa cells (clone #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 HeLa cells (clone #2) were fractionated 

by 8–32% 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 the old and the new proteasome using Rpn11-Halo knock-in 

HeLa cells. 

(E) Rpn11-Halo knock-in HeLa cells (clone #2) were labeled with Oregon Green ligands and 

subsequently subjected to the blocking ligand. After the indicated time, the cells were then 

labeled with TMR ligand. Harvested cells were kept frozen until they were lysed. Lysates 

were subjected to fluorescence imaging and immunoblotting. GAPDH serves as a loading 

control. 
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Figure 6. The primary screen for the identification of genes that affect the turnover of 

the proteasome. 

(A) Schematic view of the primary screen using Rpn11-Halo knock-in HeLa cells. 

(B) Examples of pictures analyzed in the primary screen. 

(C) Graphical representation of the primary screen output and flow chart of procedures for 

selecting genes for the secondary screen. 
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Figure 7. The confirmation assays. 

(A) Schematic view of the secondary screen using HeLa cells stably transfected with Tet-On 

inducible Venus. Dox, doxycycline. 

(B) An example of the scatter plot from the flow cytometer assay. 

(C) The list of genes identified by the screening. 
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Figure 8. The interactome of Rpn3. 

(A, B) Rpn3 tagged with Flag at its N-terminus (A) or C-terminus (B) were expressed in cells 

and anti-Flag immunoprecipitates were analysed by liquid chromatography coupled with 

tandem mass spectrometry. 

  



 37 

 

Figure 9. Phosphorylation of Rpn3 is regulated by AKAP8L and CSNK2A2. 

(A) Negative control, AKAP8L, or CSNK2A2 knockdown for six days in Rpn11-Flag MEFs, 

followed by infection with or without adenovirus expressing Cre-recombinase for the last 

three days. Lysates were immunoprecipitated with anti-Flag antibodies, followed by Flag 

peptide elution. The samples were loaded into SDS-PAGE with or without Phos-tag 

acrylamide, and subjected to immunoblotting with the indicated antibodies. 

(B) 3Myc-CSNK2A2 was overexpressed in Rpn11-Flag MEFs for 48 hours. Lysates were 

immunoprecipitated with anti-Flag antibodies. The samples were loaded into SDS-PAGE 

with or without Phos-tag acrylamide, and subjected to immunoblotting with the indicated 

antibodies. 


