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SUMMARY

Reduction of translational fidelity often occurs in cells with high rates of protein synthesis, 

generating defective ribosomal products. If not removed, such aberrant proteins can be a major 

source of cellular stress causing human diseases. Here, we demonstrate that mTORC1 promotes 

the formation of immunoproteasomes for efficient turnover of defective proteins and cell survival. 

mTORC1 sequesters precursors of immunoproteasome β subunits via PRAS40. When activated, 

mTORC1 phosphorylates PRAS40 to enhance protein synthesis and simultaneously facilitate the 

assembly of the β subunits for forming immunoproteasomes. Consequently, the PRAS40 

phosphorylations play crucial roles in clearing aberrant proteins that accumulate due to mTORC1 

activation. Mutations of RAS, PTEN, and TSC1, which cause mTORC1 hyperactivation, enhance 

immunoproteasome formation in cells and tissues. Those mutations increase cellular dependence 

on immunoproteasomes for stress response and survival. These results define a mechanism by 

which mTORC1 couples elevated protein synthesis with immunoproteasome biogenesis to protect 

cells against protein stress.
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Graphical Abstract

INTRODUCTION

Protein stress, such as misfolded protein aggregates and oxidized proteins, occurs in many 

human diseases, including cancer, diabetes, neurodegeneration, and age-related pathologies. 

One major source of protein stress originates when the ribosomal protein synthesis is 

upregulated with a consequential reduction of translational fidelity, producing defective 

ribosomal products. Prevalent in many cancers, mutations of PTEN (phosphatase and tensin 

homolog), RAS, TSC1 (tuberous sclerosis complex 1) or TSC2 commonly enhance the 

activity of mTORC1 (mechanistic target of rapamycin complex 1), the central regulator of 

the ribosomal protein synthesis (Hara et al., 2002; Kim et al., 2002; Loewith et al., 2002). 

Hyperactivation of mTORC1 can reduce translational fidelity as a result of increased rates of 

ribosomal elongation (Conn and Qian, 2013). The resulting aberrant proteins, if not properly 

removed, can cause cell death or contribute to human diseases.

Eukaryotic cells have two major degradation systems to remove aberrant proteins: the 

autophagy-lysosome system (ALS) and the ubiquitin-proteasome system (UPS). The ALS is 

responsible for bulk degradation of cytosolic proteins and protein aggregates, whereas the 

UPS is responsible for degradation of individual proteins that are poly-ubiquitinated, 

misfolded, or oxidized. The UPS plays crucial roles not only for clearance of aberrant 

proteins but also for control of many cellular processes, such as cell cycle progression, 

transcription, and apoptosis. The UPS is frequently upregulated in cancer cells, and its 

impaired regulation can lead to accumulation of protein aggregates and cell death. Within 

the UPS machinery, the 26S proteasome is responsible for the proteolytic cleavages of poly-

ubiquitinated (poly-Ub) proteins. The 26S proteasome consists of the 20S catalytic core and 

the 19S regulatory particle. Many proteasome subunit genes are transcriptionally regulated 

by Nrf1 (nuclear factor, erythroid 2 like 1, gene NFE2L1) (Radhakrishnan et al., 2010; Sha 
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and Goldberg, 2014; Steffen et al., 2010), and mTORC1 was shown to regulate expression 

of some proteasomal genes via Nrf1 (Zhang et al., 2014).

Conserved throughout eukaryotes, the 20S core contains four heptameric rings of α and β 

subunits that form two outer and two inner rings, respectively (Figure 1A). In addition to the 

seven β subunits expressed constitutively in most tissues and cell types that form constitutive 

proteasomes (c-proteasomes), vertebrates also express three β subunits – β1i (LMP2), β2i 

(MECL1) and β5i (LMP7) – that replace the c-proteasomal β1, β2 and β5 to form 

immunoproteasomes (i-proteasomes, the term used here for any type of proteasomes that 

contains at least one of the three i-proteasome-specific β (iβ) subunits). Some subtypes of i-

proteasomes contain only one or two of the iβ subunits (Vigneron and Van den Eynde, 

2012). I-proteasomes are most highly expressed in immune cells but also occur in many 

other cell types. About 30-50% of all the proteasomes in normal human liver, kidney and gut 

are i-proteasomes (Guillaume et al., 2010). I-proteasomes produce antigenic peptides 

presented by the major histocompatibility complex class I molecules, and play roles in 

protein stress clearance, differentiation and wound healing (Cui et al., 2014; Ferrington et 

al., 2013; Seifert et al., 2010).

In this study, we demonstrate that mTORC1 promotes the assembly of i-proteasomes, 

adapting cells to protein stress. This finding defines a pathway through which mTORC1 

regulates the inducible proteolytic degradation machinery to prevent accumulation of protein 

stress.

RESULTS

mTORC1 binds to β1i, β5i and β6 via PRAS40

PRAS40 (proline-rich Akt substrate 40 kDa; also called Akt1s1, Akt1 substrate 1) is a 

component of mTORC1 whose functions remain unclear. Through a yeast two-hybrid 

screen, we identified β6 as a binding protein of PRAS40 (Figure S1A). We confirmed that 

PRAS40 interacts with β6 in HEK293T cells by co-immunoprecipitation (co-IP) assay 

(Figures S1B and S1C). Considering the similar structures of the proteasomal β subunits 

(Figure S1D), we tested if other β subunits interact with PRAS40. We found that PRAS40 

also binds to β1i and β5i as well as β5t of the thymoproteasomes (Figures 1B, S1E, and 

S1F). We confirmed that endogenous PRAS40 interacts with β6 and β5i (Figures 1C, S1G, 

and S1H).

We asked if the interaction involves other components of mTORC1. β5i and β6 were co-

immunoprecipitated with mTOR (Figure 1D), and endogenous raptor was co-

immunoprecipitated with β5i and β6 (Figure S1I). PRAS40 overexpression enhanced 

binding of mTOR and raptor to β1i, β5i and β6 (Figures 1E and S1J-L), whereas PRAS40 

knockdown (KD) reduced binding of mTOR and raptor to β5i (Figures S1M and S1N). The 

PRAS40-β5i interaction still occurred in the presence of Triton X100 (Figure 1F), the 

detergent that disrupts the PRAS40-mTOR/raptor interaction (Vander Haar et al., 2007), 

indicating that PRAS40 can bind to β5i without mTOR and raptor. Delimitation analysis 

revealed a region of PRAS40 within residues 1-102 important for interaction with β5i and β6 

(Figures 1G, 1H, and S1O). Mutation of a conserved residue Trp10 to alanine (W10A) 
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abolished the interaction of PRAS40 with β1i, β5i and β6 without affecting the interaction 

with raptor (Figures 1I, 1J, and S1P-R). Since mTOR and raptor bind to a C-terminal region 

of PRAS40 (Vander Haar et al., 2007), PRAS40 likely uses two separate regions for binding 

to the β subunits and mTOR/raptor. However, the weaker binding affinity of the N-terminal 

half compared to the full length indicates that C-terminal residues influence the interaction 

with the β subunits.

PRAS40 binds to β1i, β5i and β6 precursors and suppresses i-proteasome formation

All the proteasome β subunits, except β3 and β4, are synthesized as precursors containing N-

terminal pro-regions. The pro-regions are cleaved off at the completion of 20S formation by 

three catalytic subunits (β1, β2 and β5 for c-proteasomes; β1i, β2i and β5i for i-proteasomes). 

According to the molecular sizes, it was the precursor form of β5i that binds to mTORC1 

(Figures 1C and 2A). Using a C-terminal flag-tagged β5i construct, we confirmed that 

PRAS40 binds to β5i precursor but not its mature form (Figure 2B). PRAS40 interacted with 

β6 or β5i precursor only when coexpressed but not expressed separately in HEK293T cells 

(Figures 2C). The separately-expressed PRAS40 was intact in the structural integrity, as it 

could bind to raptor. We confirmed that other components of mTORC1 are not required for 

the PRAS40-β5i interaction using proteins expressed in E. coli (Figures 2D and S2A).

Knowing that the β precursors bind to PRAS40, we predicted that the interaction might 

influence the ability of the precursors to form proteasomes. Coexpression of PRAS40 with 

β5i-flag or β6-flag in HEK293T cells suppressed de novo assembly of proteasomes 

containing the recombinant β subunits (Figures 2E and S2B). PRAS40 induced interactions 

between β1i, β5i, and β6 precursors (Figures 2F, S2C, and S2D). Given that PRAS40 

coexpression suppressed the formation of proteasomes, the interactions between the iβ 

precursors induced by PRAS40 might form an off-pathway complex that does not go into 

the i-proteasome assembly machinery.

mTORC1 promotes i-proteasome formation

We asked if mTORC1 activity has any effect on the interaction between PRAS40 and iβ 

precursors. Torin1 suppressed PRAS40 S183 phosphorylation and increased the PRAS40-

β5i interaction within 1 h (Figure 3A). Overexpression of Rheb, a positive regulator of 

mTORC1, had the opposite effect (Figure 3B). In addition, Rheb overexpression increased 

the mature form of β5i. To further clarify if mTORC1 promotes iβ maturation, we tested the 

effect of knockout (KO) of TSC1, a negative regulator of mTORC1, in mouse embryonic 

fibroblasts (MEFs). Since MEFs do not express iβ subunits in basal conditions, we treated 

the cells with interferon γ (IFNγ) to induce iβ expression. TSC1 KO increased the mature 

forms of β5i and β1i and the mature-to-precursor ratio for β1i in MEFs (Figure 3C). β2i, 

whose maturation depends on β1i (Groettrup et al., 1997), showed a similar change as β1i. 

Such increases were not observed with c-proteasome β (cβ) subunits. Since the mature forms 

can be generated only when the β subunits form the 20S core (Chen and Hochstrasser, 1996; 

Murata et al., 2009), the cleaved forms may reflect the 20S core assembly.

To exclude a possibility that the effects of TSC1 KO involve any IFNγ-induced factor, we 

used T24 bladder cells that express iβ subunits in basal conditions. TSC1 KD in T24 cells 
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greatly increased the mature forms of β5i and β1i (Figure S3A). TSC1 KD reduced the β5 

level but not the β1 level, indicating that a large amount of β5i interacted with β1 in the KD 

cells. This reflects the ability of β5i to assemble with either β1i or β1 (Guillaume et al., 

2010). The effects of TSC1 KD were mimicked by transient or stable overexpression of 

Rheb in HEK293T cells (Figures 3D and S3B). Using purified proteasomes as standard, we 

quantified that about 85% of total proteasomes contained β5i in TSC1−/− MEFs at day 3 of 

IFNγ treatment compared to only 2% in TSC1+/+ MEFs (Figures 3E and S3C). TSC1 KO 

also increased the mature forms of β1i and β2i, although the increase was less extensive than 

that of β5i (Figures S3D and S3E).

mTORC1 inhibition suppresses i-proteasome formation

Torin1 or leucine deprivation, which inhibits mTORC1, drastically reduced the mature iβ 

subunits in TSC1−/− MEFs without affecting cβ subunits (Figures 3F-H and S3F-I). We 

analyzed β5i processing by monitoring changes in the amounts of its precursor and mature 

forms after protein synthesis was blocked. β5i precursor transiently expressed in HEK293 

cells was processed to the mature form with a rate of ~0.0833 h−1, which was completely 

blocked by Torin1 (Figures S3J and S3K). Rapamycin did not show such a suppressive 

effect but interestingly it increased β1i maturation (Figures S3L and S3M). An Akt inhibitor 

also did not suppress iβ maturation (Figure S3M). Rapamycin and the Akt inhibitor only 

partially reduced PRAS40 S183 phosphorylation, indicating that S183 is a rapamycin-less-

sensitive site like several other mTORC1 targets (Kang et al., 2013). The different effects on 

the phosphorylation might explain why Torin1, but not rapamycin, suppressed iβ maturation. 

The difference between Torin1 and rapamycin could also be due to the effect of rapamycin 

in perturbing the interaction between PRAS40 and mTOR/raptor, as revealed previously 

(Vander Haar et al., 2007). TSC1 KO significantly increased the proteolytic activities of β1i 

and β5i, which were reversed by Torin1, whereas the KO effects on the activities of β1 and 

β5 were much less significant (Figures 3I-L). The reduction of the cβ subunit proteolytic 

activities by Torin1 treatment for 24 h could be due to reduction of cβ subunit expression or 

the increase of the PRAS40-β6 interaction, which can suppress the formation of c-

proteasomes.

We also found that deficiency of AMPK, a negative regulator of mTORC1, in MEFs 

drastically increased the iβ mature forms (Figures 3M and S3N). The increase was seen even 

without IFNγ when both AMPKα isoforms were deficient. Leucine deprivation or Torin1 

drastically reduced the iβ mature forms in AMPK KO MEFs (Figures 3M and S3O). AMPK 

KO largely reduced β5 level (Figures 3M, S3N, and S3P), indicating that β5i replaced β5 in 

proteasomes. Deficiency of PTEN, a negative regulator of Akt/mTOR signaling, also largely 

increased the iβ mature forms in IFNγ-treated MEFs, which was reversed by leucine 

deprivation or Torin1 (Figures 3N and S3Q). Rapamycin increased β1i maturation in PTEN 

KO MEFs as similarly as in TSC1 KO MEFs (Figure S3R). The regulation of i-proteasome 

contents was corroborated by changes in the i-proteasome proteolytic activities in AMPK 

and PTEN KO MEFs (Figures 3O-R and S3S).

We observed that mTORC1 regulates the levels of some iβ subunit mRNAs in MEFs (Figure 

S3T-V). However, the change of the gene expression did not correlate with iβ maturation, 
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supporting a transcription-independent mechanism for i-proteasome formation. Such a 

mechanism was further supported by the results obtained using recombinant iβ subunits 

(Figures 2E, 3B, 3D, and S3B). This is consistent with the recent report that Nrf1, which 

was shown to be regulated by mTORC1 (Zhang et al., 2014), does not regulate expression of 

iβ subunits (Sha and Goldberg, 2014).

mTORC1 promotes i-proteasome formation in cancer cells and immortalized cells

We asked if mTORC1 promotes i-proteasome formation in cancer cells. HCV bladder cancer 

cells, which do not express TSC1, contained higher levels of iβ subunits compared to T24 

cells that express wild type TSC1 (Figure 4A). Adding exogenous TSC1 in HCV cells 

reduced the iβ mature forms. The expression status of TSC1 did not affect the amounts of cβ 

subunits. The effect became greater when the cells were treated with tumor necrosis factor α 

(TNFα), a cytokine that can increase expression of iβ subunits.

KG1 acute myelogenous leukemia cells harbor NRAS G12V mutation that upregulates the 

PI3K-mTORC1 pathway. KG1 cells had higher levels of the iβ mature forms than K562 

immortalized leukemia cells that do not harbor the mutation (Figure 4B). About 95 and 45% 

of total proteasomes contained β5i and β1i, respectively, in KG1 cells compared to only 3 

and 0% in K562 cells (Figures S4A and S4B). Torin1 drastically reduced the iβ mature 

forms in KG1 cells. We could not observe any strong correlation between iβ subunit mRNA 

levels and the mTORC1 activity in the leukemia cells (Figure S4C).

PC3 prostate cancer cells deficient of PTEN expression showed induction and maturation of 

iβ subunits in response to IFNγ (Figure 4C). Torin1 reduced the iβ mature forms without 

affecting cβ subunits. We could not observe iβ subunits in 22Rv1 prostate cancer cells that 

express PTEN. There was no clear correlation between iβ mRNA levels and the mTORC1 

activity in the prostate cancer cells (Figure S4D). Supporting the PTEN-dependent changes 

of i-proteasomes, immortalized human schwann cells (HSC1λ) with a biallelic deletion of 

PTEN showed a large induction and maturation of iβ subunits in response to IFNγ (Figure 

4D). The increases were accompanied with decreases of cβ subunit amounts.

mTORC1 promotes i-proteasome formation in vivo

To investigate if mTORC1 regulates i-proteasome formation in vivo, we induced tumor in 

the mouse brain by overexpressing NRAS G12V mutant using the Sleeping Beauty 

transposon system (Wiesner et al., 2009). The mutation-driven tumor showed high amounts 

of mature iβ subunits along with a large increase of mTORC1 activity (pS6K1) relative to 

neighboring normal tissues (Figure 4E). In contrast, β1 did not show such a drastic change. 

The level of α7 was increased in tumor tissues, indicating that the total amount of 

proteasomes was increased.

We also investigated if mTORC1 regulates i-proteasome formation in non-tumor tissues. 

When the TSC1 gene was deleted in the mouse skeletal muscle, the iβ mature forms were 

drastically increased in the muscle tissue (Figure 4F). Liver-specific depletion of the TSC1 
gene also greatly increased the iβ mature forms along with reductions of cβ subunits in the 

liver tissue (Figures 4G-I and S4E-G). TSC1 KO in the liver increased β5i-containing 

proteasomes up to 95% of total proteasomes in 7 weeks old mice (Figures 4H and S4E-G). 
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TSC1 KO did not change the phosphorylation of p38 at Y180/Y182 (Figure S4H), indicating 

that the KO effect might not be due to inflammation.

I-proteasomes are important for viability of mTORC1 hyperactive cells

Knowing that mTORC1 promotes i-proteasome formation, we wondered about the 

functional consequence of the regulation. β5i KD by shRNA induced the cleavages of 

PARP1 and caspase-3 in TSC1−/− MEFs but not TSC1+/+ MEFs in response to TNFα 

(Figure 5A). TNFα-induced apoptosis was also induced to a significantly greater extent by 

β5i KD in TSC1−/− MEFs than TSC1+/+ MEFs (Figures 5B, S5A, and S5B). Similarly, cell 

death and PARP1 cleavage were induced by PR957, a β5i inhibitor (Muchamuel et al., 

2009), to a greater extent in TSC1-silenced T24 cells (Figures 5C and 5D), and in THP1 and 

KG1 cells compared to K562 cells (Figures 5E, 5F, S5C-G). ML604440, a β1i inhibitor 

(Basler et al., 2012), did not induce PARP1 cleavage but potentiated the effect of PR957 

(Figures 5E and S5D). The RAS mutation-dependent effect of PR957 was further confirmed 

with MIAPaCa2 pancreatic cancer cells that harbor KRAS G12C mutation (Figure 5G), and 

mouse primary AML cells expressing NRAS G12V mutant (Sachs et al., 2014) (Figure 5H). 

In contrast, bortezomib, which inhibits all types of proteasomes, induced apoptosis 

regardless of TSC1 or RAS mutation (Figures 5I and S5H-J). PR957 also showed a greater 

toxic effect on PTEN-mutated PC3 cells compared to PTEN-intact 22Rv1 cells (Figure 5J). 

The PTEN dependence was confirmed using PTEN-deficient HSC1λ cells (Figures 5K, 5L, 

and S5K).

I-proteasomes alleviate protein stress in mTORC1 hyperactive cells

Since mTORC1 hyperactivation made cells to depend more on i-proteasomes for viability, 

we predicted that i-proteasomes might play a role in reduce protein stress, such as defective 

ribosomal products (DRiPs), that can be toxic to cells. As previously shown (Conn and Qian, 

2013), TSC1 KO induced accumulation of poly-Ub proteins in MEFs (Figure 5A). TNFα 

further increased poly-Ub protein accumulation. β5i KD induced the accumulation to a 

similar extent as TNFα treatment in TSC1−/− MEFs (lanes 6 and 7). TNFα greatly 

increased the KD effect in TSC1−/− MEFs but not in TSC1+/+ MEFs. This result suggests 

that i-proteasomes might be important for degradation of poly-Ub DRiPs in mTORC1-

hyperactive cells. β5i KD also increased protein oxidation in TSC1−/− MEFs but not in 

TSC1+/+ MEFs (Figure S5L). Similar to β5i KD, i-proteasome inhibitors greatly enhanced 

accumulation of poly-Ub proteins in TSC1−/−, THP1 and AMPK−/− cells but not in 

TSC1+/+, K562 and AMPK+/+ cells (Figures 5M, S5D, and S5M). Bortezomib induced 

accumulation of poly-Ub proteins to a greater extent than PR957 but it did not show such a 

selective effect.

The endoplasmic reticulum (ER) stress, which was induced by tunicamycin, drastically 

enhanced the level of poly-Ub proteins in TSC1−/− MEFs relative to TSC1+/+ MEFs 

(Figure 5N). PR957 potentiated the effect of tunicamycin in TSC1−/− MEFs but not in 

TSC1+/+ MEFs, indicating that i-proteasomes might be important to attenuate the ER stress 

in mTORC1-hyperactive cells. Bortezomib did not show such a TSC1-dependent effect. 

Rapamycin suppressed β5i KD-induced accumulation of poly-Ub proteins and PARP1 
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cleavage in TSC1−/− MEFs (Figure S5N). This rapamycin effect might be due to inhibition 

of protein synthesis.

mTORC1 regulation of i-proteasome formation is mediated by PRAS40

Since PRAS40 binds to iβ subunits, we predicted that PRAS40 might be important for 

mTORC1 regulation of i-proteasome formation. PRAS40 KD increased the iβ mature forms 

in multiple cell types (Figures 6A, 6B, and S6A). Furthermore, PRAS40 KD made the 

maturation of β1i and β5i less responsive to Torin1 (Figures 6C, S6A-D). PRAS40 KD cells 

depended more on i-proteasomes for survival under oxidative stress (Figure 6D). While 

PRAS40 KD only moderately increased PARP1 cleavage in KG1 cells exposed to oxidative 

stress, the KD effect became greater when i-proteasomes were inhibited (Figures 6E and 

S6E). These results suggest that mTORC1 regulation of i-proteasome formation depends on 

PRAS40 and the regulation is important for cell viability under oxidative stress.

To further clarify the underlying mechanism, we considered involvement of PRAS40 

phosphorylations at S183 and S221 by mTOR (Fonseca et al., 2007; Oshiro et al., 2007; 

Wang et al., 2008). When a PRAS40 mutant (EE) with glutamate substitutions of S183 and 

S221 was expressed in HEK293T cells, the amount of the mature β5i was much higher 

compared to that in wild type PRAS40 (WT)-expressing cells (Figure 6F). In contrast, cells 

expressing a PRAS40 mutant (AA) harboring alanine substitutions barely showed the 

mature β5i. Consistently, reconstitution of EE in PRAS40-silenced HCT116 cells greatly 

increased β1i maturation (Figure 6G). W10A also enhanced β1i maturation compared to WT 

but to a lesser extent than EE. The EE cells also showed a higher level of S6K1 

phosphorylation and cell proliferation (Figures 6G and S6F). This result suggests that the 

PRAS40 phosphorylations might have a dual function, stimulating both protein synthesis 

and i-proteasome formation.

mTORC1 phosphorylations of PRAS40 protect cells against stress

We asked if the phosphorylational regulation of PRAS40 is important for cellular stress 

response. Oxidative stress induced PARP1 cleavage in WT- or AA-reconstituted HCT116 

cells but barely in EE cells (Figures 6H and 6I). Consistently, EE cells were resistant to 

oxidative stress-induced cell death (Figure 6J). H2O2 suppressed IFNγ-induced upregulation 

of i-proteasomes in EE cells, explaining why the i-proteasome inhibitors had only a marginal 

effect on PARP1 cleavage in EE cells (Figure 6I, lanes 7 and 9). Torin1 blocked the PARP1 

cleavage in EE cells even in the presence of both oxidative stress and i-proteasome inhibitors 

(lane 10), indicating that reducing the mTORC1 activity made cells less dependent on i-

proteasomes. In contrast, Torin1 did not suppress PARP1 cleavage in AA cells (lane 5). We 

speculate that AA cells might have accumulated protein stress highly regardless of mTORC1 

activity or have a critical cell survival factor inhibited. H2O2 suppressed S6K1 

phosphorylation in AA cells but not in EE cells (lanes 7 and 9), indicating that the oxidative 

stress-induced suppression of S6K1 phosphorylation might require dephosphorylation of 

S183 and/or S221.

If PRAS40 phosphorylations are important for cell viability under nutrient-enriched 

conditions, we reasoned that their dephosphorylation state might be important for cell 
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survival under unfavorable growth conditions. As reasoned, AA-reconstituted HCT116 cells 

were more viable than EE cells when cells were deprived of serum (Figure 6J). Consistently, 

serum starvation under inflammatory conditions induced PARP1 cleavage in EE cells but not 

in AA cells (Figures 6K and S6G). EE cells showed higher levels of S6K1 phosphorylation 

and poly-Ub proteins than AA cells even in serum starvation (Figure S6G). Torin1 reduced 

the amount of poly-Ub proteins and PARP1 cleavage in EE cells, suggesting that mTOR is 

responsible for the protein stress in EE cells. Combined, these results demonstrate that the 

phosphorylational regulation of PRAS40 is crucial for viability of cells in response to 

growth conditions and stress.

mTORC1 phosphorylations of PRAS40 facilitate i-proteasome formation

To clarify how PRAS40 phosphorylations promote i-proteasome formation, we expressed 

β5i-flag in HEK293T cells together with PRAS40 constructs and analyzed proteasome 

formation. EE, compared to WT and AA, drastically increased the formation of proteasomes 

containing β5i-flag (Figure 7A). W10A did not show such an increase, indicating that 

dissociation of iβ precursors from PRAS40 might not be enough to induce the formation of 

i-proteasomes. Interestingly, EE made β5i and β1i precursors to be dissociated from PRAS40 

(Figures 7B, S7A, and S7B). The dissociation was also seen between the proteins expressed 

in E. coli (Figure 7B). Rheb overexpression disrupted binding of β5i to WT but not AA 

(Figure 7C). This result indicates that PRAS40 phosphorylations might be required for 

mTORC1-mediated regulation of the PRAS40-β5i interaction.

Since the phosphorylational status of S183 can affect the PRAS40-raptor interaction (Oshiro 

et al., 2007), we wondered whether raptor binding is involved in the regulation. PRAS40 

F129A mutation, which disrupts the PRAS40-raptor interaction (Oshiro et al., 2007; Wang 

et al., 2007), did not alter the PRAS40-β5i interaction and only marginally increased β5i 

maturation (Figure S7C). This indicates that raptor binding might not be critical for the 

phosphorylational effect. The PRAS40-induced interaction between β5i and β6 precursors, 

which we speculated as forming an off-pathway complex (Figure S2D), was increased by 

AA but reduced by EE (Figure 7D). Based on this finding, we speculate that the PRAS40 

phosphorylations might promote i-proteasome formation by altering the interaction between 

the β precursors.

POMP (proteasome maturation protein/proteassemblin) is a chaperone that binds to β 

precursors and facilitates the 20S core assembly (Burri et al., 2000; Griffin et al., 2000; Witt 

et al., 2000). We found that PRAS40 suppresses the interaction between POMP and iβ 

precursors (Figure S7D). The suppressive effect became greater with AA compared to WT 

(Figure 7E). In contrast, EE enhanced the POMP-β5i interaction. W10A did not enhance the 

POMP-β5i interaction, indicating that dissociation of β5i from PRAS40 is not enough to 

induce the binding of β5i to POMP. Supporting the positive role of PRAS40 

phosphorylations in promoting the POMP-β5 interaction, Rheb overexpression enhanced the 

POMP-β5i interaction along with PRAS40 S183 phosphorylation (Figure 7F). This did not 

occur with AA cells, suggesting that the PRAS40 phosphorylations might promote the i-

proteasome formation through enhancing the POMP binding.
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DISCUSSION

In this study, we have discovered that mTORC1 promotes the assembly of i-proteasomes and 

thereby increases the cellular capacity to attenuate protein stress (Figures 7G, S7E, and 

S7F). According to the current model (Murata et al., 2009), the i-proteasome assembly starts 

with a stable pre-proteasome complex composed of a seven-member α-ring (Figure S7F). 

After sequential incorporation of seven β subunits is complete on the α-ring, the two half 

proteasomes dimerize at the β ring interface. By recruiting β1i, β5i and β6 before they enter 

into the i-proteasome assembly machinery, mTORC1 functions as a checkpoint kinase to 

regulate the ordered, stoichiometric assembly of the subunits in response to cell growth 

conditions or stress. mTORC1 catalyzes the transfer of bound β precursors to the i-

proteasome assembly machinery. When mTORC1 is inhibited, the halted catalysis blocks 

the influx of new β precursors to mTORC1. Unbound to mTORC1, β precursors accumulate 

or are degraded depending on their stability. β1i precursor, which is the first β subunit added 

for the assembly, is likely more stable than other subunits, making it readily available for i-

proteasome assembly when mTORC1 is activated. mTORC1 could also affect c-proteasome 

assembly via interacting with β6. However, c-proteasomes have a much slower rate of 

assembly (82 vs. 21 min half-time) and a longer half-life (133 vs. 27 h in HeLa cells) 

compared to i-proteasomes (Heink et al., 2005; Yewdell, 2005). Thus, i-proteasomes are 

likely more suited than c-proteasomes for regulation by mTORC1 in response to 

environmental fluctuations.

Our study supports the role of i-proteasomes in efficient clearance of protein aggregates and 

oxidized proteins (Pickering et al., 2010; Seifert et al., 2010). Such a role might be prevalent 

in many cell types of our body, including non-immune cells, given the dynamic nature of i-

proteasomes that can be transiently induced by oxidative stress (Ding et al., 2003; Hussong 

et al., 2010). In this regard, it is possible that IFNγ or TNFα could induce i-proteasomes as a 

response to oxidative stress rather than an immune response. Indeed, i-proteasomes are 

found in many cell types with no apparent link to immunity, such as photoreceptor cells, 

Purkinje cells, and oligodendrocytes (Ferrington and Gregerson, 2012).

Our findings imply that nutritional factors activating mTORC1 might induce a shift of the 

proteasome population toward i-proteasomes. I-proteasomes with different β compositions 

may produce different functional products, as supported by the distinct roles of β1i and β5i 

in myoblast differentiation (Cui et al., 2014). The shift of the proteasome population may 

also affect the immune system by modulating recognition of virus-infected cells or cancer 

cells by cytotoxic T cells or altering antigens linked to autoimmune diseases. Since PRAS40 

binds to β5t, mTORC1 might also regulate the positive or negative selections of T cells in 

the thymus. Given the potential link between mTORC1 and immunity, it is worth noting that 

rapamycin did not suppress i-proteasome assembly but rather enhanced β1i maturation. 

Thus, i-proteasomes might be an important factor in the efficacy of rapamycin as an 

immunopressive agent or a drug to treat diseases.

How the C-terminal phosphorylations of PRAS40 affect binding of iβ precursors to PRAS40 

N-terminus is unclear. The N-terminal region shows sequence homology only within 

vertebrates, and since i-proteasomes are found only in vertebrates, this implies that the 
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proteolytic machinery might have converged with the mTORC1 pathway during vertebrate 

evolution. This would have allowed vertebrates to acquire the ability to coordinate mTORC1 

signaling with the proteolytic machinery that regulates immunity and stress response. 

Supporting the notion, i-proteasomes are involved in human diseases related to metabolism 

and inflammation, such as rheumatoid arthritis and colitis (Basler et al., 2010) and diabetes 

(Zaiss et al., 2011). According to our results, PRAS40 phosphorylations by mTORC1 are the 

key event for the coordination, as we found that the phosphorylations are important for both 

S6K1 phosphorylation and i-proteasome formation.

The coupled regulation between protein synthesis and i-proteasome formation reveals 

therapeutic potential of i-proteasome inhibitors in treating many human diseases. For 

example, inhibitors of i-proteasomes may be effective in selectively killing cancer cells that 

harbor mutations of PTEN, PI3K, AKT or RAS. However, application of i-proteasome 

inhibitors to human diseases would require a better understanding of the functions of i-

proteasomes beyond their role in clearing protein stress. Elucidating further the functions of 

the mTORC1-regulated proteolytic machinery may shed light on therapeutic strategies for 

human diseases related to mTORC1 dysregulation.

EXPERIMENTAL PROCEDURES

In vitro binding assay

Untagged or myc-tagged PRAS40 and flag-tagged β precursors were cloned in pGEX6P2 

(GE Healthcare, Little Chalfont, UK) and expressed in ArcticExpress bacteria (Agilent 

Technologies, Santa Clara, CA). Untagged PRAS40 was purified using glutathione-

sepharose 4B beads and PreScission protease (GE Healthcare). Myc-PRAS40 and flag-β 

precursors in bacterial cell extract were used for IP. For coexpression analysis, PRAS40 and 

β precursors were cloned in pRSFDuet-1 vector (EMD Millipore Chemicals, Billerica, MA). 

More details are described in the Supplemental Experimental Procedures.

Proteasomal activity assay

The i-proteasomal activities specific to β1i and β5i were assessed using Ac-PAL-AMC and 

Ac-ANW-AMC as substrates, respectively, in the presence or absence of i-proteasome 

inhibitors. The c-proteasomal activities specific to β1 and β5 were assessed using Ac-Nle-

Pro-Nle-Asp-AMC and Ac-WLA-AMC as substrates, respectively. The reaction was 

monitored with excitation at 380 nm and emission at 460 nm. A detailed procedure is 

described in the Supplemental Experimental Procedures.

Brain tumor induction

FVB Neonatal mice less than 2 days of age were used. Tumors were induced by 

administration of PEI/plasmid DNA mix by intracranial injection into the right lateral 

cerebral ventricle of neonatal mice as described previously (Wiesner et al., 2009). A detailed 

procedure is described in the Supplemental Experimental Procedures.
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Genetic ablation of TSC1 in skeletal muscle and liver

Tissue-specific KO of TSC1 was made by Cre-Lox recombination approach. TSC1 flox 

mice (005680), HSA-Cre line (006139), and Albumin-Cre line (003574) were obtained from 

Jackson Laboratory. Singly transgenic mice were crossed to obtain double transgenic mice 

carrying each transgene of floxed allele and Cre gene. Double transgenic mice were 

interbred to obtain experimental (fl/fl, Cre) and control (+/+, Cre) cohorts. All mice were 

maintained in a specific pathogen-free facility.

Other Experimental Procedures

Other experimental procedures, including materials, yeast two-hybrid screen, plasmid 

construction, cell culture, transfection, co-IP, WB, lentiviral preparation, viral infection, 

stable cell generation, qPCR, flow cytometric analysis, cell viability assay, colony formation 

assay, and statistical analysis, are described in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• mTORC1 binds to immunoproteasome β subunit precursors via PRAS40.

• mTORC1 promotes immunoproteasome formation via PRAS40 

phosphorylation.

• Immunoproteasomes are important for viability of mTORC1-hyperactive cells.

• The mTORC1-immunoproteasome pathway is important for cell survival against 

stress.
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Figure 1. mTORC1 binds to i-proteasomal β1i, β5i and β6
(A) Comparison of c-proteasome and i-proteasome 20S.

(B) β1i, β5i and β6 bind to PRAS40. C-terminal flag-tagged β subunits were expressed with 

myc-PRAS40 in HEK293T cells. Myc-PRAS40 recovered with flag immunoprecipitates 

was analyzed by western blotting (WB).

(C) Endogenous PRAS40 interacts with β5i. An untagged form of β5i was expressed in 

HEK293T cells. IP was conducted using antibodies for PRAS40, insulin receptor β (ab1) or 

GAPDH (ab2). “p” and “m” indicate the precursor and mature forms, respectively.
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(D) Endogenous mTOR interacts with β5i and β6. C-terminal flag-tagged β subunits were 

expressed in HEK293T cells.

(E) PRAS40 enhances binding of mTOR to β1i or β5i. Flag-tagged β1i or β5i was expressed 

with or without HA-PRAS40 in HEK293T cells.

(F) Triton X100 does not disrupt the PRAS40-β5i interaction. Flag-β5i and myc-PRAS40 

were transiently expressed in HEK293T cells. IP was conducted in the presence of CHAPS 

or Triton X100.

(G) β5i binds to an N-terminal region of PRAS40. The indicated constructs were expressed 

in HEK293T cells.

(H) PRAS40 uses two separate regions for binding to iβ subunits and mTOR/raptor. mTOR 

and Akt target sites are located near the C-terminus.

(I) N-terminal sequences of PRAS40 from different species.

(J) W10A disrupts binding of PRAS40 to β1i and β5i. Co-IP was conducted using proteins 

expressed in HEK293T cells.

See also Figure S1.
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Figure 2. PRAS40 binds to iβ precursors during their folding and suppresses de novo assembly of 
the 20S core
(A) Endogenous PRAS40 binds to β5i precursor. An untagged form of β5i was expressed in 

HEK293T cells, and its binding to PRAS40 was analyzed by co-IP. GAPDH IP was 

analyzed as control.

(B) β5i-flag was expressed with HA-PRAS40 in HEK293T cells.

(C) PRAS40 binds to β5i and β6 precursors during their folding. For coexpression (co), 

myc-tagged β subunit or raptor was coexpressed with HA-PRAS40 in HEK293T cells. 

Otherwise, myc-tagged construct was expressed in HEK293T cells then combined with cell 

lysate containing HA-PRAS40.

(D) PRAS40 can interact with β5i precursor without other components of mTORC1. For 

coexpression (co), β5i-flag was expressed with myc-PRAS40 in E. coli. Otherwise, flag-

tagged β subunits were expressed in E. coli then combined with E. coli extracts containing 

myc-PRAS40.

(E) PRAS40 suppresses de novo biogenesis of proteasomes. β5i-flag was expressed with or 

without HA-PRAS40 in HEK293T cells. Proteasomal components associated with β5i-flag 

were analyzed by WB.

(F) PRAS40 enhances binding of β5i to β1i. Proteins were transiently expressed in 

HEK293T cells.

See also Figure S2.
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Figure 3. mTORC1 promotes the formation of i-proteasomes
(A) Torin1 enhances the PRAS40-β5i interaction. HEK293T cells expressing an untagged 

form of β5i was treated with Torin1 for 1 h.

(B) Rheb overexpression suppresses the PRAS40-β5i interaction and increases the mature 

form of β5i in HEK293T cells.

(C) TSC1 KO increases the mature forms of iβ subunits. TSC1 MEFs were treated with 

IFNγ or vehicle (−) for 16 h. Cell lysate was analyzed by WB.

(D) Rheb overexpression increases the mature form of β5i along with reduction of β5. Rheb 

was transiently expressed with β5i in HEK293T cells for 48 h.

(E) TSC1 MEFs were treated with IFNγ for the indicated days. The relative amounts of β5i 

and β5 were quantified using purified proteasomes as standard (see Figure S3C).

(F) Torin1 suppresses the maturation of iβ subunits. MEFs were treated with IFNγ in the 

presence or absence of Torin1 (T) for 16 h.
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(G) Quantification of the precursor and mature forms of β5i from (F). Values are means ± 

SD.

(H) Leucine is necessary for iβ subunit maturaton. TSC1 MEFs were treated with IFNγ in 

the presence or absence of leucine (L) for 16 h.

(I-L) Proteolytic activities of i-proteasomes and c-proteasomes in TSC1 MEFs. Cells were 

treated with IFNγ in the presence or absence of Torin1 for 24 h. Fluorogenic peptides were 

used to detect the specific activities of β1i, β1, β5i, and β5.

(M, N) Deficiency of AMPK (M) or PTEN (N) enhances the mature forms of iβ subunits, 

which is reversed by leucine deprivation or Torin1. MEFs were treated with IFNγ in the 

presence or absence of leucine or Torin1 for 16 h.

(O-R) Proteolytic activities of i-proteasomes and c-proteasomes in AMPK MEFs. Final 

concentrations of IFNγ, Torin1 and leucine weret 50 ng/ml, 250 nM, and 52 μg/ml, 

respectively.

For I-L and O-R, values are means ± SD (*, p<0.05; **, p<0.01; ***, p<0.001; ****, 

p<0.0001; N.S., not significant; n=3).

See also Figure S3.
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Figure 4. mTORC1 promotes i-proteasome formation in cancers, immortalized cells and in vivo
(A) The amounts of iβ mature forms depend on TSC1 in bladder cancer cells. T24 (TSC1 

wt), HCV (TSC1 mut), and HCV (TSC1 added) cells were treated with TNFα (20 ng/ml) or 

vehicle (−) for 24 h.

(B) The amounts of iβ mature forms depend on NRAS mutation and mTOR activity. KG1 

and K562 leukemia cells were treated with IFNγ and Torin1 for 16 h.

(C) PC3 and 22Rv1 prostate cancer cells were treated with IFNγ and Torin 1 for 16 h.
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(D) PTEN KO in HSC1λ cells increases the mature forms of iβ subunits and reduces cβ 

levels. Two different clones of HSC1λ PTEN KO cells were obtained by TALEN technique.

(E) NRAS G12V mutation-induced brain tumors have a high level of i-proteasomes. Brain 

tumors (T) harboing the mutation and neighboring normal tissues (N) were analyzed.

(F, G) Tissue-specific depletion of TSC1 enhances the mature forms of iβ subunits in mouse 

tissues. Skeletal muscle- and liver-specific depletions of the TSC1 gene were achieved by 

breeding TSC1 floxed mice with HSA-Cre and Albumin-Cre mice, respectively. WT 

(TSC1+/+, Cre) and KO (TSC1f/f, Cre) male mice from the same cohorts at 7 weeks of age 

were analyzed.

(H, I) Quantification of proteasome subunits in the liver tissue. Values are means ± SD. The 

amounts of β5i, β1i, and β2i were statistically analyzed (*, p<0.05; **, p<0.01 vs TSC1+/+; 

n=3).

Final concentrations of IFNγ and Torin1 were 50 ng/ml and 250 nM, respectively.

See also Figure S4.
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Figure 5. I-proteasomes are important for viability of mTORC1 hyperactive cells
(A) β5i KD induces apoptosis and enhances accumulation of poly-Ub proteins in TSC1−/− 

MEFs but not TSC1+/+ MEFs. Cells were treated with TNFα (20 ng/ml) for 6 h.

(B) β5i KD enhances apoptosis to a significantly greater extent when TSC1 is deficient. 

MEFs treated with TNFα (20 ng/ml) for 24 h were stained with Annexin V-FITC and 

propidium iodide and analyzed by FACS.

(C) Toxic effect of PR957 (48 h) is significantly increased when TSC1 is silenced in T24 

cells. MTT assay was conducted for cell viability.

(D) I-proteasome inhibition induces PARP1 cleavage to a greater extent when TSC1 is 

silenced in T24 cells. Cells were treated with IFNγ (50 ng/mL), ML604440 (500 nM) and/or 

PR957 (100 nM) for 72 h.

(E) I-proteasome inhibition induces apoptosis for THP1 cells but not K562 cells. The 

leukemia cells were treated with PR957 (100 nM) and/or ML604440 (100 nM or 500 nM) 

for 24 h.

Yun et al. Page 23

Mol Cell. Author manuscript; available in PMC 2017 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(F) PR957 (4 days) induces cell death for THP1 cells but not for K562 cells. Cell viability 

was measured by MTT assay.

(G) MIAPaCa2 pancreatic cancer cells are highly sensitive to PR957 (2 days) for cell 

viability.

(H) PR957 suppresses self-renewal capacity of primary leukemia cells from AML mice.

(I) Bortezomib (2 days) induces cell death to similar extents between K562 and THP1 cells.

(J) PC3 cells are more sensitive to PR957 (3 days) than 22Rv1 cells for viability.

(K) PTEN KO sensitizes HSC1λ cells to PR957 (24 h) for viability.

(L) Bortezomib (48 h) induces HSC1λ cell death regardless of PTEN status.

(M, N) PR957, but not bortezomib, has a selective effect on TSC1−/− MEFs for 

accumulation of poly-Ub proteins. Cells were treated with IFNγ (50 ng/mL) for 72 h, then 

PR957 (100 nM) or bortzomib (10 nM) for additional 24 h in the presence or absence of 

tunicamycin (10 μM), an ER stress inducer.

For every graph in Figure 5, values are means ± SD (*, p<0.05; **, p<0.01; n=3).

See also Figure S5.
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Figure 6. mTORC1 regulation of i-proteasome formation depends on PRAS40 and is important 
for cell survival against stress
(A) PRAS40 KD enhances the mature form of β5i along with reduction of β5 in 3T3-L1 

cells. 3T3-L1 cells were stably transduced by shRNA and treated with TNF-α (20 ng/mL) 

for 24 h.

(B) PRAS40 KD enhances the mature forms of iβ subunits in T24 cells.

(C) PRAS40 KD reduces the suppressive effect of Torin1 on β5i maturation. HCT116 cells 

stably transduced by shRNA were treated with IFN-γ (50 ng/mL) and Torin1 at 0, 20, 50, 

100, and 250 nM for 16 h.
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(D) PRAS40 KD makes cells to depend on i-proteasomes for viability under oxidative stress. 

KG1 cells transduced by shRNA were treated with H2O2 in the presence or absence of 

PR957 (PR, 100 nM) and ML604440 (ML, 500 nM) for 48 h. MTT assay was conducted for 

viability. Values are means ± SD (*, p<0.05; n=3).

(E) I-proteasome inhibition enhances oxidative stress-induced PARP1 cleavage to a greater 

extent when PRAS40 is silenced. KG1 cells transduced by shRNA were treated with TNFα 

(20 ng/mL), tunicamycin (1 μM), rotenone (1 μM) and/or H2O2 (5 μM) for 16 h in the 

presence (+PR/ML) or absence (−PR/ML) of i-proteasome inhibitors.

(F) PRAS40 phosphorylations at S183 and S221 are important for β5i maturation. Flag-

tagged β5i was transiently expressed alone (−) or together with PRAS40 contructs in 

HEK293T cells.

(G) PRAS40 phosphorylations are important for β1i maturation and S6K1 phosphorylation. 

Myc-PRAS40 construct was stably reconstituted in PRAS40-silenced HCT116 cells.

(H) PRAS40 phosphorylations are important for cellular resistance to oxidative stress. 

HCT116 cells reconstituted with PRAS40 construct were treated with IFN-γ (1 ng/ml) and 

H2O2 (100 μM) for 24 h.

(I) PRAS40 phosphorylations are important for oxidative stress response and S6K1 

phosphorylation. AA or EE HCT116 cells were exposed to IFN-γ (50 ng/mL) for 24 h then 

treated with H2O2 (100 μM), Torin1 (250 nM), PR957 (100 nM), and/or ML604440 (500 

nM) for 24 h.

(J) AA or EE HCT116 cells were treated with IFN-γ (50 ng/mL) with or without H2O2 (100 

μM) for 48 h, or with IFN-γ (50 ng/mL) for 24 h then starved of serum for 24 h. Values are 

means ± SD (*, p<0.05; **, p<0.01 vs EE; n=3).

(K) EE mutation induces PARP1 cleavage under serum-starved condition. HCT116 cells 

reconstituted with WT or mutant PRAS40 were treated with IFN-γ (0.1 ng/mL) for 4 days 

then starved of serum for 24 h.

See also Figure S6.
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Figure 7. mTORC1 facilitates de novo biogenesis of i-proteasomes by phosphorylating PRAS40
(A) EE PRAS40 enhances de novo synthesis of proteasomes.

(B) EE does not form a stable interaction with β5i. β5i-flag was coexpressed with myc-

PRAS40 constructs in HEK293T cells or E. coli. Cell extracts were used for IP.

(C) AA PRAS40 prevents Rheb from destabilizing the PRAS40-β5i interaction.

(D) EE and W10A suppress the β6-β5i interaction.

(E) Binding of POMP to β5i is enhanced by EE and reduced by AA.

(F) Rheb enhances binding of POMP to β5i, which is suppressed by AA.
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(G) Model for the role of mTORC1 in promoting i-proteasome formation to reduce protein 

stress.

For A-F, the indicated tagged proteins were transiently expressed in HEK293T cells.

See also Figure S7.
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