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Part A: FAM48A mediates compensatory autophagy induced

by proteasome impairment

Abstract

Maintaining protein homeostasis is central to cell survival. The ubiquitin—proteasome
system and autophagy play pivotal roles in protein quality control through protein
degradation. Activities of these degradative pathways are carefully orchestrated, and
autophagy is upregulated during proteasome dysfunction for cellular homeostasis.
However, the mechanism by which proteasome impairment induces compensatory
autophagy has remained largely elusive. Here, we show that FAM48A mediates
autophagy induction during proteasome inhibition. FAM48A 1is degraded by the
proteasome and accumulates in cells by proteasome inhibition. Knockdown of
FAMA48A led to defective induction of autophagy during proteasome inhibition,
accompanied by defective localization of Atg9 on recycling endosomes. Our results
indicate that FAM48A is a kind of sensor that is required for compensatory autophagy

induction upon proteasome impairment.



Introduction

The ubiquitin—proteasome system (UPS) and macroautophagy (hereafter referred to as
autophagy) are the principal pathways for intracellular protein degradation. The 26S
proteasome is an ATP-dependent protease complex responsible for the degradation of
polyubiquitinated proteins in eukaryotic cells'. In autophagy, the autophagosome
engulfs a portion of the cytoplasm and then fuses with the lysosome to degrade the
sequestered content?.

Protein homeostasis is maintained through regulation of the quality and
capacity of protein translation, folding, and degradation in cells. Disturbance of protein
homeostasis has deleterious effects including cancer, neurodegeneration, and aging*'°.
The two major degradation systems, the UPS and autophagy, coordinately play pivotal
roles in removing aberrant proteins to maintain protein homeostasis. As the activity of
the proteasome declines, proteasome biogenesis is upregulated by activating the
transcriptional cascade through Nrfl and DDI2 to compensate for the reduced

11-13

degradative capacity of the proteasome’''-. Besides an increase in de novo proteasome

synthesis, autophagy is upregulated to compensate for the reduced degradative capacity
of intracellular protein in response to proteasome impairment'*.

Several reports have suggested that this compensatory autophagy is induced
by a stress response elicited during proteasome impairment. Mitochondrial ROS
production and depletion of amino acids during proteasome dysfunction cause the
15717.

activation of autophagy through sensing via AMPK and mTORCI, respectively

Proteasome impairment also induces endoplasmic reticulum (ER) stress, which then



triggers transcriptional upregulation of autophagy-related genes'®2°. We considered the
possibility that a proteasomal substrate protein accumulates and could play a role in
autophagy induction in response to proteasome impairment, analogous to Nrfl in the
induction of proteasome synthesis.

In this study, beginning with interactome analysis, we showed that
proteasome impairment and compensatory autophagy activation are interconnected with
FAMA48A (also known as SUPT20H/p38IP), a newly identified proteasomal substrate.
FAMA48A is required for the localization of Atg9 to the recycling endosome and thus for

autophagy induction upon proteasome inhibition.
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Results

Identification of FAM48A as a proteasome-associated protein during proteasome
inhibition

We expected that proteasome-associated proteins under proteasome impairment might
play a compensatory role in proteasome dysfunction. To identify such proteins,
HEK293T cells were transfected with Flag-tagged p28, a proteasome assembly
chaperone, treated with the proteasome inhibitor MG132, and subjected to
immunoprecipitation with anti-Flag antibody, followed by liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) ?!. In addition to proteasome
subunits, we identified FAM48A, whose relevance to the proteasome was previously
unknown (Figure 1a).

FAMA48A is a multifunctional protein involved in autophagy, cell cycle
regulation, ER stress response, and gastrulation. It executes these functions through
interacting with proteins such as p38, Atg9, and the GCN5-SAGA complex?*23,
Besides a nuclear localization signal (NLS) and PEST sequence in the N-terminal half,
FAMA48A has been shown to have a region that interacts with Atg9 (487733 aa)
(Figure 1b)?>%4,

Indeed, the proteasome subunit a6 was found to be co-immunoprecipitated
with Flag-FAMA48A in the presence of MG132 (Figure 1c). These results suggest that

FAMA48A is a novel proteasome associated protein during proteasome inhibition.

FAMA48A is a proteasomal substrate.
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As the amount of Flag-FAM48A was increased by MG132 treatment (Figure 1c), we
next examined whether endogenous FAM48A also accumulates upon proteasome
inhibition. For this purpose, we treated U20S cells with epoxomicin, followed by the
performance of immunoblot analysis. Endogenous FAM48A was accumulated in
epoxomicin-treated cells (Figure 1d), while the expression of FAM48A mRNA did not
increase in epoxomicin-treated cells (Figure 1e). These results suggest that FAM48A is

mainly degraded by the proteasome.

FAMA48A is required for autophagy induction triggered by proteasome
dysfunction

It has been reported that impairment of the UPS induces compensatory autophagy?®. On
the other hand, FAM48A has been shown to regulate starvation-induced autophagy?2.
Since FAM48A accumulates upon proteasome inhibition, we speculated that it might be
involved in compensatory autophagy triggered by proteasome inhibition.

To test this possibility, we monitored autophagosome formation by the
immunohistochemical analysis of LC3 in U20S cells. The number of LC3 punctate
structures has been shown to correlate with the number of autophagosomes?’. The cells
were incubated in either complete medium, Hank's buffered salt solution (HBSS), or
complete medium with epoxomicin and then stained with anti-LC3 antibody (Figure
2a). The ratio of the total area of LC3-positive puncta to the total cellular area was
quantified (Figure 2b). Culture in amino-acid-deficient HBSS induced autophagosome

formation, and knockdown of FAM48A significantly suppressed starvation-induced
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autophagosome formation (Figure 2a and b), as reported in previous studies??.
Treatment with epoxomicin induced massive LC3-positive puncta, as reported in
previous studies'é. However, when cells were transfected with an siRNA targeting
FAMA48A, the accumulation of LC3-positive puncta disappeared (Figure 2a and b). The
effect of FAM48A knockdown was slight during amino acid starvation, compared with
its effect on epoxomicin-induced autophagosome formation (Figure 2a and b). The
knockdown efficiency of FAM48A in U20S cells was confirmed by real-time PCR
(Supporting Information Figure S1a).

To confirm this observation, the cell lysates under the above culture
conditions were subjected to immunoblot analysis for LC3, in which an increase in the
lipidation form LC3-II represents an increase in autophagosomes?’. To assess autophagy
flux, we also tested conditions with chloroquine. Chloroquine treatment led to an
increase in LC3-II under culture conditions of either complete medium, HBSS, or
epoxomicin (Figure 2c, lanes 1, 3, 5, 7, 9, and 11). In epoxomicin-treated cells, LC3-II
accumulated more than in cells cultured in complete medium and HBSS (Figure 2c,
lanes 1, 5, and 9), which is consistent with the results in Figure 2a and 2b. However,
this accumulation was markedly suppressed by the knockdown of FAM48A (Figure 2c,
lanes 9 and 10). The decrease of LC3-II in FAM48A-knockdown cells treated with
epoxomicin was not due to enhancement of lysosomal degradation because chloroquine
treatment did not cause the accumulation of LC3-II in FAM48A-knockdown cells
treated with epoxomicin (Figure 2c, lanes 10 and 12). Since protein amounts of LC3

including both LC3-I and LC3-1II decreased in FAM48A-knockdown cells, we
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examined the expression of LC3 mRNA that is known to be induced during proteasome
inhibition?®. Although LC3 expression was downregulated in cells treated with
FAMA48A siRNA, LC3 mRNA was induced upon epoxomicin treatment regardless of
transfection of FAM48A siRNA (Figure 2d). These results suggest that FAM48A plays

a predominant role in autophagosome formation induced by proteasome dysfunction.

FAMA48A regulates the localization of Atg9 on recycling endosomes during
proteasome inhibition
Atg9 plays a crucial role in autophagosome formation through cycling between the

2931 Since

trans-Golgi network (TGN) and cytoplasm including the endosomal system
FAMA48A interacts with Atg9 through its C-terminal region??, we examined the
possibility that FAM48A regulates compensatory autophagy through modulating the
function of Atg9.

U20S cells were transfected with FAM48A siRNA and stained with Atg9 and
the TGN marker GM130. In cells cultured in complete medium and HBSS, Atg9 mainly
localized to the TGN regardless of siRNA transfection. In cells treated with
epoxomicin, Atg9 also localized to the TGN, but when FAM48A was knocked down,
Atg9 was dispersed in the cytoplasm (Figure 3a and b).

It has been shown that Atg9 localizes to recycling endosomes (REs) as well as
the Golgi apparatus®?. To further confirm the regulation of Atg9 localization by

FAMA48A, we used COS-1 cells for visualizing endocytic trafficking pathways in more

detail. In COS-1 cells, endocytic organelles are uniquely localized, and REs show
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restricted localization within the ring-shaped structure of the Golgi complex??.
Consistent with this report, the RE marker mKate2-Rab11 dispersed in the cytoplasm in
U20S cells, while mKate2-Rab11 localized within the GM130-positive ring-shaped
structures (Supporting Information Figure S2a and b). Further, Atg9 also mainly
localized in these ring-shaped structures in COS-1 cells (Supporting Information Figure
S2c¢).

In addition, to avoid the possibility of off-target effects of siRNA, we used an
additional FAM48A siRNA targeting a different sequence. The knockdown efficiency
of FAM48A in COS-1 cells was confirmed by real-time PCR (Supporting Information
Figure S1b). In COS-1 cells stably expressing Venus-Atg9 and the RE marker mKate2-
Rabl1, Atg9 co-localized to Rab11 under the conditions of complete medium and
HBSS, and FAM48A siRNA transfection had no apparent effect on this co-localization
(Figure 4a and b). On the other hand, the co-localization of Atg9 and Rabl1 was
diminished by the application of FAM48A siRNA during epoxomicin treatment (Figure
4a and b).

Next, to examine whether this diminished co-localization was caused by the
reduction of Atg9 and/or RE or dispersion from REs, we quantified the cellular content
of Venus-Atg9 and mKate2-Rab11 by flow cytometry. The median fluorescent intensity
(MFI) of Venus-Atg9 was not decreased by epoxomicin treatment compared with that
of cells cultured in either complete medium or HBSS (Figure 4c¢). In addition, the MFI
of mKate2-Rab11 was not decreased (Figure 4d). These results suggest that the

diminished co-localization of Atg9 and REs was due to defective trafficking of Atg9
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between REs and cytoplasm, not due to a reduction of Atg9 or REs. These results
suggest that FAM48A regulates the trafficking of Atg9 to REs during proteasome

inhibition.

FAMA48A is mainly localized to the nucleus during proteasome inhibition

Since it has been reported that FAM48A interacts with Atg9, we speculated
that the intracellular dynamics of FAM48A might regulate Atg9 trafficking through
direct binding between these two molecules. To test this, we examined the intracellular
distribution of FAM48A using U20S cells transiently expressing 3xFlag-FAM48A.
FAMA48A was localized mainly in the nucleus under complete medium- and HBSS-
culture conditions, as reported in a previous study?*, and epoxomicin treatment did not
alter the nuclear localization of FAM48A (Figure 5a). The nuclear localization of
FAMA48A was also confirmed by biochemical fractionation, followed by
immunoblotting. FAM48A was accumulated predominantly in the nuclear fraction, not
in the cytoplasmic fraction, during proteasome inhibition (Figure 5b). These results
suggest that the regulation of Atg9 trafficking by FAM48A during proteasome
inhibition did not occur through direct binding between Atg9 and FAM48A in the

cytoplasm.
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Discussion

In the present study, we identified FAM48A as a protein that interacts with the
proteasome and regulates autophagy under proteasome impairment. FAM48A
accumulated in cells during proteasome inhibition and contributed to the induction of
autophagy and regulation of Atg9 localization. The localization of Atg9 in REs was
significantly diminished during proteasome inhibition by the knockdown of FAM48A
(Figure 3 and 4), along with the defective induction of autophagy (Figure 2). Atg9
cycles between the TGN and the endosomal system via vesicle trafficking, and a
fraction of Atg9 transiently participates in the autophagic precursor structure, followed
by autophagy induction 2%3!34, More specifically, appropriate regulation of Atg9
trafficking via REs is indispensable for autophagosome formation?>, since Atg9-Atg2—
Atg18 complex could supply phospholipid from membrane source?®37, and REs serve as
a membrane source of autophagosomes®*3+3%, These results indicate that FAM48A is
required for RE localization of Atg9 during proteasome inhibition, which is essential for
compensatory autophagy induction.

The mechanism by which FAM48A regulates Atg9 trafficking during
proteasome dysfunction also remains incompletely understood. We first speculated that
the increased interaction between FAM48A and Atg9 elicits the autophagy machinery
during proteasome inhibition, as observed in starving conditions in a previous study?’.
This idea, however, does not appear to explain the mechanism of autophagy induction
during proteasome inhibition, since FAM48A accumulated in the nucleus, where Atg9

is absent (Figure 5b), and did not colocalize with Atg9 during proteasome inhibition
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(Figure 5a). Another possibility is that FAM48A transcriptionally regulates genes that
are involved in the trafficking of Atg9. It has been reported that FAM48A induces the
expression of ER stress-responsive genes as a subunit of the transcriptional coactivator
hSAGA complex?®, and FAM48A indeed localized primarily in the nucleus (Figure 5).
Thus, the identification of genes whose expression under proteasome inhibition is
dependent on FAM48A might aid in understanding the mechanism of the compensatory

autophagy induction and cell survival under proteasome impairment.
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Part B: Defective induction of the proteasome associated with

T cell receptor signaling underlies T cell senescence

Abstract

The proteasome degradation machinery is essential for a variety of cellular processes
including senescence and T cell immunity. Decreased proteasome activity is associated
with the aging process; however, the regulation of the proteasome in CD4" T cells in
relation to aging is unclear. Here, we show that defects in the induction of the proteasome
in CD4" T cells upon T-cell receptor (TCR) stimulation underlie T cell senescence.
Proteasome dysfunction promotes senescence-associated phenotypes, including defective
proliferation, cytokine production, and increased levels of PD-1* CD44High CD4* T cells.
Proteasome induction by TCR signaling via MEK-, IKK-, and calcineurin-dependent
pathways is attenuated with age and decreased in PD-17 CD44!igh CD4" T cells, the
proportion of which increases with age. Our results indicate that defective induction of

the proteasome is a hallmark of CD4" T cell senescence.
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Introduction

The 26S proteasome is a protease complex that functions in various biological processes
by catalyzing the degradation of ubiquitin-tagged proteins. The expression and activity
of the proteasome are closely associated with longevity and senescence®**?. Proteasomes
are highly expressed in the longest living rodent, the naked mole rat*. High levels of
proteasome expression are essential for the immortality and pluripotency of human
embryonic stem cells*’. Artificially increasing proteasome activity extends the lifespan

40,42,44

of Drosophila melanogaster and Caenorhabditis elegans . By contrast, proteasome

dysfunction elicits senescence-like phenotypes including growth arrest and a shorter

45-47 48-51

lifespan®™~*’, which often occurs concomitant with autoinflammation

A decline in innate and adaptive immunity with aging is referred to as
immunosenescence’?. Immunosenescence induces a pro-inflammatory state and is
associated with the susceptibility to autoimmune diseases*. In particular, CD4" T cell
immunity is affected by the aging process’*>°, Although the total number of peripheral T
cells is unaffected by aging, CD4" T cells in the elderly are qualitatively altered; PD-1"
CD441ieh CD4" T cells, which possess the characteristics of cellular senescence such as
defective proliferation and a senescence-associated secretory phenotype (SASP),
gradually increase with aging¢.

The proteasome plays essential roles in T cell immunity. Proteasome inhibition
suppresses the immune-related functions of activated CD4" T cells, including cell

survival, proliferation, and cytokine production’’>°. However, the regulatory

mechanisms underlying the role of the proteasome in CD4" T cell senescence remain
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elusive. In the present study, we showed that proteasome dysfunction triggers a
senescence-like phenotype in CD4" T cells. Induction of the proteasome upon T-cell
receptor (TCR) stimulation, rather than the cellular amount of the proteasome at steady
state, decreased with age. The results of the study indicate that defective induction of the
proteasome is a hallmark of senescence-associated PD-1" CD44High CD4* T cells and

underlies T cell senescence.
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Results

Impairment of the proteasome induces a senescence-associated phenotype in CD4"
T cells in vitro

The effect of proteasome impairment on CD4" T cell senescence was examined in mouse
splenocytes labeled with cell proliferation dye and cultured with immobilized anti-CD3
antibody to stimulate T cell proliferation in the presence or absence of the proteasome
inhibitor bortezomib. Reduced proliferation concomitant with the upregulation of cyclin-
dependent kinase (CDK) inhibitors is a characteristic of cellular senescence®. Flow
cytometric analysis showed that bortezomib suppressed the proliferation of CD4" T cells
(Fig. 6a). Consistent with the decreased proliferation, bortezomib treatment upregulated
the mRNA expression of the CDK inhibitor CdknI (encoding p21¢P!) and downregulated
the proliferation marker Mki67 (encoding Ki-67) mRNA (Fig. 6b). Induction of cell
cycle-related genes®' was suppressed in bortezomib-treated cells (Fig. 6¢ and
Supplementary Table 1). These results indicate that the impairment of proteasome
activity causes a defect in TCR-mediated proliferation, which is consistent with previous
results®’.

The SASP, which is characterized by the secretion of pro-inflammatory factors,
is another hallmark of cellular senescence. Secreted phosphoprotein 1 (SPP1, also known
as osteopontin) is expressed at higher levels in senescent than in non-senescent CD4" T
cells’®. RNA-Seq analysis of CD4" T cells stimulated with anti-CD3 antibody and
bortezomib showed increased expression of a series of pro-inflammatory factor genes

such as Sppl, Ccll, Ccl3, Ccl4, and Ccl5 on day 2, and Gzma, Gzmb, and Gzmc on day 5
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(Fig. 6d). These results indicate that impairment of proteasome activity induces the SASP

in CD4" T cells.

Increase of senescence-associated PD-1" CD4" T cells in Rpn13-deficient mice

PD-1 expression is one of the major features of T cell senescence in vivo>®. PD-17
CD44tieh CD4" T cells show senescence-associated phenotypes such as a defect in TCR-
mediated proliferation and high production of SPP1°¢. Therefore, we examined whether
defects in the proteasome promote CD4" T cell senescence in vivo.

Rpn13 is a ubiquitin receptor and a subunit of the proteasome, and its deletion
decreases the degradative capacity of the proteasome®?. As systemic deletion of Rpnl13
causes neonatal lethality®?, we crossed Rpnl3-floxed mice with transgenic mice
expressing Cre recombinase under control of the Lck promoter to generate T cell-specific
Rpnl3-deficient mice (Rpnl3 Lck-KO). Lck-driven Cre expression alters T cell
development in a copy number-dependent manner®-%; therefore, we analyzed mice
hemizygous for the Cre gene. The number of CD4 single positive thymocytes in the
thymus was comparable between control and Rpn13 Lck-KO mice, suggesting that CD4"
T cell development is not affected by loss of Rpn13 in T cells (Fig. 7a). A decreased naive
T cell pool and increased expression of PD-1 are characteristics of T cell senescence’®.
Although total CD4" T cell and CD44!igh CD62L°" memory phenotype CD4" T cell
numbers were comparable between control and Rpnl3 Lck-KO mice, the number of
CD44to% CD62LHigh naive CD4" T cells was significantly reduced in Rpnl3 Lck-KO

mice (Fig. 7b). The frequency of PD-1* CD44High CD4" T cells was markedly increased
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in Rpn13 Lck-KO mice (Fig. 7c). These results indicate that a decrease in proteasome

function in T cells induces a typical senescence phenotype in CD4" T cells in vivo.

Strong induction of the proteasome in CD4" T cells upon TCR stimulation

Gene expression analysis further suggested the involvement of the proteasome in CD4"
T cell senescence. Differentially expressed genes were extracted from RNA-Seq data of
CD4" T cells stimulated with or without anti-CD3 antibody, and Kyoto Encyclopedia of
Genes and Genomes pathway enrichment analysis was performed®. In addition to genes
related to cell cycle regulation and immune responses, proteasome-related genes were
highly enriched (Fig. 8a). The 26S proteasome is composed of the catalytic 20S core
particle (CP) and the 19S regulatory particle (RP). The CP consists of 14 subunits (al1-7
and B1-7), and the RP comprises 19 subunits (Rpt1—6, Rpn1-3, Rpn5—13, and Rpnl5).
The assembly of subunits is supported by proteasome assembly chaperones PAC1-4,
POMP, S5b, p27, and p28/gankyrin'-26¢-70 Al the genes encoding CP and RP subunits
and most of the genes encoding proteasome assembly chaperones showed approximately
two- to four-fold upregulation in stimulated CD4" T cells compared with non-stimulated
CD4" T cells (Fig. 8b).

To determine whether transcriptional upregulation of proteasome subunit genes
led to an increase in functional proteasomes, we measured the activity and protein levels
of the proteasome. Cell extracts of an equal number of CD4" T cells with or without TCR
stimulation were subjected to glycerol gradient centrifugation, followed by immunoblot

analysis and measurement of peptidase activity in each fraction. The chymotrypsin-like
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activity of the 20S and 26S proteasome fractions was considerably higher in stimulated
CD4" T cells than in non-stimulated CD4" T cells (Fig. 8c, left). Furthermore, as T cells
express both constitutive and immunoproteasomes’!, we examined the caspase-like
activity, which reflects the activity of constitutive proteasome. This activity was also
induced in TCR-stimulated CD4" T cells (Fig. 8c, right). Consistent with this result, the
amount of proteasomes increased in stimulated CD4" T cells (Fig. 8d). These results
indicate that the production of functional proteasomes is strongly induced in TCR-

stimulated CD4* T cells.

Proteasome induction by TCR signaling is mediated by the MEK, IKK, and
calcineurin pathways

To investigate the mechanism underlying TCR-mediated proteasome induction, we
analyzed public ChIP-Seq data using ChIP-Atlas’?. The “in silico ChIP” in ChIP-Atlas is
a tool for identifying binding proteins enriched at a genomic region of interest.
Comparison of genomic regions near the translation start sites of proteasome subunits
with those of non-proteasomal genes led to the identification of the key component of the
AP-1 transcription factor JunD (encoded by JUND) as a strong candidate binding protein
at proteasome subunit gene loci (Fig. 9a). We assumed that JunD was involved in TCR-
mediated induction of the proteasome because JunD is a downstream transcription factor
of TCR signaling’. Analysis of public ChIP-Seq data’ confirmed that JunD occupied
the promoter region of all proteasome subunits in CD4" T cells exposed to TCR

stimulation in the presence of cytokines in vitro (Fig. 9b).
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AP-1 is activated through the MEK-ERK-AP-1 pathway’>. We therefore
examined whether this pathway contributes to TCR-mediated upregulation of the
proteasome. To this end, we used Rpn11-GFP knock-in reporter mice in which a GFP tag
was fused to the 3’ end of the proteasome subunit Rpn11 coding sequence’®. T cells are a
heterogeneous cell population including cells at different stages of activation or
differentiation, and this reporter strain enables quantification of proteasomes at the single
cell level by measuring GFP fluorescence using flow cytometry. Stimulation of CD4" T
cells from Rpnl1-GFP mice with anti-CD3 antibody led to the emergence of a cell
population with increased GFP fluorescence (Fig. 9¢). To test the involvement of the
MEK-ERK-AP-1 pathway, splenocytes from Rpnl1-GFP mice were stimulated with
anti-CD3 antibody in the presence or absence of the MEK inhibitor AZD6244. TCR-
mediated upregulation of the proteasome was suppressed by AZD6244 in a dose-
dependent manner, whereas no apparent effect was observed in non-stimulated cells (Fig.
9d). These data suggest that MEK activation contributes to the induction of proteasome
transcription upon TCR stimulation.

AZD6244 only partially suppressed TCR-mediated proteasome induction,
suggesting that other TCR downstream pathways are involved in proteasome induction.
The IKK-NF-kB and calcineurin—-NFAT pathways are activated upon TCR stimulation.
We therefore inhibited these pathways by treating splenocytes with the IKK inhibitor
TPCA-1 and the calcineurin inhibitor cyclosporin A. These chemical inhibitors also
partially suppressed TCR-mediated proteasome induction in a dose-dependent manner

(Fig. 9e and f). These results suggest that proteasome expression is mediated at least by
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MEK, IKK, and calcineurin-dependent pathways, which are upstream of the transcription

factors AP-1, NF-xB, and NFAT, respectively.

Defective induction of the proteasome upon TCR stimulation in aged CD4" T cells
Because proteasome dysfunction caused CD4" T cell senescence, we hypothesized that
the amount of proteasomes decreases with age in CD4" T cells. However, the levels of
Rpn11-GFP in CD4" T cells did not decrease with age (Fig. 10a). We therefore compared
the induction of proteasomes upon TCR stimulation between young (7 weeks) and aged
(65 weeks) mice. Rpn11-GFP was highly increased in almost all CD4" T cells from young
mice; however, cells with low proteasome induction (Rpn11-GFP'®Y) accounted for more
than half of CD4" T cells in aged mice (Fig. 10b). The proportion of Rpn11-GFPY CD4*
T cells increased with age (Fig. 10c).

The division of the cell population into Rpnl11-GFP* and Rpnl1-GFPhigh
groups suggested that the age-related defect in proteasome induction occurred in a
specific subpopulation of CD4" T cells that increases with age. The proportion of PD-1"
CD44tigh CD4" T cells increases in an age-dependent manner>®. This phenomenon was
confirmed using Rpnl1-GFP mice (Fig. 10d). Cells were sorted into senescence-
associated PD-1* CD44!ie"  memory phenotype PD-1- CD44Migh and naive CD44Lov
CD62LHigh CD4" T cell populations, and cells were stimulated with anti-CD3 antibody.
Rpn11-GFP induction was comparable between PD-1- CD44"ig" and CD44%°% CD62LHigh
CD4" T cells; however, Rpn11-GFP upregulation was not induced in PD-1" CD44High

CD4" T cells (Fig. 10e). These results indicate that the age-related defect in proteasome
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induction is a hallmark of senescence-associated PD-1" CD44High CD4" T cells, and

suggest that it underlies T cell senescence.

28



Discussion

In this study, impairment of the proteasome caused senescence-like phenotypes in CD4"
T cells (Figs. 6 and 7). This was consistent with previous studies showing that proteasome
dysfunction leads to premature senescence in different types of cells***7. Proteasome
activity declines during aging in several cell types®®. In CD4" T cells, however, the
expression levels of the proteasome did not decrease with age (Fig. 10a). We speculated
that a specific mechanism regulating proteasome expression, rather than a mechanism for
maintaining the steady state level of proteasomes, might be involved in CD4" T cell
senescence. We showed that TCR-mediated induction of the proteasome was remarkably
impaired in aging cells, and that this impairment was characteristic of PD-17 CD44High
CD4" T cells (Fig. 10). TCR-stimulated CD4" T cells showed defective proliferation and
expressed pro-inflammatory genes when exposed to a proteasome inhibitor (Fig. 6),
which are characteristics of PD-17 CD44!igh CD4* T cells®¢. These observations raise the
possibility that defects in TCR-mediated induction of the proteasome underlie T cell
senescence.

The expression of the proteasome is dynamically induced in response to
specific cellular environments”’. For example, proteasome impairment, feeding, and
growth factors induce proteasome expression in a Nrfl-dependent manner!>#!,
Endoplasmic reticulum stress and oxidative stress induce the proteasome via Nrf27%7°,
Proteasome induction in response to EGF stimulation is mediated by STAT38. The

transcription factor FOXO4 increases proteasome activity in embryonic stem cells*.

However, the mechanism underlying proteasome induction during T cell activation
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remains unknown. Here, we showed that proteasome induction was primed by TCR
stimulation (Fig. 8). Furthermore, we demonstrated that TCR-mediated proteasome
expression was induced via MEK-, IKK-, and calcineurin-dependent pathways (Fig. 9),
the involvement of which in regulating proteasome expression has not been considered
to date.

Whether all or part of the 33 proteasome subunits are induced is cell type-
dependent. All proteasome subunit genes are induced by activated Nrfl after proteasome
impairment'?, whereas induction of a single subunit gene is sufficient for increasing
proteasome activity in bone marrow stromal cells and embryonic stem cells**#182 In the
present study, functional proteasomes were remarkably induced by TCR stimulation,
concomitant with the transcriptional upregulation of all proteasome subunits (Fig. 8).
Binding of the AP-1 component JunD at the promoter region of proteasome subunit genes
further suggests that AP-1 mediates the concerted induction of all proteasome subunits
(Fig. 9b).

We demonstrated that a defect in TCR-induced proteasome expression is a
hallmark of senescence-associated PD-1" CD44Hieh CD4* T cells. However, the
mechanism that suppresses TCR-mediated proteasome induction in PD-17 CD44tieh
CD4" T cells remains unknown. PD-1* CD44High CD4* T cells do not show a complete
loss of responsiveness to TCR stimulation. PD-1" CD44"igh CD4* T cells produce pro-
inflammatory cytokines and chemokines such as SPP1, CCL3, and CCL4 upon TCR
stimulation, whereas they are defective in the production of IL-2 and IL-4%. CCAAT

enhancer binding protein alpha (C/EBPa) is expressed at high levels in PD-17 CD44High
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CD4" T cells, and overexpression of C/EBPa suppresses IL-2 production and induces
SPP1 in response to TCR?®. In addition, most of the proteasome genes have the CCAAT
box in their promoters®*. Therefore, C/EBPa might suppress the TCR-mediated induction
of the proteasome in PD-17 CD44High CD4" T cells. Another possibility is partial
attenuation of TCR signaling pathways, including MEK-ERK-, IKK-NF-kB-, and
calcineurin-NFAT-dependent pathways. Stimulated PD-1"CD44"igh CD4" T cells exhibit
normal ERK activation, which is downstream of MEK?®. On the other hand, an age-
related decline in calcineurin activity in rat T cells and NF-kB induction in human T cells
was reported®>8¢. Accordingly, age-related defect of proteasome induction might attribute
to impairment of IKK—NF-kB-, and calcineurin—-NFAT-dependent pathways.

Senescent cells may lead to a pro-inflammatory state through the acquisition of
SASP3. Senescence-associated CD4" T cells accumulate in the visceral adipose tissue of
obese mice fed a high-fat diet, and lead to insulin resistance by producing pro-
inflammatory factors®’. Whether the failure of proteasome induction is a cause or a result
of T cell senescence is currently unknown. Elucidation of the mechanisms underlying
TCR-mediated proteasome induction and the failure of proteasome induction in senescent
T cells may provide a target for the treatment of age-related diseases associated with

inflammation.
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Figures and figure legends
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FIGURE 1 FAM48A is identified as a proteasomal substrate and proteasome associated
protein.

(a) List of proteins that were identified by LC-MS/MS analysis of co-immunoprecipitation of
Flag-tagged p28 from 1% NP40-soluble fraction of HEK293T cells. The numbers of hits
among the four experiments are shown. (b) Domain organization of full-length FAM48A.
FAM48A is predicted to have a nuclear localization signal (NLS), a PEST domain, and a
region for interaction with Atg9. (c) Flag-tagged FAM48A was transfected into HEK293T cells
treated with 10 pM MG132. Cell extracts were immunoprecipitated with M2 agarose and
analyzed by immunoblotting. (d) U20S cells were treated with 1 pM epoxomicin for 3 h. Cell
extracts were immunoblotted with anti-FAM48A and anti-GAPDH antibodies. (¢) FAM48A
mRNA levels in cells in (d) were quantified by RT-qPCR in triplicate. mRNA levels of
FAMA48A were normalized by GUSB mRNA levels. Data are presented as mean = s.d.
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FIGURE 2 FAMA48A regulates compensatory autophagy upon proteasome dysfunction. (a)
U20S cells were transfected with control siRNA or FAM48A siRNA and cultured in complete
medium, HBSS, for 1.5 h, or complete medium containing 25 nM epoxomicin for 18 h. Cells
were immunostained using anti-LC3 antibodies. Scale bars: 10 um. (b) The ratio of the total
area of LC3-positive puncta to the total cellular area was quantified using ImageJ. Data are
presented as mean £ s.d. Statistical analyses for negative control HBSS (n = 33 cells) versus
FAMA48A siRNA HBSS (n = 19 cells) (¥***P< 0.001), and negative control epoxomicin (n =
21 cells) versus FAM48A siRNA epoxomicin (n = 19 cells) (****P < 0.001) were conducted
with unpaired #-test with Welch’s correction. (¢) U20S cells were transfected with control or
FAM48A siRNA and cultured in complete medium, HBSS, for 1.5 h, or complete medium
containing 50 nM epoxomicin for 18 h with 20 uM CQ for 1.5 h. Cell extracts were subjected
to immunoblot analysis using anti-LC3 and GAPDH antibodies. (d) LC3B mRNA levels in
U20S cells were quantified by RT-qPCR in triplicate. mRNA levels of FAM48A were
normalized by GUSB mRNA levels. Cells were cultured in complete medium or complete
medium containing 50 nM epoxomicin for 18 h. Data are presented as mean & s.d.
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FIGURE 3 FAMA48A is required for localization of Atg9 in TGN upon proteasome inhibition.

(a) U208 cells were transfected with control siRNA or FAM48A siRNA. Cells were incubated
in complete medium, HBSS, for 1.5 h, or complete medium containing 50 nM epoxomicin for
18 h and stained with anti-Atg9 and anti-GM130 antibodies. Scale bars: 10 um. (b) Co-
localization of Atg9 and GM130 in (a) was quantified using ImagelJ. Data are presented as
mean £ s.d. Statistical analysis for negative control epoxomicin (z = 17 cells) versus FAM48A

siRNA epoxomicin (rn = 16 cells) (****P < 0.001) was conducted with unpaired ¢-test with
Welch’s correction.
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FIGURE 4 FAM48A is required for localization of Atg9 on recycling endosomes upon

proteasome inhibition. (a) COS-1 cells stably expressing Venus-Atg9 and mKate2-Rab11 were
transfected with control siRNA or either of two FAM48A siRNAs. Cells were cultured in
complete medium, HBSS, for 1.5 h, or complete medium containing 50 nM epoxomicin for 18 h
and then visualized by fluorescence microscopy. Scale bars: 10 um. (b) Co-localization of
Venus-Atg9 and mKate2-Rab11 in (a) was quantified using ImagelJ. Data are presented as mean
= s.d. Statistical analyses for negative control epoxomicin (n = 32 cells) versus FAM48A #1
siRNA epoxomicin (n = 16 cells) or FAM48A #2 siRNA epoxomicin (****P < 0.001) were
conducted with unpaired #-test with Welch’s correction. (c, d) Flow cytometric analysis of cells
in (a). Median fluorescence intensity (MFI) of Venus-Atg9 (d) and mKate2-Rab11 (d) were
normalized to those in control medium.
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FIGURE 5 FAM48A accumulated in the nucleus during proteasome inhibition. (a) U20S
cells stably expressing Venus-Atg9 were transfected with 3 X Flag-FAM48A. Cells were
cultured in complete medium, HBSS, for 1.5 h, or complete medium containing 50 nM
epoxomicin for 18 h. Flag-FAM48A was probed with an anti-Flag antibody. Scale bars: 10
pm. (b) U20S cells were treated with 10 pM epoxomicin for 3 h. Cell homogenates were
fractionated into the cytoplasm and nucleus by centrifugation. Fractionated samples were
subjected to immunoblot analysis with anti-FAM48A and anti-GAPDH antibodies.
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CD4* T cells treated with bortezomib exhibit characteristics of cellular senescence.

(a) Flow cytometric analysis of CD4" T cells stained with cell proliferation dye (CPD) and cultured
with plate-bound anti-CD3 antibody and the indicated concentration of bortezomib. Histograms (left)
and frequency of CPD high and low staining (right) in CD4"* T cells are shown (n = 3; mean * SD). (b,
¢) RNA-Seq analysis of purified CD4* T cells stimulated with plate-bound anti-CD3 antibody in the
presence or absence of bortezomib for 5 days. Panel b shows the fragments per kilobase per million
mapped reads (FPKM) value for Cdknla and Mki67. Panel c shows a heatmap of the Z-score of cell
cycle-related genes. (d) RNA-Seq analysis of purified CD4" T cells stimulated with plate-bound anti-
CD3 antibody in the presence or absence of bortezomib for 2 or 5 days. A heatmap of the Z-score of
SASP-related genes is shown. **P < (0.01 (Student’s t-test).
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Figure 7 Increase in PD-1* CD44"igh CD4* T cells in Rpn13-deficient mice.

(a) Number of CD4 single positive cells in the thymus (n = 3; mean = SD) of control and Rpn13
Lck-KO mice. (b) Number of total CD4™ T cells, CD44L°% CD62LHigh naive CD4" T cells, and
CD44High CD62LNY effector memory CD4* T cells in the spleen of control and Rpn13 Lck-KO
mice (n = 3-5; mean £ SD). (c) Representative flow cytometric profiles of CD4" T cells (left)
and frequency of PD-1* CD44"ig" cells among CD4" T cells of control and Rpn13 Lck-KO mice
(n=3-5; mean £ SD). *P <0.05, **P < 0.01 (Student’s t-test).
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Figure 8 Induction of the proteasome in CD4* T cells upon TCR stimulation.

(a, b) RNA-Seq analysis of CD4" T cells cultured with and without anti-CD3 antibody for 2 days.
Panel a shows the enriched KEGG pathway analysis of differentially expressed genes (DEGs). The
color indicates the g-value (high: white, low: blue). The point size indicates DEG number. Panel b

shows the relative mRNA expression of genes encoding proteasome subunits and assembly chaperones

in CD4" T cells cultured with and without anti-CD3 antibody. (c) Extracts of CD4" T cells cultured
with or without anti-CD3 antibody were fractionated by 8-32% glycerol gradient centrifugation into
32 fractions from the top. Suc-LLVY-MCA (left) and Z-LLE-MCA (right) hydrolytic activities were
measured in the presence of 0.02% SDS. 20S: 20S proteasome; 26S: 26S proteasome. (d)

Immunoblotting of the fractionated lysates prepared in c. Data are representative of three independent

experiments.
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Figure 9 Induction of the proteasome in CD4" T cells thorough TCR signaling pathways.
(a) “In silico ChIP” analysis based on constitutive proteasome subunits. A scatter plot (left) and list of
the top 10 genes with the lowest -log P value (right) are shown. Fold enrichment represents the ratio of
the foreground value [the number of detected peaks near the transcription start site (TSS) of genes
encoding constitutive proteasome subunits] to the background value (total number of detected peaks
near TSSs of all genes). The p-value represents the significance of the overlap between the foreground
value and background value. (b) Alignment of JunD and IgG (input control) reads in CD4" T cells
stimulated with TCR and treated with cytokine at the representative proteasome subunit gene loci.
Arrowheads indicate gene orientation. (c—f) Splenocytes from Rpn11-GFP/+ mice were cultured with
or without plate-bound anti-CD3 antibody. Panel ¢ shows a representative histogram (left) and the
mean fluorescence intensity (MFI) of Rpn11-GFP (right) of CD4+ T cells. Panels d—f show cells
cultured with the indicated inhibitors, (d) AZD6244, () TPCA-1, and (f) cyclosporin A, at several
concentrations for 2 days. The MFI of Rpn11-GFP in CD4" T cells is shown. Data are representative
of three independent experiments.
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Figure 10 Defect in TCR-mediated induction of the proteasome in CD4* T cells in the
PD-1* CD44High CD4* T cell population

(a) The Rpn11-GFP MFI value in CD4" T cells from Rpn11-GFP/+ mice of various ages was
normalized to that at 6-weeks old. (b, ¢) Splenocytes from Rpnl1-GFP/+ mice of various ages
were cultured with plate-bound anti-CD3 antibody. (b) Representative histogram and (c)
frequency of Rpn11-GFP" CD4" T cells are shown. (d) Frequency of PD-17 CD44Hi¢h CD4* T
cells among CD4" T cells from Rpn11-GFP/+ mice of various ages. (€) Sorted CD44Lov
CD62L1igh najve CD4' T cells, PD-1- CD44High CD4* T cells, and PD-1" CD44igh CD4" T cells
were cultured with plate-bound anti-CD3 antibody for 2 days. Frequency of Rpn11-GFPHig" cells
among CD4* T cells are shown (n = 3). **P < 0.01 (one-way ANOVA followed by Tukey’s test).
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Supporting Information Figure S1 Knockdown efficiency of FAM48A by siFAM48A.
(a, b) FAM48A mRNA levels in U20S cells (a) and COS-1 cells (b) were quantified by
RT-qPCR in triplicate. mRNA levels of FAM48A were normalized by GUSB mRNA
levels. Data are presented as mean =+ s.d.



Merge

GM130/

Supporting Information Figure S2 Localization of GM130, Rab11, and Atg9 in U20S and
COS-1 cells. (a) U20S cells transiently expressing mKate2-Rabl11. (b) COS-1 cells stably
expressing mKate2-Rab11. (c) COS-1 cells stably expressing Venus-Atg9 and mKate2-
Rabl1. Cells were cultured in complete medium and stained with anti-GM130 antibodies
and DAPI (a-c). Scale bars: 10 pm.
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GENE SYMBOL no stimulation CD3 CD3 +bortezomib

ARGLU1 0.90 -1.39 0.50
Armtl -1.39 0.92 0.47
CASPSAP2 -1.35 1.05 0.30
CCT4 -1.40 0.55 0.85
CSK 1.37 -0.40 -0.98
CSTF2T 1.21 0.03 -1.24
DHX29 -0.66 -0.76 1.41
GPR107 1.38 -0.97 -0.41
GRPELI -1.41 0.75 0.66
GSPT1 -1.40 0.52 0.88
Hilpda 1.38 -0.42 -0.96
HSPA4 -1.36 0.33 1.02
IMPADI1 -1.39 0.49 0.90
KHDRBSI1 -1.41 0.63 0.78
MAPK1 -1.41 0.81 0.59
MTCHI1 -1.40 0.87 0.53
PANK2 -1.38 0.96 0.42
PLCXD1 1.36 -1.01 -0.36
PLEKHA?2 -0.99 1.37 -0.38
PTP4A2 1.24 -0.02 -1.21
RER1 -1.41 0.80 0.61
RNF138 -1.40 0.52 0.88
SLBP -1.37 0.99 0.38
SNRPA -1.37 0.37 1.00
SRP19 -1.41 0.67 0.75
SRP72 -1.37 0.38 0.99
SYNCRIP -1.41 0.77 0.64
SYNCRIP -1.41 0.77 0.64
TSPYL4 -1.22 -0.01 1.23
U2surp -1.39 0.92 0.47
ARGLU1 0.90 -1.39 0.50
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BARDI -1.36 1.02 0.33
C1GALTI 1.40 -0.51 -0.89
CDC25A -1.38 0.97 0.40
DTL -1.40 0.89 0.51
E2F1 -1.41 0.84 0.57
EIF2S1 -1.41 0.81 0.60
FN3KRP -1.31 0.18 1.12
GINS2 -1.38 0.97 0.41
Hnrnpd -1.36 1.03 0.33
IVNS1ABP 1.41 -0.70 -0.71
MBD4 -1.35 1.04 0.32
MCM6 -1.39 0.90 0.49
NASP -1.38 0.96 0.42
PANK2 -1.38 0.96 0.42
PNN -1.35 0.30 1.05
SENP5 -1.33 1.07 0.26
SIVAL1 -1.39 0.94 0.45
STAM 1.41 -0.68 -0.73
2810417H13Rik -1.37 1.00 0.37
ABHDS -1.27 0.10 1.17
APEX2 -1.39 0.47 0.92
ASFIB -1.39 0.94 0.45
ATAD?2 -1.36 1.01 0.36
BLM -1.39 0.92 0.48
BRCA1 -1.38 0.96 0.42
CASP2 -1.41 0.77 0.64
CCND3 -1.37 0.99 0.38
CCT4 -1.40 0.55 0.85
CDC6 -1.37 0.98 0.40
CDK2 -1.38 0.97 0.41
CENPQ -1.32 1.11 0.21
Cenpu -1.38 0.97 0.41
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CHAF1B -1.40 0.87 0.53
DCK -1.34 1.06 0.28
DHFR -1.41 0.82 0.59
DONSON -1.34 1.07 0.27
Dsccl -1.41 0.83 0.58
DUSP6 0.08 -1.26 1.18
EED -1.03 1.36 -0.33
EXO1 -1.40 0.87 0.53
EZH2 -1.40 0.86 0.54
FANCA -1.41 0.76 0.65
FANCG -1.36 1.02 0.34
FANCI -1.37 1.00 0.37
FEN1 -1.39 0.92 0.47
GINS3 -1.37 0.99 0.39
GMNN -1.39 0.92 0.47
GPD2 1.37 -1.00 -0.36
HATI -1.38 0.96 0.42
HELLS -1.37 1.00 0.37
Hspbll -1.22 1.23 -0.01
ICMT -1.41 0.60 0.81
KNTC1 -1.39 0.91 0.49
MCM4 -1.39 0.91 0.48
MIS12 -1.37 0.99 0.37
MSH2 -1.41 0.82 0.59
MYCBP -1.37 0.37 1.00
NRD1 1.04 -1.35 0.31
NUP43 -1.40 0.88 0.52
ORCl1 -1.41 0.81 0.59
ORC6 -1.40 0.89 0.51
PCNA -1.36 1.02 0.33
PKMYTI -1.36 1.01 0.35
POLD3 -1.37 0.99 0.38
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POLE -1.38 0.94 0.44
PRIM2 -1.37 0.99 0.38
RBBPS -1.37 1.00 0.37
RFC2 -1.40 0.85 0.55
RFC3 -1.38 0.95 0.43
RFC4 -1.39 0.93 0.45
RMI1 -1.41 0.70 0.71
RPA2 -1.40 0.89 0.50
Rprd2 1.39 -0.90 -0.50
RRM1 -1.37 0.99 0.38
RRM2 -1.39 0.92 0.47
RSRC2 1.40 -0.89 -0.51
RUSC1 -0.57 -0.84 1.41
SARI1B -1.41 0.81 0.60
SEC23B -1.40 0.88 0.52
SETD3 -1.40 0.89 0.50
SH3GLB1 -1.39 0.93 0.46
Skal -1.41 0.82 0.59
STOML1 0.98 -1.37 0.39
TMEM106C -0.05 1.25 -1.20
TOPBP1 -1.40 0.89 0.51
Ubr7 -1.39 0.90 0.49
USP1 -1.38 0.97 0.41
YWHAH -1.34 1.05 0.29
AURKB -1.38 0.94 0.44
CDC7 -1.40 0.87 0.54
ERCC6L -1.39 0.93 0.45
HIRIP3 -1.40 0.85 0.55
NUP50 -1.38 0.97 0.41
STIL -1.39 0.94 0.45
UMPS -1.41 0.84 0.57
ARHGDIB -1.34 1.07 0.27
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AURKB -1.38 0.94 0.44
Bora -1.38 0.96 0.42
CASP3 -1.39 0.47 0.92
CCNA2 -1.38 0.96 0.42
CCNF -1.38 0.96 0.42
CDC25C -1.40 0.88 0.52
CDCA3 -1.37 0.98 0.39
CDCAS -1.39 0.90 0.49
CDKN2C -1.39 0.91 0.49
CENPA -1.39 0.91 0.48
CEP76 -1.41 0.78 0.63
CKAP2 -1.38 0.96 0.42
CKSIB -1.39 0.90 0.49
DTYMK -1.38 0.95 0.43
Dtymk -1.38 0.95 0.43
FZR1 -1.39 0.93 0.45
GABPB2 -0.34 1.36 -1.02
H2AFX -1.35 1.04 0.31
HJURP -1.39 0.93 0.46
HMGB2 -1.37 1.00 0.37
KIF11 -1.38 0.97 0.40
KIF23 -1.36 1.02 0.34
KIFC1 -1.40 0.89 0.51
KPNA2 -1.39 0.94 0.45
Kpna2 -1.39 0.94 0.45
LMNB1 -1.38 0.97 0.41
MAD2LI1 -1.38 0.96 0.42
MELK -1.36 1.02 0.33
Mis18bpl -1.37 0.99 0.38
MKI67 -1.38 0.95 0.44
NCAPG2 -1.36 1.01 0.35
NCAPH -1.39 0.94 0.45
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NEIL3 -1.38 0.94 0.44
NUSAPI -1.34 1.05 0.29
OXSR1 132 0.21 1.11
PPPIRI2A -1.40 0.90 0.50
PPPIR2 -1.04 1.35 -0.31
PSMDI11 -0.96 -0.42 1.38
PSRC1 -1.38 0.44 0.95
RANGAPI -1.38 0.97 0.41
SHCBPI1 -1.38 0.96 0.42
SMC4 -1.25 1.20 0.06
TOP2A -1.37 0.98 0.40
TTK -1.38 0.96 0.41
TUBA4A -1.38 0.95 0.44
Tubbdb -1.39 0.90 0.49
TUBDI -1.40 0.50 0.89
UBE2C -1.38 0.95 0.44
Agfegl 0.53 0.87 -1.40
Ago2 1.29 -0.14 115
ANP32E -1.35 1.04 0.31
ARHGAP19 -1.33 1.08 0.25
ARLG6IP1 -1.38 0.95 0.43
AURKA -1.40 0.85 0.55
BIRCS -1.38 0.97 0.40
BUBI -1.37 0.98 0.40
BUBIB -1.38 0.96 0.41
CBX3 -1.33 1.09 0.23
CCNB2 -1.38 0.95 0.43
CDC27 -1.40 0.85 0.56
CDCA3 -1.37 0.98 0.39
CENPE -1.39 0.91 0.48
CENPF -1.36 1.01 0.36
CEP55 -1.37 0.99 0.38
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CKAP2 -1.38 0.96 0.42
CKAP5 -1.37 0.98 0.40
CKS2 -1.40 0.89 0.50
DHXS57 1.35 -1.03 -0.32
Dlgap5s -1.40 0.90 0.50
ECT2 -1.37 0.98 0.39
FAM216A -1.35 1.03 0.32
FAMG4A -1.37 1.00 0.37
FZR1 -1.39 0.93 0.45
GTSEI -1.41 0.64 0.77
HMGB3 -1.37 0.98 0.39
HMMR -1.40 0.87 0.53
HNI -1.35 1.04 0.31
KIF14 -1.38 0.96 0.42
Kif20b -1.40 0.89 0.51
KIF2C -1.39 0.91 0.48
KIF5B 1.40 -0.51 -0.88
Kpna2 -1.39 0.94 0.45
MCM4 -1.39 0.91 0.48
NEK2 -1.37 0.98 0.39
NUSAPI -1.34 1.05 0.29
PBK 134 1.07 0.27
PLKI -1.37 0.98 0.39
PPIF 1.40 -0.54 -0.86
PPP2CA -1.28 1.16 0.12
PRCI -1.38 0.95 0.43
PRRI11 -1.38 0.97 0.41
QSERI -1.41 0.61 0.80
RAD51C -1.31 1.12 0.20
RAN -1.41 0.83 0.58
RANGAPI -1.38 0.97 0.41
RCANI -1.17 -0.10 1.27
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RNF126 -0.71 -0.71 1.41
SFPQ -1.24 1.21 0.04
SMC4 -1.25 1.20 0.06
SMTN -1.33 1.07 0.26
SPAGS -1.38 0.96 0.41
Spdll -1.40 0.89 0.50
TPX2 -1.38 0.95 0.43
TRAIP -1.38 0.97 0.41
TROAP -1.38 0.97 0.41
TSN -1.39 0.93 0.45
WAPAL 0.69 0.72 -1.41
WDR77 1.19 -1.25 0.06
YWHAH -1.34 1.05 0.29
A430005L14Rik -1.31 1.11 0.20
CDKN3 -1.38 0.95 0.43
CENPI -1.37 0.99 0.38
DHX16 -0.76 -0.65 1.41
DKC1 -1.41 0.79 0.62
DYNLL1 -0.92 1.39 -0.47
FUBP1 -1.41 0.74 0.67
GSPT1 -1.40 0.52 0.88
HERC4 1.40 -0.50 -0.90
HSPAS -1.41 0.71 0.71
LSMS5 -0.94 1.38 -0.44
Nopl6 -1.36 0.36 1.01
NUP98 -1.41 0.61 0.80
PPP2R2A -1.04 -0.32 1.35
PTTG1 1.40 -0.89 -0.51
RBMSA -1.26 1.18 0.08
SEPHSI1 -1.35 1.04 0.31
SYNCRIP -1.41 0.77 0.64
TAF9 -1.41 0.70 0.72
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Supporting Table 1

Z-score of gene expression of cell cycle-related genes.
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Materials and methods (Part A)

DNA constructs

cDNAs encoding human FAM48A were amplified from total RNA isolated from HeLa
cells and subcloned into pIRESpuro4 (Clontech). pMXs-venus-mAtg9 was a kind gift
from Dr. Masaaki Komatsu (Juntendo University School of Medicine, Tokyo, Japan).

pMXs-mKate2-hRab11 was as previously described??.

Cell culture and transfection

HEK293T, U20S, and COS-1 cells were cultured under standard conditions. HBSS was
used as a starvation medium. MG132 (Peptide Institute Inc.) and epoxomicin (UBPBio)
were used for proteasome inhibition. COS-1 cells stably expressing Venus-mAtg9 and
mKate2-hRab11 were established using retrovirus. Plat-E cells were transfected with
pMXs-Venus-Atg9 or pMXs-mKate2-Rabl11 together with pCMV-VSV-G-RSV-Rev
(generously provided by Dr. Hiroyuki Miyoshi) using polyethyleneimine (PEI-MAX,
MW 40,000; Polysciences). The medium containing the retrovirus was collected. COS-
1 cells were incubated in the medium supplemented with 8 pg/ml polybrene (Sigma),
followed by isolation of stably transfected cells using a cell sorter (SH800; Sony).
FAMA48A siRNAs were transfected into cells with RNAIMAX (Invitrogen). The
sequences of the siRNAs are as follows: siFAM48A #1 (GGG AAA GAA ACA GAU
CAA ACU GAA A) and siFAM48A #2 (GCU CUC CCA GUU UAC ACC ACA ACA

A).
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Antibodies and fluorescent reagents

The anti-06 antibody was as described previously®®. Anti-FAM48A antibody, anti-LC3
antibody, and anti-Atg9 antibody were kindly provided by Dr. Laszlo Tora (IGBMC,
Strasbourg, France)?, Dr. Masaaki Komatsu (Juntendo University School of Medicine,
Tokyo, Japan)®, and Dr. Yasuo Uchiyama (Juntendo University School of Medicine,
Tokyo, Japan)®, respectively. Anti-Flag M2 antibody, anti-GAPDH antibody (6C5),
anti-LC3 antibody (PM036), anti-GM 130 antibody, horseradish peroxidase-coupled
secondary antibodies, and Alexa Fluor 488 (A11034 and A11029) and Alexa Fluor 647
(A21245 and A21236) were purchased from Sigma-Aldrich, Abcam, MBL, Jackson

ImmunoResearch, and Invitrogen, respectively.

Immunoblotting

To detect LC3, cells were lysed with a buffer containing 50 mM Tris-HCI (pH 7.5), 1%
(w/w) TritonX-100, 150 mM NaCl, 1 mM EDTA, and 1 mM PMSF. To detect proteins,
cells were lysed in a buffer containing 50 mM Tris-HCI (pH 7.5) and 0.5% NP-40.
Lysates were sonicated, cleared by centrifugation at 20,400 g for 10 min at 4°C, and
boiled in a buffer containing 210 mM Tris-HCI (pH 6.8), 8.6% (w/w) sodium dodecyl
sulfate (SDS), 28% (v/v) glycerol, 0.04% (w/w) bromophenol blue, and 20% (w/w) 2-
mercaptoethanol. For subcellular fractionation, U20S cells were homogenized with a
Dounce homogenizer in a buffer containing 25 mM Tris-HCI (pH 7.5), ]| mM DTT, and
0.25 M sucrose and then centrifuged at 1,000 x g for 10 min at 4°C. The precipitates

were dispersed in the same buffer and centrifuged at 1,000 x g for 10 min at 4°C. The
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precipitates were used as the nuclear fraction, and the supernatants were used as the
cytoplasmic fraction. Lysates were separated by SDS-PAGE, transferred onto a

polyvinylidene difluoride membrane, and subjected to immunoblot analysis.

qPCR analysis

Total RNA was extracted using High Pure RNA Isolation Kit (Roche) and reverse-
transcribed into cDNA with ReverTra Ace reverse transcriptase (Toyobo Co.). Probes
were purchased from Roche Diagnostics. Real-time quantitative PCR was carried out on
a LightCycler 480 (Roche) in triplicate. The AACt method was performed to calculate
relative fold difference. The results are shown with the standard deviation (s.d.). The
sequences of primers and probes used were as follows: FAM48A, 5-TGT GGA TCT
CAA TCA AGT TAG CA-3"and 5'-AGC AGA GTT TGC CAT GAC CT-3'; with the
Universal Probe Library (UPL) #78; LC3B, 5'-CGA ACC TTC GAA CAA AGA G-3'
and 5'-CTT CTC ACC CTT GTA TCG TTC TAT T -3' with the UPL #89; and GUSB,
5'-CGC CCT GCC TAT CTG TAT TG-3" and 5'-TCC CCA CAG GGA GTG TGT

AG-3" with the UPL #57.

Immunofluorescence microscopy

To detect LC3 puncta, cells were fixed with 4% perfluoroalkoxy alkane for 10 min,
quenched with 50 mM NH4Cl in PBS for 30 min, permeabilized with 50 pg/mL
digitonin for 15 min, and blocked with PBS containing 5% bovine serum albumin, as

previously described °'. The ratio of the total area of LC3-positive puncta to the total
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cellular area was quantified using Fiji®?. To detect proteins other than LC3, cells were

processed as previously described®.

Flow cytometry analysis
Cells were suspended in PBS containing 1% FCS, 0.02% NaN3, 2 mM EDTA, and
0.001% propidium iodide (Nacalai Tesque) and analyzed using Attune NxT (Life

Technologies). Data were analyzed with FlowJo 10.
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Materials and methods (Part B)

Mice

CS57BL/6N mice and Lck Cre mice were purchased from Clea Japan and the Jackson
Laboratory, respectively. Rpnl1-GFP/+ KI reporter mice and Rpn1371o¥flox mice were
previously described®>’6. All mice were maintained under specific pathogen-free
conditions. All animal experiments were performed after obtaining approval from the
Institutional Animal Care Committee of Graduate School of Pharmaceutical Sciences, the

University of Tokyo (approval number M25-19).

RNA isolation and RNA sequencing

Total RNAs were isolated using the High Pure RNA Isolation Kit (Roche). RNA was
used to prepare RNA-Seq libraries with a TruSeq RNA library preparation kit. The
libraries were sequenced for 91 cycles (paired read) using a HiSeq 4000 sequencer
(Ilumina). Sequence reads from each cDNA library were mapped onto the mouse
genome build mm9 using Tophat, and the mappable data were then processed by
Cufflinks. The obtained data were normalized based on FPKM (fragments per kilobase
exon model per million mapped reads). DEGs were detected with the PossionDis method
based on the following parameters: fold change >2.00 and FDR <0.001. The genes for
cell cycle signatures are listed in Supplementary Information.

RNA-Seq data were deposited in DNA Data Bank of Japan under accession number

DRAO008642.
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Flow cytometry analysis

Flow cytometric analysis was performed with Attune NxT (Thermo Fisher Scientific),
and data were analyzed with FlowJo software (Tree Star). Cells were subjected to Fc
receptor blocking using anti-FcgR mAb (2.4G2) and stained with the following
antibodies: anti-CD8a-FITC (BD Pharmingen), anti-CD45-PE-Cy7 (BD Pharmingen),
anti-CD4-PE (BD Pharmingen), anti-CD3e-APC (BD Pharmingen), anti-CD44-PerCP-
Cy5.5 (Biolegend), anti-CD62L-APC (BD Pharmingen), and anti-PD-1-APC-eFluor 780
antibodies (Invitrogen). Cells were suspended in staining buffer containing 0.5 mg/ml

propidium iodide (Sigma) before analysis to exclude dead cells.

Cell isolation and cell sorting

Single-cell suspensions from the spleen were obtained by gently forcing the tissues
through a nylon mesh grid in RPMI-1640 (Nacalai Tesque) containing 2% FBS (Hyclone).
Splenic erythrocytes were eliminated with RBC lysis buffer (BioLegend). Cell sorting
was performed with a FACSAria III or Cell sorter SH800. To sort CD4" T cell subsets,
spleen cells were first depleted of B220", CD8b", and adherent cells by panning, and
stained with PE-conjugated anti-mouse CD4" and other fluorescent antibodies as
previously described’*. These cells were subjected to cell sorting. The purity of sorted

populations was invariably >95%.

Cell culture

98



Spleen cells or purified CD4" T cells were cultured in RPMI-1640 (Nacalai Tesque)
supplemented with 10% FBS (Gibco), 10 mM HEPES (Nacalai Tesque), 50 uM 2-ME
(Sigma-Aldrich), 100 U/ml penicillin and 100 pg/ml streptomycin (Nacalai Tesque), and
2.5 ng/mL IL-2 (BioLegend). For in vitro T cell activation, splenocytes or CD4" T cells
were cultured with immobilized anti-CD3e mAb (0.5 pg/mL, 145-2C11, BioLegend) for

two days.

Immunoblot analysis

Cells were lysed in a buffer containing 25 mM Tris-HCI (pH 7.5), 1 mM dithiothreitol
(DTT), 2 mM ATP, 5 mM MgCl, and 0.2% NP-40. Extracted proteins were boiled with
4x SDS loading buffer, electrophoresed in a polyacrylamide gel, and transferred to
polyvinylidene difluoride membranes. Membranes were soaked in Blocking One
(Nacalai Tesque) and immunoreacted with the primary antibodies and secondary
antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch, dilution
1:20,000). Images were cropped for presentation. Protein bands were visualized by
incubation with Western Lightning Plus-ECL reagent (Perkin Elmer), and images were

acquired using ImageQuant LAS 4000mini (GE Healthcare).

Glycerol gradient analysis and proteasome activity assay

Cell lysates were clarified by centrifugation at 20,000 g, and subjected to 8-32% (vol/vol)

linear glycerol gradient centrifugation (22 h, 83,000 g) as described previously®.
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Peptidase activity was measured using a fluorescent peptide substrate, Suc-LLVY-MCA

and Z-LLE-MCA, as described previously®.

ChIP-Seq data analysis

Analysis of binding proteins at proteasome gene loci was performed by in silico ChIP
analysis in ChIP-Atlas’?. The following genes of constitutively expressed proteasome
subunits were used for in silico ChIP analysis: PSMA1, PSMA2, PSMA3, PSMA4,
PSMAS, PSMA6, PSMA7, PSMBI1, PSMB2, PSMB3, PSMB4, PSMB5, PSMB6,
PSMB7, PSMC1, PSMC2, PSMC3, PSMC4, PSMC5, PSMC6, PSMD1, PSMD2,
PSMD3, PSMD4, PSMD6, PSMD7, PSMD8, PSMD11, PSMD12, PSMD13, PSMD 14,
ADRMI, and SEM1.

Analysis of the ChIP-Seq data shown in Fig. 9b was performed using raw data from the

NCBI database (GEO GSE39756)"*.

Statistical analysis

Statistical analysis was performed using the Student’s t-test or Tukey’s test.
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