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ABSTRACT

Anabolism and catabolism are tightly regulated ac-
cording to the cellular energy supply. Upon energy
stress, ribosomal RNA (rRNA) biogenesis is inhib-
ited, and autophagy is induced. However, the mech-
anism linking rRNA biogenesis and autophagy is un-
clear. Here, we demonstrate that the nucleolar pro-
tein NAT10 plays a role in the transition between
rRNA biogenesis and autophagy. Under normal con-
ditions, NAT10 is acetylated to activate rRNA biogen-
esis and inhibit autophagy induction. Mechanistic
studies demonstrate that NAT10 binds to and acety-
lates the autophagy regulator Che-1 at K228 to sup-
press the Che-1-mediated transcriptional activation
of downstream genes Redd1 and Deptor under ade-
quate energy supply conditions. Upon energy stress,
NAT10 is deacetylated by Sirt1, leading to suppres-
sion of NAT10-activated rRNA biogenesis. In addi-
tion, deacetylation of NAT10 abolishes the NAT10-
mediated transcriptional repression of Che-1, lead-
ing to the release of autophagy inhibition. Collec-
tively, we demonstrate that the acetylation status
of NAT10 is important for the anabolism-catabolism
transition in response to energy stress, providing a
novel mechanism by which nucleolar proteins con-
trol rRNA synthesis and autophagy in response to
the cellular energy supply.

INTRODUCTION

Under adequate nutrient and growth factor supply condi-
tions, mammalian target of rapamycin (mTOR) is activated
to promote cell growth by activating cell anabolism pro-
cesses, which mainly include rRNA biogenesis and protein
synthesis (1). When cells encounter energy stresses, such as
deprivation of nutrients and/or growth factors, mTOR ac-
tivity is inhibited, and autophagy is induced to maintain
metabolic homeostasis and cell viability (2,3). Autophagy
begins with the formation of autophagosomes, double-
membrane structures that capture cargo from the cytoplasm
and organelles. Autophagosomes then fuse with lysosomes
to form autophagolysosomes, wherein cargo are degraded
to generate the amino acids and nutrients necessary to pro-
vide cellular energy and support cell survival (4).

Redd!1 and Deptor are inhibitors of mTOR signaling (5—
7) and recent studies have shown that the transcription fac-
tor Che-1 (also known as AATF) induces autophagy by ac-
tivating the transcription of Reddl and Deptor upon energy
stress (8). Che-1 plays a pivotal role in cell survival by pro-
moting cell cycle progression, repressing apoptosis and ac-
tivating autophagy (9), and the localization, stability and
activity of Che-1 are tightly regulated by post-translational
modifications under cellular stress (10-12). For instance,
upon DNA damage, phosphorylation of Che-1 by ATM fa-
cilitates the binding of Che-1 to the promoters of genes in-
volved in checkpoint activation, such as TP53 and p21, to
promote their transcription, thus leading to cell cycle arrest
and DNA repair (11,13). However, how Che-1 activity is
regulated by post-translational modifications upon energy
stress remains unclear.
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Ribosome biogenesis, which consumes up to 80% of the
cellular energy in proliferating cells, is a complex process
that includes rRINA biogenesis and the assembly of riboso-
mal subunits (14,15). As an anabolic process, rRNA bio-
genesis is tightly controlled by the cellular energy status,
which plays a critical role in ribosome biogenesis (16). Ri-
bosomal RNA synthesis is activated to promote cell growth
and proliferation under adequate nutrition conditions. Un-
der energy stress, rRNA biogenesis is inhibited for the sake
of saving energy (15), while autophagy is induced to pro-
duce energy and support cell survival upon energy depriva-
tion. However, the crosstalk between rRNA synthesis and
autophagy remains unclear.

The nucleolar protein N-acetyltransferase 10 (NAT10,
also named hALP) was initially shown to activate telom-
erase by activating hTERT (human telomerase reverse tran-
scriptase) (17). It has been found that NAT10 harbors RNA
acetylase and lysine acetyltransferase activity. We previ-
ously identified NAT10 as a t-UTP that is required for
rRNA biogenesis processes, including pre-rRNA transcrip-
tion and 18S rRNA processing (18). NAT10 activates Pol I
(RNA polymerase I) transcription by binding to UBF1 (up-
stream binding factor) and promoting UBF1 acetylation.
Moreover, NAT10 is involved in rRNA processing by bind-
ing and acetylating rRNA (19-21). Recently, we found that
the autoacetylation of NAT10 at K426 is required for its
ability to activate rRNA biogenesis, and NAT10 is deacety-
lated in cells by Sirtuins (22). However, which member of
the Sirtuin family regulates NAT10 acetylation and whether
deacetylation of NAT10 regulates its biological function in
rRNA biogenesis remain unknown.

NATI10 participates in multiple cellular biological pro-
cesses via its lysine acetyltransferase activity, and the
truncated recombinant NATI10 (amino acids 164-834)
acetylates histones in vitro (17). Abolishment of NAT10-
mediated tubulin acetylation at K40 by Remodelin ame-
liorates laminopathies (a group of rare genetic disorders
caused by mutations in genes encoding proteins of the nu-
clear lamina) by correcting the nuclear architecture and re-
ducing cellular senescence in cells and mice (23-25). Fur-
thermore, we recently found that NAT10 acetylates p53 at
K120 and contributes to p53 activation upon DNA damage
(26,27). Thus, identification of NAT10 downstream sub-
strates will provide evidence for exploring important bio-
logical functions of NAT10.

Sirtl, an important activator of autophagy, is activated
by metabolic stresses, such as starvation, glucose with-
drawal and energy deprivation (28-30). Overexpression of
Sirtl stimulates the formation of autophagosomes and
elevates the basal levels of autophagy, while Sirtl defi-
ciency arrests autophagy in response to nutrient depri-
vation (31). Sirtl regulates cell proliferation, DNA dam-
age repair, cell survival and autophagy by deacetylating its
downstream substrates, including histones, p53, FoxOl1, 3-
catenin, Ku70, NF-kB, PTEN, ATG5, ATG7 and ATGS8
(32-36). Thus, identification of Sirt]1 downstream substrates
will improve our understanding of the mechanisms under-
lying autophagy regulation.

In this study, we found that NAT10 is a downstream sub-
strate of Sirtl and that deacetylation of NAT10 controls
the transition from rRNA biogenesis to the release of au-

tophagy suppression in response to energy withdrawal. We
have thereby elucidated the mechanism by which NAT10
regulates autophagy.

MATERIALS AND METHODS
Cell culture and transfection

The U20S, HCT116 p53*/*, HCT116 p53~/~, Hela,
SW480 and HEK293T cell lines were maintained in
DMEM supplemented with 10% fetal bovine serum. Cells
were transfected with plasmid DNA or siRNA duplexes us-
ing Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s protocol. In transient transfection experiments,
plasmid DNA concentrations were maintained at a con-
stant level with an empty vector. The HCT116 NAT10 Ctrl
and HCT116 knockout (KO) cell lines were established by
CRISPR-Cas9 genome editing technology in our labora-
tory (26) and maintained in DMEM.

Plasmids and antibodies

Flag- or GFP-tagged NAT10 and NAT10 mutants were
cloned into the pCl-neo or pEGFP-C2 vector. Simi-
larly, Flag-tagged Sirtl, Sirt6, Sirt7 and Che-1 were sep-
arately cloned into the pCl-neo vector. For in vitro GST
pull-down assays, GST-NAT10, GST-Che-1 and GST-
Sirtl were separately cloned into the pGEX-4T1 vec-
tor. For protein purification, NAT10 was cloned into the
pFast-Bacl vector. All plasmids cloned with PCR in-
serts were confirmed by DNA sequencing. Mutant plas-
mids, including pCI-neo-Flag-NAT10 G641E, pCl-neo-
Flag-NAT10 K461R, pCl-neo-Flag-Che-1 K138R, pCI-
neo-Flag-Che-1 K145R, pCI-neo-Flag-Che-1 K228R, pCI-
neo-Flag-Che-1 3KR, pGEX-4T1-Che-1 K138R, pGEX-
4T1-Che-1 K145R, pGEX-4T1-Che-1 K228R, pGEX-4T1-
Che-1 3KR and HA-Sirt]l H363Y, were obtained by muta-
genesis using the QuickChange Site-Directed Mutagenesis
Kit (Stratagene) according to the manufacturer’s protocol.
The presence of mutations in the constructed plasmids was
confirmed by DNA sequencing.

Anti-Sirt]l (B-10), anti-Che-1 (sc-81225), anti-p53 (DO-
1), anti-actin (C-11) were purchased from Santa Cruz
Biotechnology. Anti-LC3B (L7543), anti-Flag (F3165),
anti-Flag (F1804) and anti-HA (H6908) were purchased
from Sigma. Anti-acetylated lysine (clone 4G12) was
purchased from Millipore. Anti-acetylated lysine (9441S)
was purchased from Cell Signaling Technology. Anti-
p62 (PMO045) was purchased from Medical & Biological
Laboratories International Corporation. Anti-Deptor (bs-
8255R) was purchased from Beijing Biosynthesis Biotech-
nology. Anti-Redd1 (10638-1-AP) was purchased from Pro-
teintech. Anti-NAT10 was a gift from Dr B. Zhang.

Coimmunoprecipitation assay

Cell lysates were prepared in Buffer A (25 mM Tris—Cl (pH
7.5), 150 mM KCl, 1 mM DTT, 2 mM EDTA, 0.5 mM
PMSF and 0.2% Nonidet P-40) and used directly for im-
munoprecipitation. Antibodies were coupled with a 50%
suspension of protein A-Sepharose beads (GE Healthcare)
in IPP500 (500 mM NaCl, 10 mM Tris—Cl (pH 8.0), 0.2%
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Nonidet P-40), and the coupled beads were incubated with
cell lysates for 2 h at 4°C. After washing, the precipitants
were analyzed by Western blot using the indicated antibod-
ies.

RT-qPCR analysis

Total RNA was extracted from cells using TRIzol reagent
(Invitrogen), purified using the RNeasy Mini Kit (Qia-
gen) according to the manufacturer’s instructions, and elec-
trophoresed on a denaturing agarose gel to examine the
RNA integrity. Then, cDNA was synthesized from 2 pg
of total RNA using the Superscript First-Strand Synthe-
sis System (Invitrogen), and qPCR was performed as previ-
ously described (37) according to Minimal Information for
Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines. The sequences of the PCR primers are
shown in Supplementary Table S1.

In vitro acetylation and deacetylation assays

For in vitro acetylation, bead-bound His-NAT10 was incu-
bated in buffer containing 50 mM Tris—CI (pH 7.9), 10%
glycerol, 0.1 mM EDTA, 1 mM PMSF, 10 mM sodium bu-
tyrate and 10 wM acetyl-CoA at 30°C for 1 h. After wash-
ing, bead-bound NAT10 was used as substrate for in vitro
deacetylation assays or analyzed by immunoblot with an
anti-acetyl-lysine antibody. For in vitro deacetylation, 0.25—
1.0 pg of pre-acetylated His-NAT10 was incubated with 0.5
g of Flag-tagged Sirtl in the presence or absence of 1 mM
NAD™* at 30°C for 1 h. Acetylation of NAT10 was moni-
tored by immunoblot using an anti-acetyl-lysine antibody.

In-cell acetylation assay

The in-cell acetylation assay was performed as previously
described (38,39). Briefly, cells were incubated with 1 pm
trichostatin A (TSA) and 5 mM nicotinamide (NIA) for 6
h and then harvested. Cell extracts were prepared in whole
cell lysis buffer (50 mM Tris—HCI (pH 7.8), 137 mM NacCl,
1 mM NaF, I mM NaVOs;, 1% Triton X-100, 0.2% sarko-
syl,  mM DTT and 10% glycerol) containing fresh pro-
tease inhibitors, 10 wm TSA and 5 mM NIA and then in-
cubated with anti-acetyl lysine antibody-conjugated protein
A-Sepharose beads at 4°C for 2 h. The beads were washed
five times with BC100 buffer (50 mM Tris-HCI (pH 7.8),
100 mM NaCl, 0.2% Triton X-100 and 10% glycerol). The
immunoprecipitants and total proteins were subjected to
SDS-PAGE and analyzed by Western blot using the indi-
cated antibodies.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 15 min and
permeabilized using 0.2% Triton X-100 for 10 min at room
temperature. After blocking with 10% goat serum, the cells
were incubated with primary antibodies overnight at 4°C.
After washing with PBS, a FITC-conjugated anti-rabbit an-
tibody and a TRITC-conjugated anti-mouse antibody were
added, and the samples were incubated for 1 h at room tem-
perature. Finally, the cells were stained with DAPI to visu-
alize the nuclei.
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RESULTS
NAT10 is deacetylated by Sirt1 upon energy deprivation

To determine which Sirtuin regulates NAT10 acetylation,
the effects of three nuclear Sirtuins, Sirtl, Sirt6 and Sirt7
(40), on NATI10 acetylation were evaluated. As shown in
Figure 1A, Sirtl significantly decreased NAT10 acetyla-
tion levels, while neither Sirt6 nor Sirt7 affected NAT10
acetylation. Furthermore, the enzyme-dead Sirtl mutant
H363Y (HY) failed to deacetylate NAT10, indicating that
NATI10 is deacetylated by Sirtl (Figure 1B and Supplemen-
tary Figure S1A). In addition, in vitro deacetylation assays
performed with purified Flag-Sirt]l and preacetylated His-
NAT10 showed that purified Sirtl prevented the acetylation
of preacetylated His-NAT10 in the presence of NAD™ (Fig-
ure 1C). Together, these data demonstrated that NATI10 is
a substrate of Sirtl.

We next determined whether NAT10 interacts with Sirtl1.
Immunoprecipitation experiments showed that NAT10 in-
teracted with Flag-Sirt1 in cells (Figure 1D and E). To deter-
mine whether NAT10 interacts directly with Sirtl, in vitro
GST pull-down experiments were conducted. As shown in
Figure 1F, purified Flag-NAT10 bound to GST-Sirtl but
not to GST alone, confirming that NAT10 directly inter-
acts with Sirtl. Sirtl specifically bound to the N-terminal
domain of NAT10 (GST-N) instead of the HAT domain
(GST-HAT) or the C-terminal domain (GST-C) (Figure
1G).

Under energy deficient conditions, Sirtl facilitates cell
survival by deacetylating its substrates in the nucleus
(41,42). We thus explored whether Sirtl deacetylates
NATI10 upon glucose starvation. To this end, the acetyla-
tion levels of endogenous NAT10 were evaluated upon re-
moval of glucose from the medium. As shown in Figure
1H, glucose deprivation reduced the acetylation levels of
NAT10 without changing its total protein levels. To deter-
mine whether endogenous NAT10 binds Sirtl in cells and
how the NAT10-Sirtl interaction is altered during energy
stress, coimmunoprecipitation analysis was performed on
the extracts of cells cultured in media containing differ-
ent concentrations of glucose, revealing that endogenous
NAT10 interacted with Sirtl (Figure 11). Notably, the in-
teraction between endogenous Sirtl and NAT10 was en-
hanced by glucose deprivation (Figure 11 and Supplemen-
tary Figure S1B). To determine whether the deacetylation
of NAT10 during glucose deprivation was dependent on
Sirtl, we silenced Sirtl by siRNAs and evaluated NAT10
acetylation after removing glucose from the media. When
Sirt] was depleted, the NAT10 acetylation levels no longer
changed under glucose deprivation (Figure 1J), indicating
that NAT10 is deacetylated by Sirt1 upon glucose depriva-
tion.

Deacetylation of NAT10 by Sirtl leads to inhibition of
NAT10-mediated rRNA biogenesis

Since NAT10 has been shown to facilitate rRNA biogene-
sis (18-20), we further investigated whether deacetylation
of NAT10 modulates its function in rRNA biogenesis in
response to glucose starvation. First, we evaluated pre-
rRNA levels by Northern blot and RT-qPCR as previ-
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Figure 1. NATI10 is deacetylated by Sirtl upon energy deprivation. (A) HCT116 cells were transfected with the indicated plasmids. Cell lysates were pre-
pared and subjected to immunoprecipitation using an anti-acetyl-lysine antibody. The acetylation levels of NAT10 in the immunoprecipitants were evalu-
ated by western blot using an anti-NAT 10 antibody. (B) The indicated plasmids were coexpressed in HCT116 cells. Cell lysates were prepared and subjected
to immunoprecipitation using an anti-acetyl-lysine antibody. The acetylation levels of NAT10 were evaluated by Western blot using an anti-NAT10 anti-
body. (C) Purified His-NAT10 was preacetylated and incubated with purified Flag-Sirtl in the absence or presence of | mM NAD*. The acetylation levels
of NAT10 were evaluated by Western blot with an anti-acetyl-lysine antibody. (D) Flag-Sirt1 was transfected into HCT116 cells. Immunoprecipitation was
performed with an anti-Flag antibody, and NAT10 expression in the precipitants was determined by Western blot. (E) Flag-NAT10 was transfected into
HCT116 cells. Immunoprecipitation was performed with an anti-Flag antibody, and Sirt] expression in the precipitants was determined by Western blot.
(F) A GST pull-down experiment was performed with GST-Sirt] and purified Flag-NAT10. The binding of GST-Sirtl to Flag-NAT10 was detected by
immunoblotting with an anti-Flag antibody. (G) A GST pull-down experiment was performed using purified GST-NAT10 deletion mutants and purified
Flag-Sirtl. The schematic diagram represents the GST-NAT10 deletion mutant constructs (lower panel). (H) HCT116 cells were cultured in medium con-
taining 1.0 g/1, 0.5 g/1, or 0 g/1 glucose for 18 h. The cells were harvested, and immunoprecipitation was performed using an anti-acetyl-lysine antibody.
The acetylation levels of NAT10 were evaluated by Western blot using an anti-NAT10 antibody. (I) HCT116 cells were cultured in medium containing
1.0 g/1, 0.5 g/1, or 0 g/1 glucose for 18 h. Immunoprecipitation was performed with an anti-Sirt]l antibody, and NAT10 expression in the precipitants was
evaluated by immunoblotting. (J) HCT116 cells were transfected with the indicated siRNAs. Cells were cultured in glucose-rich or glucose-free medium
for 18 h, harvested and then subjected to immunoprecipitation with an anti-acetyl-lysine antibody. The acetylation levels of NAT10 were evaluated by

Western blot using an anti-NAT10 antibody on the immunoprecipitants. See also Supplementary Figure S1.
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ously described (43) when Flag-NAT10 was ectopically ex-
pressed with or without ectopic HA-Sirtl. Flag-NAT10-
activated pre-rRNA synthesis was inhibited by wild-type
HA-Sirtl, and HA-Sirtl-mediated inhibition was blocked
by NIA treatment (Figure 2A and Supplementary Figure
S2A). However, HA-Sirt] HY showed no effect on Flag-
NATI10-activated pre-rRNA synthesis. These data demon-
strated that Sirtl inhibits NAT10-mediated rRNA biogen-
esis by targeting NAT10 for deacetylation. Then, we exam-
ined whether NAT10 regulates pre-rRNA levels upon the
induction of energy stress. In glucose-rich cells, knockdown
of NAT10 significantly decreased the pre-rRNA levels, and
as expected, glucose deprivation gradually decreased the
pre-TRNA levels over time (Figure 2B). However, deple-
tion of NAT10 eventually had no effect on the pre-rRNA
levels in HCT116 (Figure 2B and Supplementary Figure
S2B), HeLa and U20S cells (Supplementary Figure S2C
and S2D) totally deprived of glucose. These data revealed
that NAT10 fails to activate rRNA biogenesis under en-
ergy deprivation conditions. In addition, ChIP experiments
showed that the interaction of NAT10 with rDNA was in-
hibited upon glucose deprivation (Figure 2C). Importantly,
NIA treatment increased the NAT10 occupancy on rDNA
in both glucose-rich and glucose-depleted cells (Figure 2D),
indicating that deacetylation of NAT10 inhibits its func-
tion in rRNA biogenesis. These data suggested that Sirtl
deacetylates NAT10 to inhibit NAT10-mediated rRNA bio-
genesis, thus halting the energy-consuming ribosome bio-
genesis process to save cellular energy under energy stress.

Depletion of NAT10 facilitates autophagy induction and sup-
ports cell survival under energy stress

Given that Sirt] deacetylates its substrates and activates au-
tophagy under energy stress, we next asked whether NAT10
is involved in autophagy induction. Using accumulation of
the autophagosomal marker LC3-II to reflect starvation-
induced autophagic activity (44), we evaluated autophagy
induction when NAT10 was knocked down, revealing that
NATI10 depletion enhanced LC3-IT accumulation (Figure
2E, left). In addition, this LC3-IT accumulation was boosted
by chloroquine (CQ), an inhibitor of lysosomal protein
degradation, suggesting that NAT10 knockdown facilitated
autophagosome formation (Figure 2E, right). Since the
autophagy-specific substrate p62 is transported into au-
tophagosomes and degraded in lysosomes (44), we further
evaluated p62 levels. NAT10 depletion decreased the p62
level, and this effect was inhibited by CQ treatment, suggest-
ing that NAT10 inhibits autophagy induction under nor-
mal conditions (Figure 2E). The NAT10 depletion-induced
increase in LC3-1I accumulation and decrease in p62 were
also observed in p53-depleted cells (Supplementary Figure
S2E). Together, these results suggest that NAT10 inhibits
autophagy induction independent of p53. To rule out the
off-targeting effect of NAT10 siRNAs, we analyzed the au-
tophagy levels in Cas9-edited HCT116-NAT10 KO cells
(22,26). LC3-II accumulation was increased in HCT116-
NATI10 KO cells, while this effect was reversed by ectopic
Flag-NAT10 expression, confirming that NAT10 inhibits
autophagy under normal conditions (Figure 2F). Further-
more, ectopic Flag-NAT10 expression inhibited LC3-II ac-
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cumulation and increased the p62 level, while the Flag-
NATI10 KR or NAT10 GE mutants did not display these
functions (Figure 2G), indicating that the autoacetylation
and acetyltransferase activities of NAT10 are required for
autophagy inhibition.

To further explore the role of NATI0 in glucose
starvation-induced autophagy, we treated cells with 2-
deoxy-glucose (2-DG) to block glycolysis. Interestingly, the
NATI10 depletion-induced LC3-II accumulation and p62
decrease were significantly attenuated by 2-DG treatment in
both p53-expressing and p53-null cells (Figure 2H). In ad-
dition, the NAT10 depletion-induced LC3-II accumulation
was significantly reduced upon glucose withdrawal (Fig-
ure 21), suggesting that inhibition of NAT10 facilitates au-
tophagy induction in response to energy stress; similar re-
sults were observed in p53-null cells (Supplementary Fig-
ure S2F). Moreover, the observation of GFP-LC3 puncta
showed that the NAT10 depletion-mediated autophagy in-
duction decreased from 2.8-fold under normal conditions to
1.3-fold upon glucose deprivation (Figure 2J). These results
indicated that NAT10 inhibits autophagy induction under
energy-rich conditions, while NAT10-inhibited autophagy
is released upon energy stress.

Since autophagy is induced to support cell survival in re-
sponse to energy stress, we evaluated the effect of NAT10
depletion on cell survival upon glucose deprivation. NAT10
knockdown promoted the survival of cells grown in glucose-
deprived conditions but had little effect on that of cells
grown with an adequate glucose supply (Figure 2K). Taken
together, these results demonstrated that NAT10 promotes
rRNA biogenesis and inhibits autophagy under normal
conditions, while deacetylation of NAT10 by Sirtl halts
rRNA biogenesis and facilitates autophagy induction un-
der energy stress.

NAT10 interacts with Che-1

To uncover the mechanism by which NAT10 functions in
autophagy induction, we purified a NAT10-specific im-
munocomplex and identified NAT10-interacting proteins
(Figure 3A). Among various NAT10-interacting proteins
identified by mass spectrometry, Che-1 is of particular inter-
est due to its pivotal role in autophagy (45). Coimmunopre-
cipitation experiments confirmed the interaction between
endogenous NAT10 and Che-1 in both HCT116 p53*/*
and HCT116 p53~/~ cells (Figure 3B). Immunofluores-
cence staining showed that NAT10 colocalized with Che-1
in the nucleus (Figure 3C). To determine whether NAT10
directly interacts with Che-1, GST pull-down experiments
were performed with purified Flag-NAT10 and GST-Che-
1. Both Flag-NAT10 and Flag-NAT10 GE bound to GST-
Che-1 in vitro (Figure 3D), indicating that the acetyltrans-
ferase activity of NAT10 is not required for its interaction
with Che-1. Moreover, the NAT10-binding regions of Che-
1 were narrowed down to the N-terminal domain (aa 1-124)
and middle domain (aa 125-246) by GST pull-down experi-
ments (Figure 3E). These results demonstrated that NAT10
interacts with Che-1 in cells and in vitro.

We previously demonstrated that NATI10 promotes
Mdm?2 degradation via its atypical E3 ligase activity (26).
Thus, we next wanted to know whether NAT10 regulates
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Figure 2. Deacetylation of NAT10 inhibits rRNA biogenesis and releases autophagy induction after glucose deprivation. (A) HCT116 cells were transfected
with the indicated plasmids. After 24 h, pre-rRNA levels were determined by Northern blot (left) and RT-qPCR (right). Error bars indicate the SEM (n =
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Che-1 protein stability. However, the Che-1 levels were
not changed when Flag-NAT10, Flag-NAT10 GE or Flag-
NAT10 KR was ectopically expressed (Figure 3F). In addi-
tion, the half-life of Che-1 was not altered by the expression
of Flag-NAT10 (Figure 3G), confirming that Che-1 levels
are not regulated by NAT10.

NAT10 inhibits the Che-1-dependent transcriptional activa-
tion of Deptor and Reddl under energy-rich conditions

Che-1 enhances autophagy activation by transactivating
the transcription of Deptor and Reddl, two important in-
hibitors of the mTOR pathway (45). We thus wanted to
know whether NAT10 regulates autophagy induction by
regulating the Che-1-mediated transcriptional activation of
Deptor and Reddl. First, ectopically expressed Flag-NAT10
decreased Redd1 and Deptor levels in both HCT116 p53*/*
and HCT116 p53~/~ cells without changing the Che-1 lev-
els (Figure 4A, left and Supplementary Figure S3A), indi-
cating that NAT10 inhibits the expression of Reddl and
Deptor. Consequently, phosphorylation of ULKI, a tar-
get of mTOR activation, was upregulated by ectopic Flag-
NAT10 expression, indicating that NAT10 activates mTOR
by inhibiting the expression of Reddl and Deptor (Fig-
ure 4A, left). Accordingly, knockdown of NAT10 elevated
Redd1 and Deptor levels and simultaneously inhibited the
phosphorylation of ULK1 (Figure 4A, right); similar re-
sults were obtained in HCT116 NAT10 KO cells (Supple-
mentary Figure S3B). To determine whether NAT10 in-
hibits the Che-1-dependent activation on Redd1 and Dep-
tor, Flag-NAT10 was coexpressed with Flag-Che-1, and
the expression levels of Redd1 and Deptor were evaluated.
Flag-NAT10 suppressed the Che-1-activated expression of
Redd1 and Deptor, while NAT10 KR failed to do so (Figure
4B), indicating that NAT10 suppresses the Che-1-mediated
activation of Reddl and Deptor, and autoacetylation of
NATI10 is required for this function.

To determine whether NATI10 regulates the Che-1-
dependent transcriptional activation of Reddl and Deptor,
the mRNA levels of Reddl and Deptor were evaluated by
RT-gPCR when Flag-NAT10 was coexpressed with Flag-
Che-1. The Flag-Che-1-induced elevation of Reddl and
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Deptor mRNA levels was inhibited by the ectopic expres-
sion of Flag-NAT10 but not by Flag-NAT10 GE or Flag-
NAT10 KR, indicating that NAT10 represses the transcrip-
tional activation of Reddl and Deptor by Che-1, and the
acetyltransferase activity of NAT10 is required for this re-
pression (Figure 4C). In addition, Flag-NAT10 failed to
regulate the Che-1-mediated transcriptional activation of
TP53, demonstrating that NAT10 specifically regulates the
Che-1-mediated transcriptional activation of Reddl and
Deptor. We thereafter examined whether NAT10 affects the
binding of Che-1 to Deptor and Reddl promoters. ChIP as-
say results showed that Flag-NAT10 significantly decreased
the binding of Che-1 to the Deptor and Reddl promoters
(Figure 4D), while neither NAT10 GE nor NAT10 KR lost
this capability. Together, our data demonstrated that the
acetyltransferase activity of NAT10 is required for its ability
to inhibit the Che-1-dependent transcriptional activation of
Reddl and Deptor.

We further found that ectopically expressed HA-Sirtl
abolished the Flag-NAT10-induced inhibition of Deptor
and Redd1 expression (Figure 4E). Collectively, we demon-
strated that Sirtl abrogates the NAT10-mediated inhibition
of Che-1 transcriptional activity (the ability of Che-1 to
transcriptionally activate Reddl and Deptor). Significantly,
Flag-NATI10 lost the ability to inhibit Deptor and Reddl
expression, activate ULK1 phosphorylation and suppress
autophagy induction under glucose deprivation conditions
(Figure 4F). Furthermore, when Che-1 was depleted by
siRNA, knockdown of NAT10 failed to elevate the expres-
sion levels of ReddI and Deptor (Figure 4G and Supplemen-
tary Figure S3C). Taken together, these data suggested that
NAT10 inhibits Che-1 activity during autophagy induction
under energy-rich conditions, while NAT10-mediated au-
tophagy inhibition is suppressed by Sirtl upon energy de-
privation.

NAT10 acetylates Che-1 at K228

As acetyltransferase activity is required for the NAT10-
mediated inhibition of Che-1, we hypothesized that NAT10
might acetylate Che-1. To this end, we performed in vitro
acetylation assays using purified Flag-NAT10 from Sf9 in-

for the indicated amounts of time. The cells were harvested, and pre-rRNA levels were determined by Northern blot (left) and RT-qPCR (right). Error
bars indicate the SEM (n = 3). *P < 0.05. n.s., no significance. (two-tailed z-test). (C) HEK293T cells were cultured in glucose-rich or glucose-free medium.
rDNA occupancy by NAT10 was evaluated by ChIP experiment. Error bars indicate the SEM (n = 3). (D) HEK293T cells cultured in glucose-rich or
glucose-free medium were treated with nicotinamide. rDNA occupancy by NAT10 was evaluated by ChIP experiment. Error bars indicate the SEM (n =
3). (E) HCT116 cells were transfected with the indicated siRNAs. After treatment with chloroquine (CQ, 100 M), the cells were harvested, and Western
blotting was performed to evaluate the indicated proteins. (F) HCT116 Ctrl or HCT116 NAT10 KO cells were transfected with the indicated plasmids. Cell
lysates were subjected to immunoblot analysis using the indicated antibodies. (G) HCT116 cells were transfected with the indicated plasmids. Cell lysates
were subjected to Western blot using the indicated antibodies. (H) HCT116 p53*/* or HCT116 p53~/~ cells were transfected with the indicated siRNAs.
The cells were treated with 2-DG and harvested. Western blotting was performed to evaluate the indicated proteins. Densitometry scanning analyses of
the LC3 and p62 bands standardized to B-actin are summarized from three independent experiments and shown on the right. Error bars indicate the
SEM (n = 3). **P < 0.01. n.s., no significance. (two-tails #-test) (I) HCT116 cells were transfected with the indicated siRNAs and cultured in glucose-free
medium for the indicated amounts of time. Western blotting was performed to evaluate the indicated proteins. Densitometry scanning analyses of LC3
bands standardized by -actin are summarized from three independent experiments and shown in the lower panel. Error bars indicate the SEM (n = 3). (J)
HCT116 cells transfected with the indicated siRNAs and GFP-LC3 were cultured in glucose-free medium for 18 h. GFP-LC3 distribution was assessed by
fluorescence microscopy. The percentage of punctate GFP cells represents the number of cells with punctate GFP-LC3 among 100 GFP-LC3-expressing
cells. Data represent the mean + SD from three independent experiments performed in triplicate (lower table). Scale bars, 10 uM. (K) HCT116 cells were
transfected with the indicated siRNAs and cultured in glucose-free medium for 18 h. The cell viability was measured by FACS analysis after Annexin V and
propidium iodide (PI) double-staining. Error bars indicate the SEM (n = 3). P-values were calculated using the two-tailed #-test. See also Supplementary
Figure S2.
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Figure 3. NATI10 interacts with Che-1. (A) U20S cells were transfected with Flag-NAT10. After 48 h, the cells were harvested, and whole cell extracts
were immunoprecipitated with an anti-Flag antibody affinity resin. NAT10-binding proteins were resolved by SDS-PAGE, detected by silver staining and
analyzed by mass spectrometry. (B) HCT116 cell lysates were immunoprecipitated with a control IgG or anti-NAT10 antibody. Immunoprecipitants were
immunoblotted with the indicated antibodies. (C) HCT116 cells were fixed, and immunostaining was performed to determine the localization of Che-1
and NAT10. Immunofluorescence images were acquired with a confocal microscope. Scale bars, 10 wM. (D) GST pull-down assay was performed with
purified Flag-NAT10 or Flag-NAT10 GE and GST-Che-1 proteins. Che-1-bound Flag-NAT10 was evaluated by Western blot using an anti-Flag antibody.
The amounts of GST fusion proteins used in the GST pull-down assay are shown in the lower panel. (E) GST pull-down assay was performed with purified
Flag-NAT10 and GST-Che-1 or its deletion mutants. Che-1-bound Flag-NAT10 was evaluated by Western blot using an anti-Flag antibody (upper). The
amounts of GST fusion proteins used in the GST pull-down assays are shown (middle). The schematic diagram represents the GST-Che-1 deletion mutant
constructs (lower). (F) HCT116 cells were transfected with the indicated plasmids. Twenty-four hours later, the cells were harvested, and proteins from
the cell lysates were subjected to immunoblot analysis for the evaluation of Che-1 and NAT10. Beta-actin was evaluated as a loading control. Error bars
indicate the SEM (n = 3) (right panel). (G) HCT116 cells were transfected with the Flag-NAT10 or Flag plasmids. Twenty-four hours later, the cells were
treated with cycloheximide (CHX) and harvested at the indicated time points. Proteins from the cell lysates were subjected to immunoblot analysis for the
evaluation of NAT10 and Che-1. Beta-actin was evaluated as a loading control (upper panels). Relative Che-1 levels standardized to B-actin at different
time points are shown in the lower panel. Error bars indicate the SEM (n = 3).
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Figure 4. NATI10 inhibits the Che-1-dependent transcriptional activation of Deptor and Reddl under energy-rich conditions. (A) HCT116 cells were
transfected with the indicated siRNAs or plasmids. Western blotting was performed to evaluate the indicated proteins. (B) HCT116 cells were transfected
with the indicated plasmids. After 24 h, cell lysates were prepared and subjected to Western blot analysis for evaluation of the indicated proteins. (C)
HCT116 cells were transfected with the indicated plasmids. After 24 h, total RNA was extracted and subjected to RT-qPCR for evaluation of the mRNA
levels of the indicated genes. Error bars indicate the SEM (n = 3). (D) HCT116 cells were transfected with the indicated plasmids. The promoter occupancy
of Deptor or Reddl by Che-1 was analyzed by a ChIP assay. Error bars indicate the SEM (n = 3). (E) HCT116 cells were transfected with the indicated
plasmids. After 24 h, the cells were harvested, and western blotting was performed to evaluate the indicated proteins. (F) U20S cells were transfected with
the indicated plasmids and cultured in medium with or without glucose for 36 h. The cells were harvested, and Western blotting was performed to evaluate
the indicated proteins. (G) HCT116 cells were transfected with the indicated siRNAs. After 72 h, total RNA was extracted and subjected to RT-qPCR for
evaluation of the Deptor and Reddl mRNA levels. Error bars indicate the SEM (n = 3). See also Supplementary Figure S3.
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sect cells and GST-Che-1 from E. coli bacterial cells. Che-
1 was acetylated in the presence of both acetyl-CoA and
Flag-NAT10 (Figure 5A). However, Flag-NAT10 GE lost
the ability to acetylate Che-1. In addition, Flag-NAT10 in-
creased the cellular acetylation levels of Che-1, while Flag-
NAT10 GE and Flag-NAT10 KR failed to do so (Figure
5B). Moreover, NAT10 KR still bound to Che-1 as well as
wild-type NAT10 (Supplementary Figure S4A and S4B),
indicating that acetylation of NAT10 is essential for its abil-
ity to acetylate Che-1. To verify these results, we evalu-
ated the acetylation levels of Che-1 in HCT116 NAT10 KO
cells. The acetylation levels of Che-1 were dramatically de-
creased, while the Che-1 protein levels were not changed in
HCT116 NAT10 KO cells (Figure 5C). Together, these data
demonstrated that NAT10 functions as an acetyltransferase
for Che-1, and acetylation of NAT10 is required for its abil-
ity to acetylate Che-1.

To determine the sites of Che-1 acetylation catalyzed
by NAT10, we performed in vitro acetylation experiments
using purified GST-Che-1 deletion mutants that included
the N-terminal fragment (aa 1-124), middle fragment (aa
125-246) and C-terminal fragment (aa 247-560) (Figure
5D). The middle fragment of Che-1 was acetylated by Flag-
NATI10 (Figure SE). Three potential acetylation sites in the
middle portion of Che-1 were predicted at K128, K145 and
K228 (Figure SF). Therefore, in vitro acetylation experi-
ments were performed with site-directed Che-1 mutants to
determine the acetylation sites in Che-1. Substitution of ly-
sine 228 with arginine in Che-1 (Che-1 K228R) and sub-
stitution of these three lysine residues with arginine (Che-1
3KR) totally abrogated the NAT10-mediated acetylation of
Che-1 (Figure 5G), suggesting that NAT10 acetylates Che-1
at K228. Sequence alignment showed that K228 on Che-1 is
highly conserved in various species (Supplementary Figure
S4C). To confirm Che-1 acetylation at K228 by NAT10 in
cells, Che-1 and its mutants were cotransfected with Flag-
NATI10 into cells. Flag-Che-1, but not Flag-Che-1 K228R
or Flag-Che-1 3KR, was acetylated in the presence of Flag-
NAT10 (Figure SH), further confirming that NAT10 acety-
lates Che-1 at K228. In addition, the Flag-NAT10 GE mu-
tant failed to increase the Che-1 acetylation levels like Flag-
NAT10 (Figure 5I). We thereafter evaluated the acetylation
levels of Che-1 upon energy depletion. Significantly, acety-
lation of endogenous Che-1 gradually decreased upon en-
ergy deprivation in HCT116 cells (Figure 5J) and U20S
cells (Supplementary Figure S4D), while the total levels of
Che-1 were not altered.

We further evaluated the role of NAT10-mediated Che-1
K228 acetylation in the Che-1-mediated activation of Dep-
tor and Redd1. Flag-NAT10 inhibited the Che-1-mediated
activation of Deptor and Redd1 but had no effect on Che-
1 K228R-mediated transcription activation (Figure 5K).
These results demonstrated that NAT10 inhibits Che-1
transcriptional activity by acetylating Che-1 at K228.

Taken together, our data demonstrated that NAT10 is
autoacetylated and then acetylates Che-1 at K228 under
energy-rich conditions. When cells sustain energy stress,
NAT10 is deacetylated by Sirtl, and this deacetylation abol-
ishes the ability of NAT10 to acetylate Che-1.

Glucose deprivation results in the release of NAT10 from nu-
cleoli

We next investigated whether NAT10 remains in the nu-
cleolus under glucose deprivation. Strikingly, NAT10 was
excluded from the nucleoli upon glucose deprivation or
AICAR (an energy depletion mimic) treatment, while
NATI10 stayed predominantly in the nucleoli under normal
conditions (Figure 6A). Interestingly, ectopic NAT10 KR
remained in the nucleoli (Supplementary Figure SSA and
S5B) under normal conditions and was excluded from the
nucleoli under energy stress (Supplementary Figure S5C),
indicating that translocation of NAT10 from the nucleoli to
the nucleus was not due to its deacetylation. Because nucle-
olar proteins reside in the nucleolus by tethering to rRNA
(46-48), we treated cells with RNase A and analyzed the
localization of NAT10. RNase A treatment led to partial
translocation of NAT10 from the nucleoli into the nucleo-
plasm, while UBF1 was retained in the nucleoli (Figure 6B),
and immunoprecipitation analysis showed that NAT10 dis-
sociated from UBF1 upon RNase A treatment (Figure 6C).
These results suggested that RNA is required for the local-
ization of NAT10 to the nucleoli.

Since NAT10 participates in TRNA processing (18-20),
we further analyzed the association of NAT10 with dif-
ferent regions of pre-rRNA in cells using RNA immuno-
precipitation (RIP) assays. Pre-rRNA coprecipitated with
NAT10 but was not associated with Sirtl (Figure 6D), un-
derscoring the specific binding of NAT10 to pre-rRNA.
The association of NAT10 with rRNA was confirmed by
an in vitro RNA pull-down assay performed using a biotin-
labeled RNA fragment corresponding to the 5 region (5’
ETS) of human pre-rRNA (from +10 to +389) (Figure 6E).
Significantly, AICAR treatment diminished the binding of
NATI10 to pre-rRNA (Figure 6F), suggesting that NAT10
departs from pre-rRNA and is excluded from nucleoli un-
der energy stress.

We further performed immunoprecipitation experiments
to evaluate whether the association of NAT10 with Che-1
is altered under energy stress conditions. The endogenous
interaction between Che-1 and NAT10 was gradually de-
creased as the glucose concentration and duration of glu-
cose deprivation in the medium decreased (Figure 6G, H
and Supplementary Figure S5D). In addition, Che-1 was
predominately retained in the nucleoli under glucose depri-
vation, while NAT10 was significantly translocated from the
nucleoli to the nucleoplasm (Supplementary Figure SSE).
Together, these results indicated that the Sirtl-dependent
deacetylation of NAT10 prevents NAT10 from acetylating
Che-1.

NAT10 regulates Che-1 activity in vivo

To further confirm the regulation of autophagy by NAT10
in vivo, we subcutaneously implanted HCT116 NAT10 KO
cells into immunodeficient nude mice. The sizes and weights
of tumor xenografts were then measured after the mice were
sacrificed. The expression of Deptor and Reddl in the tu-
mor tissues was evaluated by Western blot. Ablation of
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Figure 5. NAT10 acetylates Che-1 at K228. (A) In vitro acetylation experiments were performed with GST-Che-1 and purified Flag-NAT10 or Flag-NAT10
GE as described in the Materials and Methods. Acetylation of Che-1 was evaluated by Western blot using an anti-acetyl-lysine antibody. (B) HCT116 cells
were transfected with the indicated plasmids. Acetylation of Che-1 was evaluated by Western blot using an anti-Che-1 antibody on anti-acetyl-lysine
antibody-specific immunoprecipitants. Inputs were evaluated by Western blot using the indicated antibodies. (C) Cell lysates were prepared from HCT116
Ctrl cells or HCT116 NAT10 KO cells (cl or ¢2). Acetylation of Che-1 was evaluated by Western blot using an anti-Che-1 antibody on the anti-acetyl-
lysine immunoprecipitants. The expression of NAT10 and Che-1 was evaluated by Western blot using the indicated antibodies. (D) The schematic diagram
represents the Che-1 deletion mutant constructs. (E) In vitro acetylation experiments were performed with purified GST-Che-1-N, GST-Che-1-M or GST-
Che-1-C fusion proteins and purified Flag-NAT10 as described in the Materials and Methods. Acetylation of Che-1 was evaluated by Western blot using an
anti-acetyl-lysine antibody. (F) The potential acetylation sites on Che-1-M were predicted using the biocuckoo website. (G) In vitro acetylation experiments
were performed with the purified GST-Che-1, GST-Che-1-3KR, GST-Che-1-K138R, GST-Che-1-K145R or GST-Che-1-K228R fusion protein and Flag-
NAT10 as described in the Materials and Methods. Acetylation of Che-1 was evaluated by Western blot using an anti-acetyl-lysine antibody. (H) HCT116
cells were transfected with the indicated plasmids. Cells were harvested, and immunoprecipitation was performed to evaluate the level of Che-1 acetylation
(upper). The expression levels of Flag-tagged proteins in the cell lysates were evaluated by Western blot using the indicated antibodies (lower). (I) U20S
cells were transfected with the indicated plasmids. Immunoprecipitation was performed using an anti-acetyl-lysine antibody to evaluate the level of Che-1
acetylation (upper). The expression levels of Flag-tagged proteins in the cell lysates were evaluated by Western blot using the indicated antibodies (lower).
(J) HCT116 cells were cultured in medium containing different concentrations of glucose for 18 h. The acetylation levels of Che-1 in the anti-acetyl-lysine
antibody-specific immunoprecipitants were evaluated using an anti-Che-1 antibody (upper). Total Che-1 levels were evaluated by western blot (lower).
(K) HCT116 cells were transfected with the indicated plasmids. Cell lysates were prepared and subjected to Western blot for evaluation of the indicated
proteins. See also Supplementary Figure S4.
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Figure 6. Nucleolar enrichment of NAT10 requires nascent pre-rRNA. (A) U20S or HEK293T cells were cultured under normal conditions (ctrl), in
glucose-deprived medium (Glu (-)) or in AICAR (2 mM)-containing medium for 36 h. Indirect immunofluorescence analysis was performed to determine
the cellular localization of NAT10 (red) and UBF1 (green). Nuclei were stained with DAPI. Scale bar, 10 wM. (B) The cellular localization of NAT10 (red)
and UBF1 (green) was visualized by indirect immunofluorescence after the cells were permeabilized and incubated with RNase (1 mg/ml, 10 min). Nuclei
were stained with DAPI. Scale bar, 10 wM. (C) HEK293T cells transfected with Flag-NAT10 were cultured in the absence or presence of RNase (20 pg/ml).
Immunoprecipitation was performed with an anti-Flag antibody. Flag-NAT10 and UBF1 in the immunoprecipitants were evaluated by immunoblot. (D)
RNA immunoprecipitation (RIP) experiments were performed with cell lysates from HEK293T cells expressing Flag-NAT10 or Flag-Sirtl. Cell lysates
were prepared after cells were exposed to UV light to crosslink the RNA with proteins and then incubated with anti-Flag beads. After elution with a Flag
peptide and decrosslinking, coprecipitated RNA was purified and analyzed by RT-qPCR. The percentage of precipitated RNA relative to the total RNA
is shown. Error bars indicate the SEM (n = 3). The positions of precipitated rRNA are shown in the upper panel. (E) Purified Flag-NAT10 or Flag-Sirtl
was incubated with streptavidin-coated Dynabeads (ctrl) or Dynabeads containing 5 ETS RNA (+10/+389). Western blotting was performed to evaluate
the RNA-bound proteins using an anti-Flag antibody. (F) HCT116 cells expressing Flag-NAT10 were treated with AICAR (2 mM) for 12 h. Flag-NAT10-
RNA complexes were isolated and analyzed as described in D. Error bars indicate the SEM (n = 3). The positions of precipitated rRNA are shown in the
upper panel of D. (G) HCT116 cells were cultured in medium containing 1.0 g/1, 0.5 g/, or 0 g/I glucose for 18 h. Immunoprecipitation was performed
with an anti-NAT10 antibody, and Che-1 expression in the precipitants was evaluated by immunoblot. (H) HCT116 cells were cultured in glucose-free
medium for the indicated amounts of time. Immunoprecipitation was performed with an anti-Che-1 antibody, and NAT10 expression in the precipitants
was evaluated by immunoblot. See also Supplementary Figure S5.
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NATI10 in HCT116 cells resulted in subtly increased tumor
sizes and weights in the nude mice (Figure 7A—C). However,
the expression levels of both Deptor and Redd1 were signifi-
cantly increased in the tumor tissues generated from NAT10
KO cells, while Che-1 expression was not changed (Fig-
ure 7D). These data demonstrated that NAT10 inhibits the
Che-1-mediated transcriptional activation of Deptor and
Redd] in vivo.

DISCUSSION

Ribosome production is a major biosynthetic and energy-
consuming process in cells, accounting for up to 80% of the
energy consumption in proliferating cells (15). Under low
energy levels, rRNA biogenesis is inhibited to save energy
and maintain cell survival. Recently, substantial effort has
been exerted to uncover the mechanism by which rRNA
biogenesis is regulated upon energy stress. The protein com-
plex eNoSC (energy-dependent nucleolar silencing com-
plex) senses the cellular energy status and negatively con-
trols rRNA transcription (43,46,49), and Sirt7 contributes
to the repression of Pol I by deacetylating PAF53 upon
stress (48). Moreover, SIRT7 is released from the nucle-
oli, resulting in hyperacetylation of U3-55k and attenuation
of pre-rRNA processing (50). As a nucleolar acetyltrans-
ferase, NAT10 contributes to rRNA biogenesis by promot-
ing UBF1 acetylation and facilitating 18S rRNA process-
ing (18,19), and autoacetylation of NAT10 is required for
NATI10’s ability to promote rRNA biogenesis (22). How-
ever, whether the acetylation of NAT10 is regulated during
energy stress remains unknown.

Sirtl, a crucial target of AMPK (cellular energy sen-
sor), is activated to maintain cell survival in response to
metabolic stress (43,51-53) and regulates metabolic path-
ways by deacetylating its downstream substrates when cells
encounter stress. For instance, Sirtl targets FoxOs for
deacetylation to promote cell survival upon energy stress
and plays a protective role in ischemia by deacetylating
PGC-1a (54,55). In the present study, we demonstrate that
NATI10 interacts with Sirtl in cells and in vitro, and im-
portantly, the interaction of NAT10 with Sirtl is enhanced
by glucose starvation. NAT10 is deacetylated by Sirtl in
vitro and in cells under glucose deprivation. Deacetylated
NATI10 fails to activate rRNA biogenesis and thus de-
creases energy consumption, which is beneficial for cell
survival upon energy withdrawal. Therefore, deacetylation
of NAT10 by Sirtl contributes to halt rRNA biogenesis
when cells undergo energy deprivation. We thus identify
NATI10 as another important substrate of Sirtl in energy
stress response. Additionally, NAT10 is an ATP-dependent
acetyltransferase responsible for 18S rRNA processing (19).
Hence, NAT10-mediated rRNA processing should be in-
hibited by glucose starvation due to the absence of ATP.

Autophagy is inhibited under adequate energy supply
conditions, and Che-1 is a key regulator of autophagy in
that it activates the process by upregulating Depror and
Reddl expression to inhibit mTOR activity (45). However,
it is not fully understood how the function of Che-1 in au-
tophagy induction is inhibited in energy-fed cells. We found
that NAT10 interacts with Che-1 in cells and in vitro under
adequate energy conditions. Interestingly, NAT10 inhibits
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the Che-1 transcriptional activation of Reddl and Deptor
but not that of TP53, suggesting the NAT10 specifically
regulates autophagy-related downstream genes of Che-1.
Consequently, NATI10 activates the mTOR pathway and
represses autophagy induction. Interestingly, the enzyme-
dead mutant Flag-NAT10 G641E and the autoacetylation-
defective mutant Flag-NAT10 K462R lost the ability to in-
hibit Che-1 transcriptional activity, though they still bound
to Che-1. These data indicate that both the acetyltransferase
activity and acetylation of NAT10 at K462 are required for
its ability to inhibit Che-1-mediated transcriptional activa-
tion in autophagy inhibition.

Given its pivotal role in cellular processes, Che-1 activity
has been found to be controlled by post-translational mod-
ifications. Previous studies have demonstrated that Che-1 is
phosphorylated and activated to protect cells from various
cellular stresses (11,13). For instance, the MK2-mediated
phosphorylation of Che-1 inhibits the transcription of p53-
dependent proapoptotic genes, such as Puma, Bax and Bak,
to protect cells from apoptosis (13). In addition, Che-1
transcriptional activity is activated by phosphorylation at
residues S316, S320 and S321 during autophagy induction
(56). However, how Che-1 activity is regulated by acetyla-
tion remains unknown. Here, we found that NAT10 acety-
lates Che-1 at K228 in energy-fed cells. Importantly, the
Che-1 K228R mutant activated the expression of Deptor
and Reddl more efficiently than wild-type Che-1 (Figure
5K), indicating that acetylation of Che-1 at K228 atten-
uates its transcriptional activation of Reddl and Deptor
and consequently inhibits autophagy under adequate en-
ergy supply. Che-1 was previously shown to possess an in-
hibitory domain within residues 125-246 (57). Thus, acety-
lation at Che-1 K228 may be the critical post-translational
modification within residues 125-246 for the negative reg-
ulation of Che-1. Flag-NAT10 inhibits the ability of wild-
type Che-1 to transcriptionally activate its target genes but
has no effect on Che-1 K228R-mediated transcriptional ac-
tivation. Hence, the acetylation of Che-1 by NAT10 is criti-
cal for inhibiting Che-1 activity under adequate energy sup-
ply. We demonstrated that Che-1 transcriptional activity is
suppressed by acetylation at K228. Whether Che-1 is acety-
lated by other acetytransferases, such as p300/CBP and
TIP60, remains unknown. Further studies on Che-1 acety-
lation may provide more evidence for the functional regula-
tion of Che-1 by post-translational modification.

Autophagy is induced to maintain metabolic homeosta-
sis and cell viability upon sustained energy deprivation, and
Che-1 acetylation should thus be inhibited under energy
stress. In the present study, we demonstrated that the inter-
action between endogenous NAT10 and Che-1 is attenuated
upon glucose deprivation. The dissociation of Che-1 from
NAT10 prevents Che-1 from being acetylated by NAT10,
and Che-1 is thus activated to induce autophagy. These ob-
servations demonstrated that the transcriptional activation
of Reddl and Deptor by Che-1 is regulated by NAT10 ac-
cording to the cellular energy status. NAT10 is deacetylated
by Sirtl upon energy stress, but whether Sirt1 targets Che-1
for deacetylation when cells undergo energy stress remains
unknown.

NATI10 activates rRNA biogenesis in nucleoli, and au-
toacetylation is required for NAT10-mediated rRNA syn-
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Figure 7. NAT10 inhibits the expression of Redd1 and Deptor in mouse tumor xenografts. (A—C) NAT10 KO HCT116 cells were subcutaneously implanted
into SCID mice. Tumors were dissected at the end of the experiment (A). The weights and sizes of the tumor xenografts are shown in B and C, respectively.
Error bars indicate the SEM (n = 6). P-values were calculated using two-tailed unpaired Student’s #-test. **P < 0.01, *P < 0.05. (D) Western blotting
was performed on the tumor xenograft lysates to evaluate the levels of the indicated proteins (left). Densitometry scanning analyses of the Che-1, Deptor
and Redd1 bands standardized to B-actin are summarized and shown (right). Error bars indicate the SEM (n = 6). (E) A working model explaining how
NAT10 acetylation regulates rRNA biogenesis and autophagy upon glucose starvation.

thesis (18-20,22). While it is possible that deficient acetyla-
tion could affect the nucleolar localization of NAT10, this
is not the case since Flag-NAT10 KR and GFP-NAT10KR
remain in the nucleolus. Interestingly, both endogenous
NAT10 and ectopically expressed Flag-NAT10 KR translo-
cated from the nucleolus to the nucleus when cellular RNA
was digested. Thus, the nucleolar localization of NAT10
depends on the presence of RNA. This result is in accor-
dance with previous studies demonstrating that some nucle-

olar proteins localize in the nucleolus by tethering to RNA
(47,48). Since NAT10 is involved in rRNA biogenesis via its
promotion of UBF1 acetylation and acetylation of rRNA
in nucleoli (18-20), the exclusion of NAT10 from the nucle-
olus conversely abrogates the NAT10-elevated acetylation
of UBF1 and NAT10-mediated rRNA acetylation, leading
to attenuation of rRNA biogenesis. In summary, NAT10
maintains its acetylation level by autoacetylation, binding
to UBF1 and enhancing rRNA biogenesis under adequate

£202 J19qWianoN 1z uo 1sanb Aq 0G8¥80S5/1096/8 L/9/2I01e/1eu/Ww0d dno oW pede//:sd)y Wolj papeojumoq



energy supply conditions. Under unfavorable growth con-
ditions, NAT10 is deacetylated by Sirtl and loses the ability
to facilitate rRINA biogenesis, leading to decreased rRNA
synthesis. The decreased rRNA level leads to the release of
NAT10 from the nucleolus into the nucleoplasm.

In conclusion, our findings identified a critical role of
NATIO0 in the crosstalk between rRNA biogenesis and au-
tophagy in response to energy stress. On the one hand,
NATI10 is acetylated to activate rRNA biogenesis in pro-
liferating cells. On the other hand, acetylated NAT10 binds
to Che-1 and inhibits the Che-1-mediated transcriptional
activation of Deptor and Reddl to suppress autophagy in-
duction. Under energy stress condition, NAT10-associated
rRNA biogenesis is suppressed due to the deacetylation of
NAT10 by Sirtl. Meanwhile, deacetylated NAT10 loses the
ability to acetylate Che-1 and suppress autophagy, leading
to autophagy induction and the facilitation of cell survival
(Figure 7E).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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