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The TORC1 activates Rpd3L complex to deacetylate
Ino80 and H2A.Z and repress autophagy
Xin Li1, Qianyun Mei1, Qi Yu1, Min Wang2, Fei He1, Duncheng Xiao1, Huan Liu1, Feng Ge2,
Xilan Yu1*, Shanshan Li1*

Autophagy is a critical process to maintain homeostasis, differentiation, and development. How autophagy is
tightly regulated by nutritional changes is poorly understood. Here, we identify chromatin remodeling protein
Ino80 and histone variant H2A.Z as the deacetylation targets for histone deacetylase Rpd3L complex and
uncover how they regulate autophagy in response to nutrient availability. Mechanistically, Rpd3L deacetylates
Ino80 K929, which protects Ino80 from being degraded by autophagy. The stabilized Ino80 promotes H2A.Z
eviction from autophagy-related genes, leading to their transcriptional repression. Meanwhile, Rpd3L deacety-
lates H2A.Z, which further blocks its deposition into chromatin to repress the transcription of autophagy-related
genes. Rpd3-mediated deacetylation of Ino80 K929 and H2A.Z is enhanced by the target of rapamycin complex
1 (TORC1). Inactivation of TORC1 by nitrogen starvation or rapamycin inhibits Rpd3L, leading to induction of
autophagy. Our work provides a mechanism for chromatin remodelers and histone variants in modulating au-
tophagy in response to nutrient availability.
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INTRODUCTION
Autophagy is a conserved catabolic process that breaks down cyto-
plasmic components, abnormal protein aggregates, and dysfunc-
tional organelles, which can be recycled to maintain cellular and
organismal homeostasis and safeguard cell survival under starva-
tion conditions (1). The dysfunction of autophagy is implicated
in human pathologies such as cancer, neurodegeneration, muscular
disorder, and aging (2). Autophagy is featured by the formation of
the double-membrane structure termed the autophagosome, which
subsequently fuses with the vacuole or lysosome to degrade its con-
tents (1, 3). The basal autophagy generally occurs at a low level but is
induced to high levels in response to stress stimuli, such as nutrient
deprivation and pathogen infection (4).

The eukaryotic cells tightly regulate and coordinate autophagy at
multiple levels, including transcriptional, posttranscriptional, trans-
lational, and posttranslational controls to ensure its proper timing
of induction and magnitude (4). The target of rapamycin (Tor) sig-
naling pathway plays a major role in regulating autophagy induc-
tion. Tor is a protein kinase that promotes cellular growth and
proliferation under nutrient-rich conditions (5). Tor forms two
functionally distinct protein complexes, Tor complex 1 and 2
(TORC1 and TORC2) with TORC1 being sensitive to rapamycin
and inactivation of TORC1 causes induction of autophagy (6). In-
activation of TORC1 causes the nucleus translocation of the protein
kinase Rim15 (7), which then phosphorylates the DNA binding
factor Ume6, an integral subunit of the histone deacetylase Rpd3
large (Rpd3L) complex, leading to up-regulation of autophagy-
related (ATG) genes, including ATG8 and ATG9 (8, 9). Rpd3
exists in three complexes, Rpd3L, Rpd3S, and Rpd3μ, with unique
functions (10). Rpd3S represses cryptic transcription within gene
bodies and maintains chromatin integrity (11), while Rpd3μ is

involved in resistance to oxidative stress (12). As Rpd3L contains
sequence-specific binding factors such as Ume6 and Ash1, Rpd3L
is recruited to gene promoters (13, 14). In contrast, Rpd3S is recruit-
ed to the open reading frame by RNA polymerase II (RNAPII) (15).
At the promoter region, Rpd3L deacetylates histones H3 and H4 to
repress gene transcription (14, 16). However, Eisenberg et al. (17)
showed that acetyl–coenzyme A (CoA) induced acetylation of
histone H3K9, 14, and 18 to repress the transcription of autopha-
gy-related genes, i.e., ATG7, which makes the relationship between
histone (de)acetylation and autophagy more complex. Rpd3L may
deacetylate other unknown proteins to repress the transcription of
autophagy-related genes.

The incorporation of histone variants into chromatin provides
an important way to regulate gene transcription. The histone
H2A variant H2A.Z is encoded by HTZ1 in yeast, which is highly
conserved in a wide range of organisms. H2A.Z is enriched in the
gene promoter regions and H2A.Z-containing nucleosomes flank
the nucleosome-depleted region at transcription start sites (TSSs)
(18). H2A.Z regulates the expression of genes that respond to
changes in the environment and loss of H2A.Z results in defects
in response to external stress by chemicals such as hydroxyurea, caf-
feine, formamide, and benomyl (19, 20). The functions of H2A.Z in
cells are linked to the dynamics of its deposition and eviction from
chromatin, which are mediated by two highly conserved, multisu-
bunit adenosine 5′-triphosphate (ATP)–dependent chromatin re-
modeling complexes, INO80 and SWR-C (21). Ino80 and Swr1
are catalytic subunits of INO80 and SWR-C, respectively (19, 22–
24). INO80 catalyzes the eviction of H2A.Z from chromatin,
whereas SWR-C directs the incorporation of H2A.Z into nucleo-
somes by a dimer exchange reaction (23, 25, 26). The N-terminal
domain of yeast H2A.Z is acetylated at lysines 3, 8, 10, and 14 by
the NuA4 and SAGA complexes to promote its incorporation
into chromatin and regulate gene expression (27–29). Despite
much progress has been made toward understanding the role of
INO80, SWR-C, and H2A.Z in regulating chromatin structure
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and gene transcription, it is unclear whether they participate in reg-
ulation of autophagy.

Although Rpd3L complex has been reported to repress the tran-
scription of ATG8 and ATG9 (8, 9), little is known about the under-
lying mechanism. Here, we identify chromatin remodeling protein
Ino80 and histone variant H2A.Z as the deacetylation targets for
Rpd3L complex. We find that Rpd3L deacetylates Ino80 K929 to
stabilize Ino80 and remove H2A.Z from autophagy-related genes,
providing the first evidence that the stability of chromatin remod-
eling protein can be regulated by acetylation/deacetylation. Rpd3L
also deacetylates H2A.Z at K3, 8, 10, and 14 to further reduce its
incorporation into autophagy-related genes. As a consequence of
deacetylation of Ino80 K929 and H2A.Z, the transcription of au-
tophagy-related genes is repressed and the autophagy activity is
maintained at lower levels under nutrient-rich conditions. More-
over, Rpd3L-mediated deacetylation of Ino80 and H2A.Z is pro-
moted by the TORC1 pathway, which is inactivated under
nitrogen starvation to induce autophagy. Thus, our work provides
a mechanism to regulate autophagy in response to nutrient
availability.

RESULTS
Ino80 interacts with Rpd3 and negatively regulates the
transcription of autophagy-related genes
By analyzing the transcriptome data for rpd3Δ mutant by Holstege
laboratory (30), we found that Rpd3 represses the transcription of a
wide range of autophagy-related (ATG) genes in addition to ATG8
and ATG9 (Fig. 1A) (8, 9). By performing the ChIP-seq (chromatin
immunoprecipitation combined with high-throughput sequencing)
to examine the distribution of Rpd3 genome wide, we found that
Rpd3 substantially binds at autophagy-related genes that constitute
the core autophagy apparatus when compared with other genes
bound by Rpd3 (Fig. 1A), indicating that Rpd3 plays a broad role
in transcriptional repression of autophagy.

Rpd3 has been reported to catalyze the deacetylation of histones
H3/H4 to repress gene expression (14, 16). To investigate whether
Rpd3 inhibits autophagy by deacetylating histones, we examined
autophagy activity in the mutants of histone acetylation sites
(H3K9A, H3K14A, H3K18A, H3K56A, H4K5A, H4K8A, and
H4K12A) using a green fluorescent protein (GFP)–Atg8 processing
assay. The principle of this assay is that upon autophagy induction,
GFP-Atg8 is transported into the vacuoles, where Atg8 is degraded
but the free GFP moiety is resistant to proteolysis. The ratio of free
GFP/GFP-Atg8 is directly correlated with the basal autophagic flux.
However, none of these histone mutants had significantly reduced
the autophagy activity or decreased transcription of ATG genes (fig.
S1, A and B), which is in agreement with the findings that acetyla-
tion of histone H3K9, 14, and 18 represses instead of activates the
transcription of autophagy-related genes (17). Rpd3 has been re-
ported to repress autophagy by catalyzing the deacetylation of
Atg3 at K19 and K48 (31). Still, loss of Atg3 has no significant
effect on the transcription of autophagy-related genes (fig. S1, C
to E).

To characterize the potential deacetylation target(s) of Rpd3, we
immunoprecipitated the FLAG-tagged Rpd3 (Rpd3-FLAG) from
yeast cells and mass spectrometry analysis detected the presence
of INO80 complex subunits, including Ino80, Arp8, Nhp10,
Arp5, Rvb1, Rvb2, Act1, etc. (Fig. 1B). INO80 complex has been

reported to regulate the expression of metabolic genes in response
to nutrient changes (32), but it is unknown about the relationship
between Ino80 and autophagy. Mass spectrometry analysis of im-
munoprecipitated Ino80-FLAG also revealed Rpd3 as the Ino80 in-
teractor (Fig. 1B). The interaction between the endogenous Ino80
and Rpd3 was confirmed by co-immunoprecipitation (co-IP) and
reciprocal IP (Fig. 1, C and D). In contrast, Rpd3 had no physical
interaction with Swr1, the catalytic subunits SWR-C (fig. S1F).
Moreover, loss of Ino80 in rpd3Δ mutant caused severe growth
defects on nutrient-rich [yeast extract peptone dextrose (YPD)]
medium (fig. S1G), indicating that Ino80 and Rpd3 have genetic in-
teractions and are functionally related. All these results prompted us
to investigate whether Ino80 is involved in Rpd3-mediated tran-
scriptional repression of autophagy.

We first assessed the effect of Ino80 on autophagy activity. The
GFP-Atg8 processing assay demonstrated significantly increased
autophagic flux with active vacuolar proteolysis in ino80Δ mutant
compared to its wild-type (WT) counterpart (Fig. 1, E and F). Like-
wise, loss of INO80 complex subunits, Arp8, Nhp10, Taf14, Ies1,
and Ies2 significantly increased autophagy activity (Fig. 1, E and
F, and fig. S1H). Loss of Rvb1 and knockdown of Rvb2 had no
effect on autophagy, which could be due to the fact that Rvb1 and
Rvb2 are common subunits of both INO80 and SWR-C complexes.
To strengthen these findings, we used a complementary assay by as-
sessing the autophagy-dependent translocation of GFP-Atg8 to the
vacuole by fluorescence microscopy. The percentage of autophagic
cells that displayed vacuolar localization of GFP was significantly
increased in INO80 complex mutants, including ino80Δ, arp8Δ,
and nhp10Δ (Fig. 1G). Consistently, the transcription of ATG
genes (ATG1, ATG9, ATG10, ATG11, ATG14, ATG15, ATG18,
and ATG29) was significantly increased in these mutants
(Fig. 1H). To test whether Rpd3 and Ino80 are epistatic, RPD3
and INO80 were deleted separately and together. Deletion of
RPD3, INO80 alone or their codeletion led to a similar increase of
autophagy activity (Fig. 1I), suggesting that Rpd3 and Ino80 act in
the same pathway to regulate basal autophagy.

Rpd3L protects Ino80 from autophagy-mediated
degradation
We observed the protein level of Ino80 was significantly reduced in
rpd3Δ mutant (Fig. 2A). Among the known histone deacetylases in
yeast including Hos1, Hos2, Hos3, Hos4, Sir2, Rpd3, and Hda1,
only loss of Rpd3 reduced the intracellular protein level of Ino80
(fig. S2A). Deletion of RPD3 had no significant effect on INO80
mRNA level (fig. S2B). We then examined the effect of Rpd3 on
Ino80 protein stability. WT and rpd3Δ cells were treated with cyclo-
heximide (CHX) to block protein synthesis. The overall Ino80
protein levels were significantly lower in rpd3Δ mutant than those
in WT (Fig. 2B). Rpd3 exists in three distinct complexes, Rpd3L,
Rpd3S, and Rpd3μ, with different functions (10). To identify
which Rpd3 complex(es) maintains Ino80 stability, we examined
Ino80 protein levels in the deletion mutants of Rpd3L-, Rpd3S-,
and Rpd3μ-specific subunits. Loss of Rpd3L-specific subunits
(Ash1, Sds3, Sap30, and Ume6) reduced Ino80 protein levels (fig.
S2C), indicating that Ino80 is stabilized by Rpd3L complex. In ac-
cordancewith these results, loss of Rpd3L subunit Sds3 significantly
increased autophagy activity (fig. S2D). Loss of Rpd3L-specific sub-
units (Ash1, Sds3, and Sap30) but not Rpd3S (Eaf3 and Rco1) and
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Fig. 1. Ino80 interacts with Rpd3 and regulates autophagy. (A) Left: Heatmap showing the occupancy of Rpd3 [log2(Rpd3 IP/input)] at 18 core autophagy machinery
genes by ChIP-seq. Right: Heatmap showing the transcriptional changes [log2(rpd3Δ/WT)] of 18 core ATG genes in rpd3Δmutant by RNA-seq. (B) IP–mass spectrometry
analysis of proteins copurifiedwith Rpd3 and Ino80. The endogenously expressed Rpd3-FLAG and Ino80-FLAGwere individually immunoprecipitated from cells with anti-
FLAG agarose beads. (C andD) Rpd3 interacts with Ino80 as determined by co-IP assay (C) and reciprocal IP (D). The endogenously expressed Rpd3-FLAG and Ino80-FLAG
were immunoprecipitated with anti-FLAG agarose beads. The untagged strain was used as a negative control. Asterisk indicates the nonspecific band. (E) Analysis of the
autophagy activity in WT and INO80 complex subunit gene-null mutants as determined by the GFP-Atg8 processing assay. (F) Quantification of the immunoblot data in
Fig. 1E and fig. S1H. (G) Analysis of the autophagy activity in WT, ino80Δ, arp8Δ, and nhp10Δmutants as determined by the fluorescence assay. The autophagic cells were
defined as cells with clear vacuolar GFP fluorescence. (H) Analysis of the transcription of ATG genes inWT, ino80Δ, arp8Δ, and nhp10Δmutants as determined by qRT-PCR.
The constitutively expressed PYK1 serves as a negative control. (I) Analysis of the autophagy activity inWT, rpd3Δ, ino80Δ, and rpd3Δ ino80Δmutants as determined by the
fluorescence assay. For (E) to (I), data represent the mean ± SE of three biological independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Rpd3μ (Snt2 and Ecm5) significantly increased the transcription of
autophagy-related genes (fig. S2, E and F).

In eukaryotic cells, there are two major protein degradation
systems to regulate protein stability: the 26S proteasome and lyso-
some pathways (33). To identify the mechanism(s) that degrades
Ino80 in rpd3Δ mutant, we treated WT and rpd3Δ cells with the
proteasome inhibitor MG132 and found that Ino80 was still
reduced in rpd3Δ mutant after MG132 treatment (Fig. 2C).
However, when cells were treated with chloroquine (CQ), an inhib-
itor for lysosomal proteases, the reduced Ino80 in rpd3Δ mutant
was restored (Fig. 2C), suggesting that loss of Rpd3 accelerates au-
tophagy-mediated degradation of Ino80.

By analyzing the mass spectrometry data for Ino80 interaction
proteins, we found that Ino80 may interact with several autopha-
gy-related proteins, including Atg2, Atg9, Atg11, Atg20, etc. (fig.
S2G). The interaction between Ino80 and Atg11 was confirmed
by in vivo co-IP assay and in vitro IP assays (Fig. 2, D and E).
The protein level of Ino80 was significantly increased in the deletion
mutants of core autophagy-related genes, especially in the deletion
mutant of ATG3, ATG10, ATG11, and ATG12 (fig. S2H). We thus
deleted ATG11 in rpd3Δ mutant and found that loss of Atg11 re-
stored the reduced Ino80 in rpd3Δ mutant (Fig. 2F). Moreover,
loss of Rpd3 enhanced the interaction between Ino80 and Atg11
(Fig. 2G), which may accelerate autophagy-mediated Ino80

Fig. 2. Rpd3 protects Ino80 from degrading by autophagy. (A) Immunoblot analysis of Ino80 in WT and rpd3Δ mutant. GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase. (B) Analysis of Ino80 stability in WT and rpd3Δmutant. WT and rpd3Δmutant were treated with CHX (0.1 μg/ml) for 0 to 1.5 hours. (C) Analysis of the effect of
MG132 and CQ on intracellular Ino80 protein levels in WT and rpd3Δ mutant. Cells were treated with 10 μM MG132 or 20 μM CQ for 2 hours. (D) Ino80 interacted with
Atg11 as determined by in vivo co-IP. The endogenously expressed TAP-tagged Atg11 (Atg11-TAP) was immunoprecipitated with calmodulin beads. (E) In vitro co-IP
showing that the purified Ino80-FLAG interacted with tandem affinity-purified Atg11 (Atg11-CBP). Ino80-FLAG was purified with anti-FLAG beads. The purified Ino80-
FLAG was incubated with purified Atg11-CBP and immunoprecipitated with anti-FLAG beads. (F) Deletion of ATG11 rescued the reduced Ino80 in rpd3Δ mutant as
determined by immunoblots. (G) Loss of Rpd3 enhanced the interaction between endogenously expressed Ino80 and Atg11 as determined by co-IP assay. For (A) to
(C) and (F), data represent the mean ± SE of three biological independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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degradation. Collectively, these data indicate that Rpd3L complex
protects Ino80 from autophagy-mediated degradation.

Rpd3L deacetylates Ino80 K929 to enhance its protein
stability and transcriptionally repress autophagy
The above data showed that Rpd3L interacts with Ino80 and pro-
tects it from being degraded by autophagy. As protein acetylation
has been implicated in promoting protein degradation by autopha-
gy (34), we wondered whether Rpd3L stabilizes Ino80 by catalyzing
the deacetylation of Ino80. To test this hypothesis, we immunopre-
cipitated Ino80 fromWT and rpd3Δ mutant. Using the pan–acetyl-
lysine antibody, we detected Ino80 acetylation and this acetylation
was increased in rpd3Δ mutant (Fig. 3A). Moreover, the increased
Ino80 acetylation was observed in the mutants of Rpd3L subunits,
sds3Δ and ume6Δ (fig. S3A). We also purified INO80 complex from
WT and rpd3Δ mutant and found that the catalytic subunit Ino80
was the major protein that was deacetylated by Rpd3 (Fig. 3B). By
bioinformatic analysis, we identified five potential acetylation sites
on Ino80, including K9, K456, K618, K929, and K1439. We individ-
ually mutated each lysine residue to arginine and found that muta-
tion of Ino80-K929R markedly increased Ino80 protein level
(Fig. 3C). When WT and Ino80-K929R mutant were treated with
CHX, the Ino80 protein levels were significantly higher in Ino80-
K929R mutant than WT (fig. S3B), implying that either Ino80-
K929 or Ino80-K929 acetylation (Ino80 K929ac) regulates Ino80
stability.

By analyzing the acetylome profiling data by Downey et al. (35),
we identified the peptide corresponding to Ino80 K929ac (LHMIL-
KacPFMLR). Moreover, Ino80 K929 is highly conserved from yeast
to mammals (fig. S3C). We thus generated the antibody that specif-
ically recognizes acetylated Ino80 K929 (anti-Ino80 K929ac) (fig.
S3D). Using the anti-Ino80 K929ac antibody, we detected the intra-
cellular Ino80 K929ac in WT but not Ino80-K929R mutant
(Fig. 3D). Deletion of RPD3 increased Ino80 K929ac in WT but
not in Ino80-K929R mutant (Fig. 3E and fig. S3E). Deletion of
Rpd3L-specific subunits, ASH1 and SDS3, but not Rpd3S- and
Rpd3μ-specific subunits increased Ino80-K929ac (fig. S3E). To
confirm that Rpd3 can directly deacetylate Ino80 K929, we per-
formed the in vitro deacetylation assay with purified Rpd3
complex and Ino80. The purified Rpd3 complex reduced Ino80
K929ac in a time-dependent manner (Fig. 3F), indicating that
Rpd3 can directly deacetylate Ino80 K929.

We next examined the effect of Ino80 K929ac on Ino80 protein
stability. Although loss of Ino80 K929ac in Ino80-K929R mutant
had no effect on INO80 mRNA level (fig. S3F), mutation of
Ino80-K929R significantly increased Ino80 protein level and
rescued the reduced Ino80 in rpd3Δ mutant (Fig. 3G), indicating
that Rpd3 deacetylates Ino80 K929 to increase its stability.

We also screened for the histone acetyltransferase (HAT) that
specifically acetylates Ino80 K929. As Ino80 K929ac reduces
Ino80 protein level, we examined Ino80 protein levels in the
mutants of known HATs, including Gcn5, Sas2, Sas3, Rtt109, and
Esa1. Deletion of SAS3 significantly increased Ino80 protein level
(fig. S3, G and H). The intracellular Ino80 K929ac was reduced in
sas3Δ mutant (Fig. 3H). Loss of Sas3 did not further increase Ino80
protein level in Ino80-K929R mutant (Fig. 3I), indicating that Sas3
acetylates Ino80 to reduce its protein stability.

To understand how Ino80 K929ac destabilizes Ino80, we exam-
ined whether Ino80 K929ac affects the interaction between Ino80

and autophagy-related proteins. Ino80 was purified from Ino80-
FLAG and Ino80-K929R-FLAG cells and then incubated with
tandem affinity-purified Atg11 (Atg11-CBP). After IP with anti-
FLAG agarose, less Atg11 was coimmunoprecipitated with Ino80-
K929R-FLAG when compared with Ino80-FLAG (Fig. 3J). Loss of
Sas3 also reduced the interaction between Ino80 and Atg11
(Fig. 3K). As loss of Rpd3 enhanced the interaction between
Ino80 and Atg11 (Fig. 2G), our data indicate that Ino80 K929ac is
dynamically controlled by Sas3 and Rpd3 to regulate its interaction
with autophagy-related proteins.

With the increased Ino80 protein levels in Ino80-K929Rmutant,
the autophagy activity was significantly reduced in Ino80-K929R
mutant (Fig. 3, L and M). Loss of Ino80 K929ac in Ino80-K929R
mutant significantly reduced the transcription of autophagy-
related genes, including ATG1, ATG9, ATG11, ATG14, ATG15,
ATG18, and ATG29 (Fig. 3N), suggesting that Ino80 K929ac
reduces Ino80 protein levels to increase the transcription of ATG
genes. Loss of Rpd3 significantly increased the transcription of
ATG genes, while mutation of Ino80-K929R reduced the increased
transcription of ATG genes in rpd3Δ mutant (Fig. 3N), consistent
with the trend of Ino80 changes (Fig. 3G). Collectively, these data
demonstrate that Ino80 K929 is acetylated by Sas3 and deacetylated
by Rpd3L to affect its stability and transcriptionally regulate
autophagy.

Ino80 evicts H2A.Z from autophagy-related gene
promoters and transcriptionally represses autophagy
The INO80 complex promotes the eviction of H2A.Z from gene
promoters (25). Loss of H2A.Z leads to misregulation of genes in
response to environmental and developmental stimuli (36). Analy-
sis of H2A.Z ChIP-seq data revealed the significant enrichment of
H2A.Z at the TSS of core ATG genes (Fig. 4A). By analyzing the
RNA sequencing (RNA-seq) data for H2A.Z transcriptome (37),
we revealed that a large number of autophagy-related genes were
significantly down-regulated in htz1Δ mutant (Fig. 4A and fig.
S4A). Loss of Ino80 significantly increased H2A.Z occupancy at
ATG gene promoters (Fig. 4B). The H2A.Z occupancy at ATG
gene promoters was significantly reduced in Ino80-K929R mutant
(fig. S4B), consistent with the increased Ino80 proteins in Ino80-
K929R mutant. Although loss of Rpd3 had no significant effect
on H2A.Z expression, the occupancy of H2A.Z at ATG gene pro-
moters was significantly increased in rpd3Δ mutant (fig. S4, C
and D). The occupancy of H2A.Z at ATG gene promoters was
also significantly increased in Rpd3L mutants, ash1Δ and sds3Δ
(fig. S4E). Moreover, loss of RPD3 in htz1Δ (HTZ1 encodes
H2A.Z) mutant caused severe growth defects (fig. S4F), suggesting
that Rpd3 and H2A.Z are functional related. Mutation of Ino80-
K929R significantly reduced the increased occupancy of H2A.Z at
ATG gene promoters in rpd3Δ mutant (Fig. 4C), indicating that
Rpd3 reduces H2A.Z occupancy in part by deacetylating
Ino80 K929.

We next examined the effect of H2A.Z on autophagy-related
gene transcription. The transcription of autophagy-related genes,
including ATG1, ATG9, ATG11, ATG14, ATG15, ATG18, and
ATG29 was significantly down-regulated in htz1Δ mutant
(Fig. 4D), suggesting that H2A.Z promotes autophagy at the tran-
scriptional level. Notably, loss of H2A.Z significantly reduced the
transcription ofATG genes in rpd3Δmutant (Fig. 4D). Accordingly,
loss of H2A.Z significantly reduced the basal autophagy activity
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Fig. 3. Rpd3 deacetylates Ino80 to regulate its stability and autophagy. (A) Rpd3 deacetylates Ino80 as determined by immunoblots. The endogenously expressed
FLAG-tagged Ino80 (Ino80-FLAG) was immunoprecipitated from untagged Ino80, Ino80-FLAG, and Ino80-FLAG rpd3Δ cells with anti-FLAG beads. Ino80 acetylation was
determined by immunoblots with a pan–acetyl-lysine antibody. (B) Ino80 is the major subunit deacetylated by Rpd3 within the purified INO80 complex. (C) Immunoblot
analysis of Ino80 protein levels in WT, Ino80-K9R, Ino80-K456R, Ino80-K618R, Ino80-K929R, and Ino80-K1439R mutants. (D) Ino80 is acetylated at K929. (E) Rpd3 deace-
tylates Ino80 at lysine-929 in vivo. (F) Rpd3 deacetylates Ino80 at lysine-929 in vitro. Equal amount of the purifiedWT Ino80 and Ino80-K929R was incubated with 20 ng of
purified Rpd3 complex at 30°C for 0 to 60 min. (G) Immunoblot analysis of Ino80 protein levels in WT, Ino80-K929R, rpd3Δ, and Ino80-K929R rpd3Δ mutants. (H) Sas3
acetylates Ino80 at lysine-929 in vivo. (I) Immunoblot analysis of Ino80 protein levels in WT, Ino80-K929R, sas3Δ, and Ino80-K929R sas3Δmutants. (J and K) In vitro co-IP
showing loss of Ino80 K929 acetylation in Ino80-K929R mutant (J) or deletion of SAS3 (K) reduced the interaction between Ino80 and Atg11. (L and M) Effect of Ino80-
K929R mutation on autophagy activity as determined by the GFP-Atg8 processing assay (L) and fluorescence assay (M). (N) Analysis of the transcription of ATG genes in
WT, Ino80-K929R, rpd3Δ, and Ino80-K929R rpd3Δ mutants by qRT-PCR. For (G), (I), and (L) to (N), data represent the mean ± SE of three biological independent exper-
iments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 4. Rpd3 deacetylates Ino80 to regulate the occupancy of H2A.Z at autophagy-related genes. (A) Left: Heatmap showing the occupancy of H2A.Z [log2(H2A.Z IP/
input)] at 18 core autophagy machinery genes by ChIP-seq. Right: Heatmap showing the transcriptional changes [log2(htz1Δ/WT)] of 18 core ATG genes in htz1Δmutant
by RNA-seq. (B) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters inWT, swr1Δ, and ino80Δmutants when cells were grown in YPDmedium. PYK1 serves as a
negative control. (C) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT, Ino80-K929R, rpd3Δ, and Ino80-K929R rpd3Δmutants. (D) qRT-PCR analysis of
the transcription of ATG genes in WT, htz1Δ, rpd3Δ, and rpd3Δ htz1Δ mutants when grown in YPD medium. (E and F) Effect of HTZ1 deletion on autophagy activity as
determined by the GFP-Atg8 processing assay (E) and fluorescence assay (F). (G) Analysis of autophagy activity in WT, htz1Δ, ino80Δ, and ino80Δ htz1Δ mutants as
determined by the GFP-Atg8 processing assay. (H) qRT-PCR analysis of the transcription of ATG genes in WT, Ino80-K929R, htz1Δ, and Ino80-K929R htz1Δ mutants.
For (B) to (H), data represent the mean ± SE of three biological independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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(Fig. 4, E and F). These data suggest that Rpd3 reduces the incorpo-
ration of H2A.Z into the promoters of autophagy-related genes to
repress their transcription.

H2A.Z is deposited into chromatin by the SWR1 complex
(SWR-C) (19, 22, 23). Loss of Swr1, the catalytic subunit of SWR-
C, significantly reduced H2A.Z occupancy at ATG gene promoters
(Fig. 4B). By analyzing the RNA-seq data for SWR-C mutants (38),
we found that ATG genes were significantly down-regulated in
SWR-C mutants (fig. S4G). By quantitative reverse transcription
polymerase chain reaction (qRT-PCR), we confirmed the reduced
transcription of ATG genes in SWR-C mutants (swr1Δ and
swc2Δ) (fig. S4H). The autophagy activity was also significantly
reduced in SWR-C mutants (fig. S4, I and J). Loss of Swr1 signifi-
cantly reduced autophagy activity, and deletion of SWR1 in htz1Δ
mutant did not further reduce the autophagy activity (fig. S4K), in-
dicating that SWR-C enhances autophagy activity by promoting the
incorporation of H2A.Z into autophagy-related genes. Meanwhile,
loss of Ino80 increased the autophagy activity but deletion ofHTZ1
in ino80Δ mutant significantly reduced the autophagy activity
(Fig. 4G). Notably, mutation of Ino80-K929R significantly
reduced the transcription of ATG genes and loss of H2A.Z slightly
decreased the transcription of ATG genes in Ino80-K929R mutant
(Fig. 4H). These data suggest that Rpd3 stabilizes Ino80 to remove
H2A.Z from autophagy-related gene promoters and repress their
transcription.

Rpd3L-mediated H2A.Z deacetylation transcriptionally
represses autophagy
The N-terminal domain of yeast H2A.Z is acetylated at lysines 3, 8,
10, and 14 to regulate gene transcription (27–29). Loss of H2A.Z
acetylation reduces its deposition into inducible gene promoters
(29). We detected the acetylation of H2A.Z (AcH2A.Z) using the
pan–acetyl-lysine antibody, and this acetylation signal was abol-
ished when K3, K8, K10, and K14 of H2A.Z were mutated to argi-
nine (Htz1-4KR) (Fig. 5A). Loss of Rpd3 increased AcH2A.Z but
not in Htz1-4KR mutant (Fig. 5B, lane 2 versus lane 3; Fig. 5C,
lane 4 versus lane 5; and fig. S5A). Moreover, the acetylation of
H2A.Z was increased in the deletion mutants of Rpd3L subunits
(Ash1 and Sds3) but not Rpd3S subunit (Rco1) and Rpd3μ
subunit (Ecm5) (fig. S5B), indicative of deacetylation of H2A.Z by
Rpd3L complex. To further confirm that Rpd3 can directly deace-
tylate H2A.Z, we performed in vitro deacetylase assay with purified
Rpd3 complex and H2A.Z from yeast cells. Our data showed that
Rpd3 reduced the acetylation signal on H2A.Z (Fig. 5D, lanes 1 to
4, and fig. S5C).

We next examined the effect of H2A.Z acetylation on autophagy.
Loss of H2A.Z acetylation in Htz1-4KR mutant significantly
reduced the occupancy of H2A.Z at ATG gene promoters and
down-regulated the transcription of ATG genes (Fig. 5, E and F).
Moreover, mutation of Htz1-4KR significantly reduced the up-reg-
ulated ATG genes in rpd3Δ mutant (Fig. 5G), indicating that Rpd3
represses the transcription of autophagy-related genes, in part, by
deacetylating H2A.Z.

We also examined the effect of H2A.Z K3, K8, K10, and K14
acetylation on autophagy activity. Both GFP-Atg8 processing
assay and fluorescence assay showed that the autophagy activity
was significantly reduced in Htz1-4KR mutant (Fig. 5, H and I).
Moreover, mutation of Htz1-4KR significantly reduced the in-
creased autophagy activity in rpd3Δ mutant (Fig. 5J), indicating

that Rpd3 partly inhibits autophagy, if not all, by deacetylating
H2A.Z at K3, K8, K10, and K14. We also constructed Ino80-
K929R/Htz1-4KR double mutant. qRT-PCR revealed that the tran-
scription of ATG genes was significantly reduced in Ino80-K929R/
Htz1-4KR double mutant (Fig. 5K). Compared with Ino80-K929R
and Htz1-4KR single mutant, Ino80-K929R/Htz1-4KR double
mutant showed a slightly but significantly additive effect on ATG
transcription (Fig. 5K), suggesting that Rpd3L-mediated deacetyla-
tion of both Ino80 and H2A.Z contributes to transcriptional repres-
sion of autophagy-related genes.

Rpd3L-mediated deacetylation of Ino80 and H2A.Z is
repressed under nitrogen starvation to induce autophagy
The above data indicate that Rpd3L can deacetylate Ino80 and
H2A.Z to reduce the occupancy of H2A.Z at autophagy-related
genes and repress their transcription. We next investigated how
Rpd3L-mediated deacetylation of Ino80 and H2A.Z was regulated
under different starvation conditions. We cultured cells in nutri-
ent-rich (YPD medium) and then switched them to glucose starva-
tion (SD-C) or nitrogen starvation (SD-N) conditions. As glucose
starvation may reduce acetyl-CoA (39), the donor for acetylation,
we first examined Ino80 protein levels instead of Ino80 acetylation
under starvation conditions. Ino80 protein levels remained un-
changed during glucose starvation but were reduced during nitro-
gen starvation conditions (fig. S6A). We thus focused on examining
the effect of nitrogen starvation on Rpd3-mediated deacetylation of
Ino80 and H2A.Z.

Upon nitrogen starvation, the acetylation of Ino80 and H2A.Z
was significantly increased and this acetylation was abolished in
Ino80-K929R and Htz1-4KR mutants (Fig. 6, A and B). Both
Ino80 K929ac and AcH2A.Z remain relatively high and constant
in the mutants of Rpd3L-specific subunits when cells were grown
in both YPD and SD-N medium (fig. S6, B and C). Upon nitrogen
starvation, Ino80 protein levels were gradually reduced and this re-
duction was restored by inhibiting autophagy by CQ treatment, de-
letion ofATG11 or mutation of Ino80-K929R (Fig. 6C and fig. S6, D
and E). Upon nitrogen starvation, the protein levels of Ino80 were
reduced in bothWT and rpd3Δmutant (Fig. 6D), which is in agree-
ment with the changes of Ino80 K929ac. The occupancy of H2A.Z at
ATG gene promoters was increased upon nitrogen starvation
(Fig. 6E). Although loss of Rpd3 increased the occupancy of
H2A.Z at ATG gene promoters when cells were grown in YPD,
there was no significant difference for H2A.Z occupancy at ATG
genes in WT and rpd3Δ mutant when grown in SD-N (Fig. 6E).
Moreover, the occupancy of H2A.Z at ATG gene promoters was
not increased in rpd3Δ mutant when cells were shifted from YPD
to SD-N (Fig. 6E). In line with these observations, the transcription
of ATG genes was significantly induced in WT, and no significant
difference was observed between WT and rpd3Δ mutant upon ni-
trogen starvation (Fig. 6F). Loss of Rpd3 did not further increase the
transcription of ATG genes when cells were shifted from YPD to
SD-N (Fig. 6F). Similar results were observed in Rpd3L mutants
(ash1Δ and sds3Δ) (Fig. 6, E and F), indicating that loss of Rpd3L
makes the expression of ATG genes less sensitive to nitrogen
starvation.

The less sensitivity of rpd3Δ mutant to nitrogen starvation
prompted us to investigate whether nitrogen starvation repressed
Rpd3 activity. We purified Rpd3 complex from cells that were
grown under YPD and SD-N conditions, respectively. By silver
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Fig. 5. Rpd3 deacetylates H2A.Z to repress the transcription of autophagy genes. (A) H2A.Z is acetylated at lysines 3, 8, 10, and 14 in vivo. The endogenously
expressed FLAG-tagged H2A.Z (Htz1-FLAG) was immunoprecipitated from untagged Htz1, WT Htz1-FLAG, and Htz1-4KR-FLAG cells with anti-FLAG beads. (B) The intra-
cellular H2A.Z was deacetylated by Rpd3 in vivo. The endogenously expressed FLAG-tagged H2A.Z (Htz1-FLAG) was immunoprecipitated from untagged Htz1, WT Htz1-
FLAG, and Htz1-FLAG rpd3Δ cells with anti-FLAG beads. (C) Rpd3 deacetylates H2A.Z at lysines 3, 8, 10, and 14 in vivo. (D) Rpd3 deacetylates H2A.Z at lysines 3, 8, 10, and
14 as determined by in vitro deacetylase assay. WT H2A.Z-FLAG and H2A.Z-4KR-FLAGwere purified from yeast cells. Equal amount of the purified Htz1 was incubatedwith
20 ng of purified Rpd3 complex at 30°C for 0 to 60min. (E) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT and Htz1-4KRmutant. (F andG) qRT-PCR
analysis of the transcription of ATG genes in WT, Htz1-4KR, rpd3Δ, and Htz1-4KR rpd3Δ mutants. (H and I) Analysis of the autophagy activity in WT, Htz1-4KR, and htz1Δ
mutants by the GFP-Atg8 processing assay (H) and fluorescence assay (I). (J) Analysis of autophagy activity in WT, Htz1-4KR, rpd3Δ and Htz1-4KR rpd3Δ mutants by the
GFP-Atg8 processing assay. (K) Analysis of the transcription of ATG genes in WT, Ino80-K929R, Htz1-4KR, and Ino80-K929R/Htz1-4KR mutants by qRT-PCR. For (E) to (K),
data represent the mean ± SE of three biological independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. Rpd3-mediated deacetylation of Ino80 and H2A.Z is repressed to induce autophagy under nitrogen starvation. (A) Analysis of nitrogen starvation on Ino80
K929ac. (B) Analysis of nitrogen starvation on H2A.Z acetylation. (C and D) Immunoblot analysis of Ino80 protein levels in WT, Ino80-K929R, and rpd3Δ mutants when
grown in YPD or SD-N medium. (E) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT and Rpd3L mutants (rpd3Δ, ash1Δ, and sds3Δ) when grown in
YPD or SD-N medium. (F) qRT-PCR analysis of ATG transcription in WT and Rpd3L mutants (rpd3Δ, ash1Δ, and sds3Δ) when grown in YPD or SD-N. (G) Silver staining of
Rpd3 complex purified from cells (Rpd3-TAP) grown in YPD or SD-N medium. (H) The interaction between Rpd3 and Ume6 was reduced when cells were grown in SD-N
medium. (I and J) Nitrogen starvation reduces the activity of Rpd3 complex to deacetylate Ino80 (I) and H2A.Z (J). (K) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene
promoters in WT and Ino80-K929R mutant when grown in YPD or SD-Nmedium. (L) qRT-PCR analysis of ATG transcription in WT and Ino80-K929Rmutant when grown in
YPD or SD-N medium. (M) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT and Htz1-4KR mutant when grown in YPD or SD-N medium. (N and O)
qRT-PCR analysis of ATG transcription in WT, Htz1-4KR, and Ino80-K929R/Htz1-4KR mutants when grown in YPD or SD-N medium. For (C), (E), (F), and (K) to (O), data
represent the mean ± SE of three biological independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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staining, we noticed that some subunits, i.e., Sin3 and Ume6, were
dissociated from Rpd3 complex when cells were cultured under ni-
trogen starvation conditions (Fig. 6G). By co-IP, we confirmed that
the interaction between endogenous Rpd3 and Ume6 was reduced
upon nitrogen starvation (Fig. 6H). By performing the in vitro de-
acetylation assay, we found that the Rpd3 complex purified from
cells grown in SD-N medium displayed lower activity to deacetylate
Ino80 and H2A.Z when compared with Rpd3 complex purified
from cells grown in YPD medium (Fig. 6, I and J). Similar to
Rpd3, loss of Ume6 reduced Ino80 protein levels, increased
H2A.Z occupancy at ATG gene promoters, and up-regulated ATG
gene transcription when grown in YPD (fig. S6, F to H). The occu-
pancy of H2A.Z atATG genes and the transcription ofATG genes in
ume6Δmutant were less sensitive to nitrogen starvation when com-
pared withWT (fig. S6, G andH). These data suggest that when cells
were grown under nitrogen starvation conditions, the activity of
Rpd3L complex is reduced, leading to increased acetylation of
Ino80 and H2A.Z.

When cells were grown under nitrogen starvation conditions,
the binding of Rpd3 and Ino80 at ATG genes was significantly
reduced, whereas the binding of H2A.Z at ATG genes was signifi-
cantly increased (fig. S6I). Although nitrogen starvation increased
H2A.Z occupancy at ATG gene promoters in WT, the occupancy
of H2A.Z at ATG gene promoters was significantly reduced in
Ino80-K929R mutant (Fig. 6K). Accordingly, the transcription of
ATG genes was significantly lower in Ino80-K929R mutant than
WT under nitrogen starvation conditions (Fig. 6L). Similar results
were observed in Htz1-4KRmutant (Fig. 6, M and N). The nitrogen
starvation–induced transcription of ATG genes was also signifi-
cantly reduced in Ino80-K929R/Htz1-4KR double mutant
(Fig. 6O). The autophagy activity was significantly reduced in
Ino80-K929R and Htz1-4KR mutants during nitrogen starvation
conditions (fig. S6J). Collectively, these data suggest that Rpd3L de-
acetylates Ino80 and H2A.Z to maintain basal autophagy activity at
relatively low levels; however, upon nitrogen starvation, Rpd3-me-
diated deacetylation of Ino80 and H2A.Z is repressed to induce au-
tophagy to relatively high levels.

TORC1 promotes Rpd3L-mediated deacetylation of Ino80
and H2A.Z to inhibit autophagy
The rapamycin-sensitive TORC1 has been considered to be the
primary sensor of nitrogen to negatively regulate autophagy (40,
41). We hence examined whether the TORC1 pathway regulates
Rpd3-mediated deacetylation of Ino80 and H2A.Z. To test this,
we used rapamycin, which efficiently inhibits TORC1, and then as-
sessed the acetylation of Ino80 and H2A.Z. After rapamycin treat-
ment, the acetylation of both Ino80 and H2A.Z was increased in
WT cells and this acetylation was lost in Ino80-K929R and Htz1-
4KR mutants (Fig. 7, A and B). Along with the increased Ino80
K929ac, Ino80 protein levels were significantly reduced in WT
cells but restored in Ino80-K929R mutant following rapamycin
treatment (Fig. 7C and fig. S7A). Deletion of ATG11 attenuated au-
tophagy-induced Ino80 degradation under rapamycin treatment
(fig. S7B). While WT cells had increased occupancy of H2A.Z at
ATG genes following rapamycin treatment, the Ino80-K929R and
Htz1-4KR mutants had reduced H2A.Z occupancy at ATG genes
(Fig. 7, D and E). Mutation of Ino80-K929R or Htz1-4KR signifi-
cantly reduced the rapamycin-induced transcription of ATG genes
in WT (Fig. 7, F and G). The rapamycin-induced transcription of

ATG genes was also reduced in the Ino80-K929R/Htz1-4KR
double mutant (fig. S7C). As a consequence, rapamycin-induced
autophagy was significantly reduced in the Ino80-K929R and
Htz1-4KR mutants (Fig. 7H), indicating that TORC1 inactivation
increases the acetylation of Ino80-K929 and H2A.Z to promote
H2A.Z incorporation at ATG gene promoters, which eventually
up-regulates the transcription of autophagy-related genes and
induces autophagy.

We then examined the effect of TORC1 inactivation on Rpd3L
complex activity. Upon rapamycin treatment, the acetylation of
Ino80 and H2A.Z was increased and the Ino80 protein levels were
reduced in WT; loss of Rpd3L-specific subunits (Ash1 and Sds3)
did not further affect Ino80 K929ac, AcH2A.Z, and the Ino80
protein levels (Fig. 7I and fig. S7D). The occupancy of H2A.Z at
ATG genes and the transcription of ATG genes were high and cons-
tant in Rpd3L-specific mutants irrespective of rapamycin treatment
(Fig. 7, J and K). In accordance with ATG gene transcription, the
autophagy activity was high and constant in rpd3Δmutant irrespec-
tive of rapamycin treatment (fig. S7E). Rapamycin treatment also
reduced the interaction between Rpd3 and another Rpd3L
subunit, Ume6 (Fig. 7L), which is similar to the situation under ni-
trogen starvation conditions (Fig. 6, G and H). Like the rpd3Δ
mutant, the ume6Δ mutant had low and constant Ino80 protein
levels, high and constant H2A.Z occupancy at ATG genes and
ATG gene transcription regardless of rapamycin treatment (Fig. 7,
M and N, and fig. S7, F and G), suggesting that Rpd3L-mediated
deacetylation of Ino80 and H2A.Z is repressed after TORC1
inactivation.

One target of TORC1 is Rim15, which connects TORC1 and
Rpd3L (7). Inactivation of TORC1 by rapamycin causes the
nucleus translocation and activation of Rim15 (7). Active Rim15
then phosphorylates the Ume6 subunit of Rpd3L complex, which
disrupts the association of Sin3 and Rpd3 and relieves transcription
repression of the target genes (8, 42). To determine whether
TORC1-mediated Rpd3 activation requires its downstream target,
Rim15, we investigated whether loss of Rim15 affects Ino80
K929ac and AcH2A.Z. The acetylation of Ino80 and H2A.Z was
reduced in rim15Δ mutant (fig. S7H). The Ino80 protein level was
significantly increased in rim15Δmutant (fig. S7I). The rapamycin-
induced occupancy of H2A.Z at ATG genes was significantly
reduced in rim15Δ mutant (fig. S7J). Loss of Rim15 also signifi-
cantly reduced the rapamycin-induced transcription of ATG
genes (fig. S7K).

Together, our study provides a mechanism by which TORC1 ac-
tivates Rpd3L complex to deacetylate Ino80 andH2A.Z and regulate
autophagy (fig. S8). When cells are grown under nutrient-rich con-
ditions, TORC1 is activated to phosphorylate and inactivate Rim15.
Rpd3L complex deacetylates Ino80 K929 to stabilize Ino80, which
then removes H2A.Z from autophagy-related gene promoters.
Rpd3L complex is also recruited by its associated factors like
Ume6 to autophagy-related gene promoters (8), where it deacety-
lates H2A.Z to further reduce its incorporation into autophagy-
related gene promoters, leading to their transcriptional repression.
When cells are grown under nitrogen starvation conditions, TORC1
is inactivated and Rim15 translocates into the nucleus, where it
phosphorylates Ume6, leading to disassembly of Rpd3L complex
and its reduced activity. The acetylated Ino80 is degraded by au-
tophagy and the acetylated H2A.Z is deposited into the
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Fig. 7. The TORC1 activates Rpd3 to deacetylate Ino80 and H2A.Z and repress autophagy. (A and B) Immunoblot analysis of Ac-Ino80 (A) and AcH2A.Z (B) in yeast
cells treated with or without rapamycin. (C) Immunoblot analysis of Ino80 protein levels in WT and Ino80-K929R mutant when treated with or without rapamycin. (D and
E) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT, Ino80-K929R, and Htz1-4KRmutants when treated with or without rapamycin. (F andG) qRT-PCR
analysis of ATG transcription in WT, Ino80-K929R, and Htz1-4KR mutants when treated with or without rapamycin. (H) Analysis of autophagy activity in WT, Ino80-K929R
and Htz1-4KR mutants when treated with or without rapamycin. (I) Analysis of Ino80 K929ac and AcH2A.Z in WT and Rpd3L mutants (rpd3Δ, ash1Δ, and sds3Δ) when
treated with or without rapamycin. (J) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT and Rpd3L mutants (rpd3Δ, ash1Δ, and sds3Δ) when treated
with or without rapamycin. (K) qRT-PCR analysis of ATG transcription in WT and Rpd3L mutants (rpd3Δ, ash1Δ, and sds3Δ) when treated with or without rapamycin. (L)
Rapamycin reduced the interaction between endogenous Rpd3 and Ume6. (M) ChIP-qPCR analysis of H2A.Z occupancy at ATG gene promoters in WT and ume6Δmutant
when treated with or without rapamycin. (N) qRT-PCR analysis of ATG transcription in WT and ume6Δmutant when treated with or without rapamycin. For (C) to (H), (J),
(K), (M), and (N), data represent the mean ± SE of three biological independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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autophagy-related gene promoters to enhance the transcription of
autophagy-related genes, which eventually accelerates autophagy.

DISCUSSION
Although the histone deacetylase complex Rpd3L has been reported
to repress the transcription ofATG8 andATG9 (8, 9), little is known
about the underlying mechanism. Here, we not only found that
Rpd3L complex has a broad role in transcriptionally repressing au-
tophagy-related gene transcription but also identified Ino80 and
H2A.Z as the deacetylation targets for Rpd3L. When cells are
grown in nutrient-rich condition, TORC1 activates Rpd3 to deace-
tylate Ino80 and H2A.Z. Rpd3L deacetylates Ino80 at K929 to sta-
bilize Ino80 and facilitate the eviction of H2A.Z from autophagy-
related gene promoters. Moreover, Rpd3L deacetylates H2A.Z at
K3, 8, 10, and 14 to further reduce its incorporation into chromatin.
As a consequence, the transcription of autophagy-related genes is
repressed and the autophagy activity is reduced, which ensures
that the basal autophagy activity is low under nutrient-rich condi-
tion. When cells are grown under nitrogen starvation condition,
TORC1 is inactivated and Rim15 is derepressed and translocated
into the nucleus, where it phosphorylates Rpd3L subunit Ume6,
leading to dissociation and inactivation of Rpd3L complex. As a
consequence, Ino80 acetylation is increased and degraded by au-
tophagy. H2A.Z acetylation is elevated and its deposition into chro-
matin is enhanced to induce the transcription of autophagy-related
genes (fig. S8). Therefore, our work provides an epigenetic mecha-
nism to regulate autophagy in response to environmental nutrition-
al cues.

In this study, we observed that the autophagy activity was not
reduced in some mutants of histone acetylation sites. The increased
autophagy in H3K9A, H3K14A, and H3K18Amutants is consistent
with the report that acetylation of histone H3K9, 14, and 18 repress-
es instead of activates the transcription of autophagy-related genes
(17). The anticorrelation between histone acetylation and autopha-
gy has been observed for a long time. In yeast, rapamycin treatment
reduces H4 acetylation (43). Spermidine treatment reduces global
histone H3 acetylation by inhibiting HATs, which up-regulates
the transcription of autophagy-related genes (44). There are two
possible reasons to explain the up-regulated autophagy in these
histone acetylation mutants. First, certain histone acetylation
marks may affect chromatin assembly. For example, the acetylation
of histone H4K5, K8, and K12 is involved in newly chromatin as-
sembly (45). Mutation of H4K5A, H4K8A, and H4K12A may
hinder chromatin assembly and make chromatin less compact,
which then up-regulates gene transcription. Second, certain
histone acetylation may recruit other factors to repress ATG gene
transcription. For example, H4K20 acetylation could repress gene
transcription by recruiting the transcription repressor, neuron-re-
strictive silencer factor/repressor element 1-silencing transcription
(NRSF/REST) (46). Further efforts are required to address whether
these histone acetylation marks directly regulate ATG gene
transcription.

The expression of many autophagy-related genes is substantially
up-regulated in response to nutrient starvation conditions. This
prompt up-regulation of autophagy-related gene expression is crit-
ical for optimal autophagy efficiency and energy usage (4).
However, the transcriptional regulation of autophagy-related
genes is still obscure. The transcription of autophagy-related

genes has been reported to be regulated by few histone modifica-
tions. Under starvation conditions, the reduced H2B monoubiqui-
tination (H2Bub1) results in the activation of autophagy by
controlling the transcription of autophagy-related genes (47). The
acetyltransferase hMOF–catalyzed H4K16ac is involved autophagy
regulation (48). The coactivator-associated argininemethyltransfer-
ase 1 (CARM1) facilitates the transcription of autophagy-related
and lysosomal genes via H3K17 dimethylation (H3R17me2) (49).
We have reported that pyruvate kinase Pyk1-containing serine-re-
sponsive SAM-containing metabolic enzyme (SESAME) complex
represses the transcription of autophagy-related genes by phosphor-
ylating histone H3T11 (50). Rpd3L complex has been reported to
repress the transcription of ATG8 and ATG9 (8, 9). However, Eisen-
berg et al. (17) showed that acetyl-CoA induced the acetylation of
histone H3K9, 14, and 18 to repress the transcription of autophagy-
related genes, i.e., ATG7. We also showed that ablation some of
histone H3 and H4 acetylation sites increased the transcription of
autophagy-related genes (fig. S1B), which makes the relationship
between histone (de)acetylation and autophagy more complicated.
Here, we revealed that Rpd3L complex represses the transcription of
autophagy-related genes not by deacetylating canonical histones but
by deacetylating chromatin remodeling protein Ino80 and histone
variant H2A.Z. By deacetylating Ino80 and H2A.Z, Rpd3 reduces
the deposition of H2A.Z into chromatin and represses the transcrip-
tion of autophagy-related genes. Our work thus solved the seeming-
ly paradoxical results that both histone deacetylases and histone
acetylation inhibit autophagy.

We found that histone H2Avariant H2A.Z represents an impor-
tant level for transcriptional regulation of autophagy. H2A.Z is pref-
erentially enriched at the regions of transcriptional start sites (51,
52), suggesting a relationship between H2A.Z and gene transcrip-
tion. However, significant arguments still exist about whether and
how this histone variant is involved in transcriptional regulation. In
yeast, RNAPII and TATA-binding protein (TBP) could not be effi-
ciently recruited to GAL1-10 promoter in cells lacking H2A.Z (53).
H2A.Z enrichment at the +1 nucleosome correlates with decreased
RNAPII stalling and regulates productive elongation by facilitating
H2A.Z/H2B dimer loss (54, 55). Thus, H2A.Z deposition acts as an
activator of gene transcription. However, H2A.Z has been reported
to occupy at the repressed promoters of some inducible genes, such
as PHO5 and ADE17 (56, 57). Our results revealed an active role of
H2A.Z in transcription of autophagy-related genes and this activa-
tion is related to acetylation of H2A.Z at lysines 3, 8, 10, and 14. The
acetylated H2A.Z could either facilitate SWR-C catalyzedH2A.Z in-
corporation or prevent INO80-mediated H2A.Z eviction (27).
INO80 prefers to remove unacetylated H2A.Z but is insensitive to
evict acetylated H2A.Z (25). Hence, Rpd3-mediated H2A.Z deace-
tylation could either promote H2A.Z eviction by INO80 or hinder
H2A.Z incorporation by SWR-C. It is also possible that H2A.Z acet-
ylation directly promotes ATG gene transcription.

We provide a direct connection between histone deacetylase
Rpd3L and chromatin remodeling protein. We found that Rpd3 sta-
bilizes Ino80 by deacetylating Ino80 and provided the first evidence
that Ino80 protein stability is regulated by acetylation. Thus, Rpd3
reduces the occupancy of H2A.Z at chromatin in part by deacetylat-
ing Ino80 and increasing its protein stability. The mammalian
Ino80 has been reported to be ubiquitinated and degraded by the
proteasome pathway (58). In contrast, our data showed that the
yeast Ino80 is degraded by autophagy instead of the proteasome
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pathway. Moreover, Ino80 can be acetylated at K929, which then
promotes its degradation by autophagy. As Ino80 K929 is highly
conserved from yeast to mammals (fig. S3C), it is possible that
Ino80 could also be acetylated in mammals to control its stability.
Thus, we identified a mechanism to modulate the expression and
activity of the chromatin remodeling protein Ino80. We noted
that Ino80 K929 resides within the ATPase domain (698-1018) of
Ino80. It is possible that acetylation of Ino80 K929 may affect its
chromatin remodeling activity in addition to modulating its stabil-
ity. Further efforts are required to answer this question.

Nucleosome dynamics associated with the incorporation/evic-
tion of H2A.Z is one of the key chromatin remodeling mechanisms
associated with environmental response (36). Ino80 has been re-
ported to regulate the expression of metabolic genes in response
to nutrient changes (32). TORC1 phosphorylates the transcription
factors, Msn2/4, Dot6, and Tod6, which then regulate the transcrip-
tion of ribosome biogenesis, nitrogen metabolism, and stress re-
sponse (32, 59). Here, we showed that Ino80 and Rpd3L directly
play a central role in TORC1 pathway, which connects chromatin
remodeling and histone variants with nutrient availability. Ino80
stability and H2A.Z occupancy are highly responsive to nitrogen
starvation. Nitrogen starvation induces loss of Ino80 and increased
H2A.Z occupancy at autophagy-related genes, which induces the
transcription of autophagy-related genes. The TORC1-promoted
deacetylation of Ino80 and H2A.Z by Rpd3L links perception of
the nutrients, chromatin remodeling, and transcription in the
context of autophagy regulation. Thus, our study provides a direct
link between metabolic states with chromatin structure changes.

Together, we identified the chromatin remodeling protein Ino80
and histone variant H2A.Z as the deacetylation targets of Rpd3L
complex. Rpd3L deacetylates Ino80 and H2A.Z to transcriptionally
regulate autophagy in response to nutrient availability. Therefore,
our work provides not only a pathway for chromatin remodeler to
communicate metabolic status to chromatin but also an epigenetic
mechanism to regulate autophagy in response to environmental nu-
tritional cues and optimize cell fitness.

MATERIALS AND METHODS
Yeast strains
All yeast strains used in this study were listed in table S1. The pro-
moter-shutoff mutants (WT TetO7, TetO7-ARP4, TetO7-SWC4,
and TetO7-RVB2) were purchased from Yeast Tet-promoters
Hughes Collection in Open Biosystems (GE Dharmacon). The
gene deletion mutants and genomic integration of C-terminal
epitope tags were constructed by homologous recombination of
PCR fragments. All yeast strains were verified by colony PCR,
DNA sequencing, RT-qPCR, and/or immunoblots.

Cell growth and treatment
For most experiments, yeast cells were grown in 2% glucose–con-
taining YPD medium at 30°C until OD600 (optical density at 600
nm) of 0.7. For nitrogen starvation treatment, cells were grown in
YPD until OD600 of 0.7 and then pelleted at 3000 rpm for 5 min.
After being washed with sterile ddH2O twice, cells were grown in
SD-N medium (0.17% yeast nitrogen base without amino acids
and ammonium sulfate, 2% glucose) for 0 to 2 hours. For glucose
starvation treatment, cells were grown in YPD until OD600 of 0.7
and then pelleted at 3000 rpm for 5 min. After being washed with

sterile ddH2O twice, cells were grown in SD-Cmedium (0.67% yeast
nitrogen basewithout amino acids, supplemented with amino acids,
no dextrose) for 0 to 48 hours. To knock down the expression of
ARP4, SWC4, and RVB2, WT TetO7, TetO7-ARP4, TetO7-SWC4,
and TetO7-RVB2 mutants were grown in YPD medium until
OD600 of 0.5 to 0.7 and then treated with doxycycline (50 μg/ml)
for 4 hours. For rapamycin treatment, cells were grown in YPD
until OD600 of 0.5 to 0.7. Rapamycin (2 μg/ml) was added into
the medium and cells were then grown for 0 to 1 hour. For CHX
treatment, cells were treated with CHX (0.1 μg/ml) for 0 to
1.5 hours. For MG132 and CQ treatment, cells were treated with
10 μM MG132 or 20 μM CQ for 2 hours.

Immunoblot analysis
Immunoblot analysis was performed following procedures previ-
ously described in (60). In brief, cells were grown in 5 ml of YPD
or indicated medium until OD600 of 0.7 to 1.0. Cells were harvested,
lysed in the lysis buffer (2 M NaOH and 8% 2-mercaptoethanol),
and centrifuged at 13,000 rpm. The protein pellet was resuspended
in 150 μl 2× SDS sample buffer. Protein samples were separated by 8
to 15% SDS–polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to polyvinylidene difluoride membrane. The blots were
probed by primary antibodies, followed by incubation with horse-
radish peroxidase-labeled immunoglobulin G (IgG) secondary an-
tibodies. The protein bands were visualized using the ECL
Chemiluminescence Detection Kit (Bio-Rad, 170-5061) and quan-
tified with ImageJ software (v.1.8.0).

Antibodies
Antibody against anti-histone H2A.Z (1:5000; ab4626) was pur-
chased from Abcam; antibody against Rpd3 (1:500; sc-514160)
was purchased from Santa Cruz Biotechnology; antibodies against
GFP (1:5000; 66002-1-1g), Myc (1:5000; 60003-2-1g), goat poly-
clonal anti-mouse IgG (1:5000; SA00001-1), and goat polyclonal
anti-rabbit IgG (1:5000; SA00001-2) were obtained from Protein-
tech; antibody against pan–acetyl-lysine (1:2000, 9441S) was pur-
chased from Cell Signaling Technology; antibody against FLAG
M2 (1:3000; F1804-1MG) was obtained from Sigma-Aldrich; anti-
body against CBP (1:2000; Abs130593) was purchased from Absin
Bioscience Inc.; and antibodies against Ino80 (1:500) and Ino80
K929ac (1:500) were custom-made in Abclonal. The specificity of
the custom-made antibodies was confirmed by immunoblot analy-
sis with cell extract or IP of corresponding mutants (Fig. 3D and
fig. S9).

ChIP assay
ChIP assay was performed following procedures previously de-
scribed in (60). Cells were grown in 200 ml of YPD media or indi-
cated medium at 30°C until OD600 of 1.0. The cross-linking was
performed in 1% formaldehyde and quenched by adding 10 ml of
2.5 M glycine. Harvested cells were resuspended in FA buffer [0.1%
SDS, 40 mM Hepes-KOH (pH 7.5), 1 mM EDTA (pH 8.0), 1%
Triton X-100, 0.1% Na deoxycholate, 1 mM phenylmethylsulfonyl
fluoride (PMSF), leupeptin (2 μg/ml), pepstatin A (1 μg/ml), prote-
ase inhibitor cocktail, and phosphatase inhibitor cocktail] and lysed
with glass beads. Chromatin was sonicated to an average size of
~500 bp and immunoprecipitated with antibodies prebound to
protein G Dynabeads (Invitrogen) at 4°C overnight. The beads
were washed successively with FA buffer, FA buffer + 1 M NaCl,
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FA buffer + 0.5 M NaCl, TEL buffer [10 mM tris (pH 8.0), 1 mM
EDTA, 0.25 M LiCl, 1% NP-40, and 1% Na deoxycholate] and TE
[10 mM tris (pH 7.4) and 1 mM EDTA]. The eluted DNA/protein
complexes were treated with 20 μg of proteinase K (Roche) at 55°C
for 1 hour and the cross-link was reversed at 65°C overnight. RNA
was removed by RNase (Roche) treatment. DNA was then purified
with ethanol precipitation and quantitated by qPCR using primers
listed in table S2.

For ChIP-seq, the libraries were constructed and sequenced on
an Illumina platform. Reads were aligned to yeast genome sacCer3
from UCSC using bowtie2 version 2.1.0 with parameter -k 1. Data
were put into R (3.1.0) for further analysis. Peaks were called using
MACS2 (v.2.1.1, macs2 callpeak) with parameter -t -c -g 1.2e7 -n -B
-q 0.01 --nomodel. Peak annotation was performed on a website
service (https://manticore.niehs.nih.gov/pavis2/). Tracks were
smoothed by deepTools2 (v.2.0) and visualized by IGV software
(v.2.0) with a reference genome of Saccharomyces cerevi-
siae (sacCer3).

In vitro histone deacetylase assay
Rpd3 complex was affinity purified from 2 liters of yeast cells (TAP-
Rpd3) when grown in YPD or SD-N medium as described (61).
H2A.Z-FLAG and Ino80-FLAG were purified from yeast cells by
anti-FLAG M2 affinity gel (GenScript). The purified H2A.Z and
Ino80 were then individually incubated with purified Rpd3
complex in the reaction buffer [10 mM tris-HCl (pH 8.0), 150
mM NaCl, 1 mM MgOAc, 1 mM imidazole, 2 mM EGTA (pH
8.0), 10 mM 2-mercaptoethanol, 0.1% NP40, and 10% glycerol] at
30°C. The reaction was quenched by 2× SDS-PAGE loading buffer
and boiled at 95°C for 10 min. The reaction products were analyzed
by immunoblots with indicated antibodies.

Quantitative RT-PCR
The RNA was extracted from the yeast cells of the exponential
growth period by the phenol-chloroform extraction method (50).
The extracted RNAwas treated with RNase-free deoxyribonuclease
I (Takara, 2270A) to remove DNA and quantified by Nanodrop
2000 (Thermo Fisher Scientific). The RNA quality was determined
by agarose gel electrophoresis. RNA (0.5 μg) was taken for comple-
mentary DNA (cDNA) synthesis in the NovoScriptPlus All-in-one
First Strand cDNA Synthesis SuperMix (Novoprotein). The qPCR
was carried out using iTaq Universal SYBR Green Supermix (Bio-
Rad, 1725121). Primers used for RT-qPCR were described in table
S2. 2−ΔΔCt was used to calculate the quantity of relative transcrip-
tion level.

Microscopy analysis
The microscopy and imaging processing were performed as de-
scribed (50). Yeast cells were cultured in YPD medium until
OD600 of 0.7 to 1.0. After washing with cold phosphate-buffered
saline (PBS) for three times, cells were suspended in 200 μl of
PBS. Cells were visualized using a ZEISS LSM710 microscope
(Germany) with a 100× oil immersion objective by fluorescent mi-
croscopy. Images were acquired using ZEN Imaging Software ZEN
2.1 (ZEISS).

Sample preparation and mass spectrometry analysis
Yeast cells were grown in 1.2 liters of YPD media until an OD600 of
1.0, washed with PBS, and flash frozen in liquid nitrogen. Thawed

cell pellets were resuspended in IP buffer [40mMHEPES-KOH (pH
7.5), 150 mM NaCl, 10% glycerol, and 0.1% Tween-20] and lysed
with glass beads using a Biospec bead beater. The lysate was centri-
fuged at 45,000 rpm at 4°C for 1.5 hours and the supernatant was
incubated with anti-FLAG M2 affinity gel (GenScript) at 4°C for
4 hours. The beads werewashed extensively in IP buffer. The immu-
noprecipitated proteins were digested overnight with sequencing-
grade trypsin (Promega) at 37°C and the supernatant peptides
were then desalted using C18 columns (Thermo Fisher Scientific)
and lyophilized. The dried peptides were reconstituted in 0.1% FA
and loaded onto an Acclaim PepMap 100 C18 LC column (Thermo
Fisher Scientific) using a Thermo Easy nLC 1000 LC system
(Thermo Fisher Scientific) connected to Q Exactive HF mass spec-
trometer (Thermo Fisher Scientific). The raw mass spectrometry
data were searched against the S. cerevisiae proteome database
from Uniport (https://uniprot.org/proteomes/UP000002311)
using Sequest HT,MSAmanda, and ptmRS algorithms in Proteome
Discoverer 2.3 (Thermo Fisher Scientific).

Coimmunoprecipitation
Yeast whole-cell extract was prepared by vortexing with glass beads.
Precleared cell lysate was incubated with anti-FLAG M2 agarose
(GenScript) or calmodulin beads (GE Healthcare) for 1 hour at
4°C. The beads were washed three times with IP washing buffer
[40 mM HEPES-KOH (pH 7.5), 0.1% Tween-20, 10% glycerol, 1
mM PMSF, 150 mM NaCl, leupeptin (2 μg/ml), and pepstatin A
(1 μg/ml)] and boiled in SDS sample buffer for 10 min. Superna-
tants from the boiled beads were subjected to SDS-PAGE and
immunoblots.

Statistics and reproducibility
Statistical differences in this study were determined by two-tailed
unpaired t test and a P value <0.05 was considered statistically sig-
nificant. All quantitative data were presented as mean values ± SEM
from at least three biological independent experiments. *P < 0.05,
**P < 0.01, and ***P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Tables S1 to S2

View/request a protocol for this paper from Bio-protocol.
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