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a b s t r a c t

The yeast RSC, an ATP-dependent chromatin-remodeling complex, is essential for mitotic and meiotic
growth. There are two distinct isoforms of this complex defined by the presence of either Rsc1 or Rsc2;
however, the functional differences between these complexes are unclear. Here we show that the RSC
complex containing Rsc1, but not Rsc2, functions in autophagy induction. Rsc1 was required not only for
full expression of ATG8 mRNA but also for maintenance of Atg8 protein stability. Interestingly, decreased
autophagic activity and Atg8 protein stability in rsc1D cells, but not the defect in ATG8 mRNA expression,
were partially suppressed by deletion of TOR1. In addition, we found that rsc1D impaired the binding
between the Rho GTPase Rho1 and the TORC1-specific component Kog1, which is required for down-
regulation of TORC1 activity. These results suggest that the Rsc1-containing RSC complex plays dual
roles in the proper induction of autophagy: 1) the transcriptional activation of autophagy-related genes
independent of the TORC1 pathway and 2) the inactivation of TORC1, possibly through enhancement of
Rho1-Kog1 binding.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Chromatin structure plays significant and dynamic roles in the
regulation of DNA metabolism including DNA replication, tran-
scription, recombination, and repair. The access of regulatory pro-
teins involved in these processes to chromatin is regulated by
covalent post-translational modifications of histones and by the
action of ATP-dependent chromatin-remodeling complexes [1].
Saccharomyces cerevisiae RSC (Remodels the Structure of Chro-
matin) is an essential chromatin-remodeling enzyme consisting of
17 subunits [2]. RSC exists as at least two isoforms, containing
either the Rsc1 or Rsc2 subunit [3]. Strains lacking either RSC1 or
RSC2 are viable, but deletion of both genes results in inviability. By
genome-wide localization analysis, these two RSCs were shown to
occupy the same region of the genome [4], suggesting that they
ukawa).
share overlapping functions. However, rsc1D and rsc2D strains do
not exhibit identical phenotypes [3,5e9]. Moreover, the intracel-
lular levels of Rsc1 and Rsc2 are different; Rsc2 is estimated to be
10-fold more abundant than Rsc1 [3]. Therefore, functional differ-
ences between these two RSCs are still unknown. Recently, we
identified two autophagy-related genes, ATG17 and VPS34, through
a synthetic lethal screen using a temperature-sensitive mutant
allele of NPS1/STH1, encoding an ATPase subunit of RSC [10]. The
deletion of ATG17 was reported to be synthetically lethal in com-
bination with the deletion of RSC7, which encodes another non-
essential component of RSC [11]. These results suggest a func-
tional relationship between autophagy and RSC.

Autophagy is a highly conserved catabolic pathway for recycling
cytoplasmic materials and maintaining cellular homeostasis [12].
Upon starvation of nutrients, such as carbon, nitrogen, sulfur, and
various amino acids, or upon environmental or intracellular
stresses, cells initiate the formation of a double-membrane vesicle,
termed the autophagosome, that mediates this process. Approxi-
mately 30 autophagy-related (Atg) proteins have been identified in
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S. cerevisiae, including highly conserved core components such as
Atg1 (ULK1/2 in mammals), Atg13, and Atg8 (LC3 in mammals).
Multiple signaling pathways regulate autophagy among which
target of rapamycin kinase complex 1 (TORC1) plays a crucial role in
the induction of autophagy [13]. In both yeast andmammalian cells,
nutrient starvation inhibits the ability of TOR kinase to induce
autophagy. Autophagy is also regulated via the transcriptional up-
regulation or induction of autophagy genes. However, little is
known about the mechanisms regulating the transcriptional acti-
vation of these genes and the accumulation/turnover of these gene
products. In addition, the role of ATP-dependent chromatin
remodelers in this process has not yet been evaluated.

In this report, we show that Rsc1-containing RSC complex
(Rsc1-RSC) is required for transcriptional induction of autophagic
genes and inactivation of the TORC1 pathway.
2. Materials and methods

2.1. Strains, plasmids and media

All yeast strains used in this study were S288C derivatives, and
are listed in Table S1 of Supplementary Material. Standard pro-
cedures were used for mating, sporulation, transformation, and
tetrad dissection. All media were prepared as described previously
[14]. Alleles of nps1-105 and nps1-13 were described previously
[15,16]. C-terminal 6�HA tagging of ATG13, KOG1, and ATG8 was
carried out by homologous recombination using a simple PCR-
based strategy as described previously [10]. Correct insertion was
verified by sequencing. All PCR primers are listed in Table S2 of
Supplementary Material. Plasmids used were pRS316GFP-ATG8
[17], pTN3 (including PHO8D60) [18], YEp13RSC1-3Myc, and
YEp24RSC2-2HA [15]. Yeast strains were grown or incubated in YPD
(1% yeast extract, 2% peptone, 2% glucose), synthetic complete
medium with glucose (SDC; 0.67% yeast nitrogen base without
amino acids, 2% glucose, amino acids) or nitrogen-starvation (N-
starvation) medium (SD-N; 0.17% yeast nitrogen base without
amino acids and ammonium sulfate, 2% glucose). SDC media lack-
ing appropriate amino acids for selection were prepared as previ-
ously described [14]. Cultures were incubated at 30 �C with
shaking, unless otherwise indicated.
2.2. Autophagy assay

For monitoring bulk autophagy, the alkaline phosphatase (ALP)
activity of Pho8D60 was measured, as described previously [18]. In
this study, the plasmid pTN3was used for Pho8D60 overexpression.
Detection of the processing of GFP-Atg8 expressed under the ATG8
promoter was carried out as previously described [17].
Fig. 1. The Rsc1-RSC complex is required for the proper induction of autophagy. (A)
Pho8D60-derived alkaline phosphatase (ALP) activities in wild type (BY4743), rsc1D
(BYI-1), rsc2D (BYI-2), nps1-13 (BYI-3), and atg1D (BYI-4) cells expressing Pho8D60.
The activities are indicated as values relative to the value for WT cells grown in YPD,
which was set at 1. Data are presented as means ± SEM (n ¼ 3). (B) The ALP activities in
wild type (BY4743) cells carrying YEp13 and rsc1D (BYI-1) cells carrying YEp13,
YEp13RSC1-3Myc, or YEp13RSC2-2HA (all expressing Pho8D60). The activities are
indicated as values relative to the value for WT cells grown in YPD, which was set at 1.
Data are presented as means ± SEM (n ¼ 3).
2.3. Immunoblotting

Yeast cells were grown to log phase on YPD and then shifted to
SD-N, or incubated with 400 ng/ml of rapamycin (Focus Bio-
molecules), and cell lysates were thereafter prepared at the
appropriate times. Proteins in each cell lysate were resolved by
SDS-PAGE followed by immunoblotting or processed for immuno-
precipitation as described previously [15]. The intensities of protein
bands obtained by immunoblotting were measured using the im-
age analyzing software, Image-J (NIH, USA). The following anti-
bodies were used: anti-GFP (Roche Diagnostics), anti-Cdc28 (Santa
Cruz Biotechnology, Inc), anti-HA (Covance), and anti-Rho1 (y-260,
Santa Cruz Biotechnology, Inc).
2.4. Quantitative RT-PCR analysis of mRNA and ChIP analysis

Total RNA was isolated from yeast cells grown in YPD or incu-
bated in SD-N by using an RNeasy Protect Mini kit (Qiagen) ac-
cording to the manufacturer's instructions. Quantitative real-time
RT-PCR was performed with a One Step SYBER PrimeScript RT-PCR
kit II (Takara Bio Inc.) by using a LightCycler (Roche Diagnostics).
Primers used are listed in Table S2 of Supplementary Material.
Primers for the specified genes were validated before use with
standard curves. Transcript abundance was normalized to ACT1
transcripts. The chromatin immunoprecipitation (ChIP) procedure
was performed as described previously [19].

3. Results

3.1. The Rsc1-RSC complex is required for autophagy induction

To investigate the role of RSC in autophagy, we first measured
the level of autophagy induction by using the Pho8D60 assay [18],
which measures autophagy-dependent activation of an altered
alkaline phosphatase (ALP) marker. Wild-type (WT) and rscmutant
cells were grown in YPD medium and then shifted to nitrogen (N-)
starvationmedium (SD-N) for 3 h to induce autophagy. As shown in
Fig. 1A, the level of activity in rsc1D cells was significantly lower
than that in the WT cells and comparable to that in the atg1D cells,



Fig. 2. The Rsc1-RSC complex is required for full expression of Atg8 protein under
N-starvation. (A) Expression and processing of GFP-Atg8 in wild type (BY4743), rsc1D
(BYI-1), rsc1DtorD (BYI-9), and tor1D (BYI-10) cells carrying pRS316GFP-ATG8. Proteins
in each cell lysate were separated by SDS-PAGE, followed by immunoblotting with
anti-GFP (upper panel) and anti-Cdc28 (lower panel) antibodies. Each protein signal
was quantified, and GFP-Atg8 and free GFP signals were normalized by the Cdc28
signal. The total GFP signals (GFP-Atg8 and free GFP) in each strain are indicated as
values relative to the value for WT cells grown in YPD, which was set at 1. Data are
presented as means ± SEM (n ¼ 3). (B) Expression of ATG8mRNA in wild type (BY4743)
and rsc1D (BYI-1) cells. ATG8 mRNA levels were normalized to levels of ACT1 mRNA
and indicated as values relative to the value for WT cells grown in YPD, which was set
at 1. Data are presented as means ± SEM (n ¼ 3). (C) Nps1-TAP binds the ATG8 pro-
moter. NPS1-TAP cells (BYI-7) were grown to log phase in YPD and shifted to SD-N for
2 h. ChIP analysis was conducted on the ATG8 promoter �54 to �186 bp upstream of
the ATG8 start codon. As a control, a region of HTA1-E where Nps1 could not bind was
analyzed. The ChIP results of ATG8 promoter were normalized to that of the control
and indicated as values relative to the value of YPD, which was set at 1. Data are
presented as means ± SEM (n ¼ 3). (D) Turnover of GFP-Atg8. Wild type (BY4743),
rsc1D (BYI-1) and rsc1Dtor1D(BYI-9) cells were grown to log phase in YPD and shifted
to SD-N for 1 h, after which 100 mg/ml of CHX was added. GFP-Atg8 processing was
monitored as described in Fig. 2A. The total GFP signals (GFP-Atg8 and free GFP) at
each time point are indicated as values relative to the value of 0 h in each strain, which
was set at 1. Data are presented as means ± SEM (n ¼ 3).
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which fail to undergo autophagy. The level of activity in nps1-13, a
temperature-sensitive mutant allele of the RSC ATPase subunit
Sth1/Nps1 [15], was also slightly decreased compared with that of
WT (Fig. 1A). In contrast, deletion of RSC2 did not affect its activity,
despite the fact that Rsc2 is about 10 times more abundant than
Rsc1 [3]. To further examine the functional distinction between
Rsc1 and Rsc2 in autophagy, we tested whether the overexpression
of Rsc2 could rescue the defect of autophagy in rsc1D cells. As
shown in Fig. 1B, the defects in the ALP activity of rsc1D cells were
suppressed by the overexpression of Rsc1, but not by that of Rsc2.
Therefore, these data indicate that the Rsc1-RSC has a unique
function in autophagy induction.

3.2. Rsc1-RSC is required for full expression of Atg8 protein

To confirm the above results, we next examined the processing
of green fluorescent protein (GFP)-Atg8 in various rscmutants. Atg8
is an ubiquitin-like protein that is important for autophagy. When
autophagy is induced, GFP-labeled Atg8 is transported into the
vacuole inside the autophagic body. Atg8 is degraded after lysis of
the autophagic body, whereas the GFP moiety is relatively resistant
to proteolysis. Accordingly, monitoring free GFP processed from
GFP-Atg8 corresponds to the level of autophagy (autophagic flux)
[17]. As shown in Fig. 2A and Fig. S1A, total GFP signals (GFP-Atg8
and free GFP) in rsc1D and nps1-13 cells were significantly lower
than that in WT cells, although these mutations did not affect the
ratio of free GFP to GFP-Atg8. These data indicate that autophagy
induction was significantly delayed, but still occurred, in these
mutants because of the reduction of Atg8 protein expression. In
contrast, the total GFP signal in rsc2D cells was substantially higher
than that in WT cells. In accordance with this, the level of Atg8-HA
expression in rsc1D cells under N-starvation was also lower than
that in WT cells (Fig. S1B). However there was no difference in the
levels between rsc2D andWTcells. These results suggest that Rsc1-
RSC was required for ATG8 transcription.

To test this possibility, we measured the level of ATG8 mRNA
after the shift to N-starvation. After a 2 h incubation, the level of
ATG8 mRNA in WT cells increased to about 18 times higher than
that in the YPD medium (Fig. 2B). In contrast, the increase in the
level of ATG8mRNA in rsc1D cells was approximately 70% of that in
WT cells. In addition, transcriptional levels of ATG7 and ATG17 in
rsc1D under N-starvation were also lower than those in WT cells
(Fig. S2A, B), indicating that Rsc1-RSC is required for the tran-
scriptional activation of a subset of autophagic genes. To further
address whether Rsc1-RSC directly regulates the transcriptional
activation of ATG8, we examined the binding of RSC to the ATG8
promoter following the shift to N-starvation by using a strain
expressing Nps1-TAP [19]. Chromatin immunoprecipitation (ChIP)
analysis was performed using an anti-TAP antibody. This analysis
showed that Nps1 binding to the ATG8 promoter following the shift
to N-starvation increased by 3.5-fold (Fig. 2C).

Interestingly, we noticed that in rsc1D cells, the decrease in both
the GFP-Atg8 protein level and autophagic activity was much more
pronounced (approximately 70%, Fig. 2A and approximately 65%
reductions, Fig. 1A, respectively) compared with the rather modest
decrease in the ATG8 mRNA level under N-starvation conditions
(approximately 30% decrease, Fig. 2B). These results suggested that
Rsc1-RSC was also required for the stability of the Atg8 protein
independent of its mRNA expression. To explore this possibility, WT
and rsc1D cells were treated with a protein synthesis inhibitor
cycloheximide (CHX) following the shift to N-starvation for 1 h, and
GFP-Atg8 levels weremonitored thereafter. As shown in Fig. 2D, the
levels of GFP-Atg8 and its cleaved product free GFP did not change
during a 2 h treatment with CHX in WT cells, consistent with a
report by Bicknell et al. [20]. In contrast, in rsc1D cells, the levels of
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both proteins were decreased to approximately 50% after 2 h in-
cubation. Because of lower mRNA expression (see Fig. 2B), the
levels of both proteins prior to CHX addition were also reduced
(approximately 70%) in rsc1D cells. Taken together, these results
indicate that Rsc1-RSC ensures the transcriptional activation of
autophagic genes and also facilitates the stabilization of Atg8 under
N-starvation conditions.
3.3. The TORC1 signaling pathway is not properly down-regulated
in Rsc1-RSC deficient cells following the shift to N-starvation

TOR is one of the major nutrient-signaling regulators across
eukaryotes. The TOR-signaling pathway plays a pivotal role in
controlling the induction of autophagy. We aimed to determine
whether Rsc1-RSC was under the control of the TOR-signaling
pathway or modulated it to activate autophagy. First, we investi-
gated if deletion of TOR1 could suppress the reduction of auto-
phagic activity in rsc1D cells following the shift to N-starvation.
Remarkably, deletion of TOR1 restored the ALP activity to near WT
levels in rsc1D cells (Fig. 3A).

It is known that TORC1 inhibits autophagy induction through
direct phosphorylation of Atg13, thereby preventing the binding of
this protein to Atg1 [21]. Inactivation of TORC1 results in Atg13
dephosphorylation, leading to the formation of the
Atg1eAtg13eAtg17 complex, which functions in the induction of
autophagy [22]. Given this finding, we subsequently examined
whether dephosphorylation of Atg13 occurred in rsc1D cells. As
shown in Fig. 3B, the amount of the slow-migrating form of Atg13-
HA was rapidly decreased by a 15 min incubation in N-starvation
medium in both WT and tor1D cells [21]. In the rsc1D cells, the
amount of slow-migrating Atg13-HA remained unchanged under
the same condition. Importantly, deletion of TOR1 in the rsc1D cells
resulted in a substantial reduction of slow-migrating Atg13-HA.
These results indicate that Rsc1-RSC is involved in down-regulation
of TORC1 activity under N-starvation conditions, thereby inducing
autophagy.
Fig. 3. The Rsc1-RSC complex is required for inactivation of TORC1 signaling
pathway under N-starvation. (A) The ALP activities in wild type (BY4743), rsc1D (BYI-
1), rsc1Dtor1D (BYI-9), and tor1D (BYI-10) cells expressing Pho8D60. The ALP assay was
performed as determined in Fig. 1A. The results are indicated as values relative to the
value for WT cells grown in YPD, which was set at 1. Data are presented as
means ± SEM (n ¼ 3). (B) Immunoblot of Atg13 in wild-type (BY1-11), rsc1D (BYI-12),
rsc1Dtor1D(BY1-13), and tor1D (BYI-14) cells expressing Atg13-HA. The phosphoryla-
tion state of Atg13 (P-Atg13-HA, phospho-Atg13-HA) was assessed by immunoblotting.
3.4. The TORC1 signaling pathway is involved in maintenance of
Atg8 protein stability

Next, we examined whether TORC1 is required for full expres-
sion of Atg8 protein by synergizing with Rsc1-RSC. To this end, the
level of GFP-Atg8 and free GFP were measured in tor1D and
rsc1Dtor1D cells. As shown in Fig. 2A, deletion of TOR1 partially
restored the amount of GFP-Atg8 and free GFP in rsc1D cells,
consistent with the ALP activity (see Fig. 3A). Interestingly, ATG8
mRNA levels remained lower in the rsc1Dtor1D doublemutant than
in each single mutant (Fig. 2B). In contrast, the GFP-Atg8 protein
was substantially stabilized in rsc1D cells by the TOR1 deletion
(Fig. 2D). Hence, the inactivation of TORC1 in rsc1D led to stabili-
zation of Atg8 protein without restoring its mRNA expression.

3.5. Rsc1-RSC promotes Rho1-Kog1 binding to down-regulate the
TORC1 pathway

Previous results indicated that Rsc1-RSC inhibited TORC1
signaling under N-starvation. How did this complex participate in
TORC1 inactivation? Upon activation by stresses, the Rho GTPase
Rho1 binds to the TORC1-specific subunit Kog1, which results in
down-regulation of TORC1 activity [23]. Rho1 is the core sensor of
the cell wall integrity (CWI) pathway, a major stress response
pathway in yeast that controls actin polarization and cell wall
expansion in response to various stress conditions [24]. Our group
and others identified the factors involved in this CWI pathway as
high-copy suppressors of temperature-sensitive nps1-105 and sth1-
3 mutants, suggesting a functional relationship between RSC and
this signaling pathway [25,26].

Accordingly, we assessed whether Rsc1-RSC leads to TORC1
inactivation through the Rho1-Kog1 binding. In WT cells, the level
of Kog1-HA co-immunoprecipitated with anti-Rho1 was increased
approximately 3-fold 40 min after treatment with rapamycin
(Fig. 4A). In contrast, in rsc1D cells, rapamycin treatment failed to
enhance the Rho1-Kog1 interaction. Yan et al., previously showed
that the Rho1-Kog1 binding was transiently induced after rapa-
mycin treatment [23]. However, we repeatedly observed this
binding even after 40 min of rapamycin treatment. Although
dissociation of Rho1 from TORC1 is not sufficient for the immediate
restoration of the TORC1 activity [23], this difference may be
dependent on the strain background or antibody used in this assay.
Nevertheless, this result suggested that Rsc1-RSC is required for the
proper down-regulation of TORC1 activity through stimulation of
the Rho1-Kog1 interaction under stress conditions, including N-
starvation.

4. Discussion

Our data have uncovered a pivotal role for the Rsc1-RSC com-
plex in the proper induction of autophagy. To the best of our
knowledge, this is the first report showing the function of an ATP-
dependent chromatin remodeler in autophagy induction. It should
also be noted that we show that the Rsc1-RSC complex, but not
Rsc2-RSC, is required for autophagy. ATP-dependent chromatin
remodeling complexes are conserved from yeast to humans. Mu-
tations in components of human chromatin-remodeling complexes
have been identified at high frequencies in human cancers; how-
ever, the molecular mechanisms underlying the carcinogenic ef-
fects of these mutations are largely unknown [27,28]. Autophagy is
thought to play dual roles in cancer; it can prevent tumor initiation
through its quality control function for cells, and it can sustain
tumor metabolism through nutrient recycling [29]. Our findings
suggest that the impaired function of mammalian chromatin
remodelers impacts autophagy and provides insight into the role of



Fig. 4. The Rsc1-RSC complex promotes Rho1-Kog1 binding to down-regulate the
TORC1 pathway. (A) Interaction between Rho1 and Kog1-HA is impaired in rsc1D.
Wild type and rsc1D cells expressing Kog1-HA (BYI-15 and BYI-16, respectively) were
grown to log phase in YPD at 23 �C, after which 400 ng/ml rapamycin was added. The
densities of immunoblot bands labeled with anti-HA were normalized to those labeled
with anti-Rho1 and indicated as values relative to the value for WT cells grown in YPD
for 0 min, which was set at 1. Data are presented as means ± SEM (n ¼ 3). (B) Sche-
matic diagram showing the signaling pathways leading to autophagy regulated by
Rsc1-RSC. On one branch, the Rsc1-RSC complex directly activates the transcription of
a subset of ATG genes under N-starvation. On the other branch, this complex promotes
the Rho1-Kog1 interaction, thereby down-regulating the TORC1 signaling pathway.
Both pathways result in autophagy induction. TORC1 might be involved in the main-
tenance of Atg8 protein stability.
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ATP-dependent chromatin remodelers in carcinogenesis.
Our results identified Rsc1-RSC as a transcriptional activator of

ATG7, ATG8, and ATG17. Atg17 is a regulatory subunit of an
autophagy-specific complex that includes Atg1 and Atg13, and it
stimulates Atg1 kinase activity. Atg7 is a dual-specificity member of
the E1 family, which mediates the conjugation of Atg12 to Atg5 and
that of Atg8 to phosphatidylethanolamine. Both steps are essential
for autophagosome formation [30,31]. Therefore, decreased
expression of these ATG genes would account for the defective
autophagy in rsc1D (Fig. 4B). The mechanism by which Rsc1-RSC
activates these ATG genes upon N-starvation is an important
question that remains to be answered.

In addition to transcriptional activation of these ATG genes, Rsc1-
RSC is also required for proper inactivation of the TORC1 pathway
through enhancement of Rho1-Kog1 binding (Fig. 4B), although we
cannot rule out the possibility that Rsc1-RSCmight possibly regulate
the expression of other genes to inhibit the TORC1 pathway. Inter-
estingly, Rsc1-RSC is required for the maintenance of Atg8 protein
stability, which depends on TORC1 (Fig. 4B). Atg8 is rapidly induced
after the shift of the cells to N-starvation conditions, which is
required for autophagosome expansion and cargo binding [32].
However, little is known about how Atg8 protein levels are regu-
lated during autophagy. Hog1MAP kinase participates in autophagy
by enhancing the stability of the Atg8 protein during the late stage of
persistent ER stress, although the kinase was dispensable for auto-
phagy induced by N-starvation [20]. Given the functional role of
autophagy in both normal cellular homeostasis and response to
various stress conditions, it is unsurprising that Atg8 protein levels
are tightly controlled at multiple levels. Further studies on the
regulation of TORC1 and Rsc1-RSC should provide greater insight
into how cells respond to starvation conditions to maintain cellular
homeostasis through autophagy.
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