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Autophagy has been implicated in a number of physiological
processes important for human heath and disease. Autophagy
involves the formation of a double-membrane cytosolic vesicle, an
autophagosome. Central to the formation of the autophagosome
is the ubiquitin-like protein autophagy-related (Atg)8 (microtubule-
associated protein 1 light chain 3/LC3 in mammalian cells). Following
autophagy induction, Atg8 shows the greatest change in expres-
sion of any of the proteins required for autophagy. The magnitude
of autophagy is, in part, controlled by the amount of Atg8; thus,
controlling Atg8 protein levels is one potential mechanism for mod-
ulating autophagy activity. We have identified a negative regulator
of ATG8 transcription, Ume6, which acts along with a histone deace-
tylase complex including Sin3 and Rpd3 to regulate Atg8 levels;
deletion of any of these components leads to an increase in Atg8
and a concomitant increase in autophagic activity. A similar regula-
tory mechanism is present in mammalian cells, indicating that this
process is highly conserved.
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M acroautophagy, hereafter referred to as autophagy, is an
evolutionarily conserved process used by eukaryotic cells
for the bulk degradation of intracellular proteins and organelles
(1). Autophagy is not only vital for cell survival in nutrient-poor
conditions (2) but is also linked to various physiological pro-
cesses, including immune defense, tumor suppression, and pre-
vention of neurodegeneration (3). Whereas autophagy plays
a primarily protective role, it can also contribute to cell death;
thus, the magnitude of autophagy must be carefully regulated.

Central to autophagy is the formation of autophagosomes (4),
double-membrane-bound structures that engulf and deliver cy-
toplasmic materials to the vacuole/lysosome for degradation.
During autophagosome formation, the autophagy-related ubig-
uitin-like protein Atg8/microtubule-associated protein 1 light chain
3 (LC3) covalently modifies phosphatidylethanolamine (PE). Al-
most one-fourth of the characterized autophagy-related (Atg)
proteins in yeast are involved in the formation or stability of AtgS8—
PE, which plays a critical role in controlling expansion of the
phagophore (the initial sequestering membrane), and in de-
termining autophagosome size, thereby regulating autophagy ac-
tivity (5, 6). Upon starvation, the level of ATGS8 mRNA sharply
increases, leading to a subsequent induction of the Atg8 protein
level (7, 8). The increase in the amount of Atg8 during autophagy is
critical for supplying a sufficient amount of this protein to maintain
normal levels of autophagy; yeast strains deficient in Atg8 induction
generate abnormally small autophagosomes (5). Thus, character-
ization of how Atg8 protein levels are modulated is of tremendous
importance both in understanding the regulation of autophagy and
for the elucidation of potential therapeutic targets. However, little
is known about the mechanisms regulating A7G8 transcription.

Results

Ume6-Sin3-Rpd3 Complex Represses Atg8 Expression. To identify
candidate transcriptional regulators of ATGS, we analyzed its
promoter region and identified an upstream regulatory se-
quence, URSI, which is a consensus binding site for the tran-
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scription factor Ume6 (Fig. 14), which was previously identified
during a whole-genome microarray analysis (9-11). The URS1
consensus site consists of two invariant GGC repeats, which tend
to be immediately preceded by a C and several T nucleotides and
followed by a T and two A nucleotides, although some variability
exists in these positions (9). We examined the promoter regions
of other ATG genes and note that the gene encoding Atg23 also
contains a potential URS1 site. Ume6 is a zinc cluster protein
that both represses and activates transcription of a diverse set of
genes involved in meiosis and metabolism in response to nutri-
tional cues such as glucose, nitrogen, and inositol (9, 12-14). If
Umeb6 regulates AtgS8, then a ume6A strain should have altered
Atg8 protein levels. We examined the protein level of Atg8 in
a umeoOA strain in vegetative (growing) conditions and found that
it was substantially induced relative to the wild type (Fig. 1B).

Ume6 exerts control of transcription by forming a complex
with the corepressor Sin3 and the histone deacetylase Rpd3 (15).
Accordingly, we extended our analysis by examining the level of
Atg8 in rpd3A and sin3A strains. Similar to the result with the
umeOA strain, both the sin3A and rpd3A strains displayed a sub-
stantial induction of Atg8 expression in nutrient-rich conditions
(Fig. 1B). Together, our data suggest that the Ume6-Sin3-Rpd3
complex negatively regulates Atg8 expression and, consequently,
the amount of Atg8 available during autophagy.

Ume6 Binds the ATG8 Promoter and Negatively Regulates ATG8
Transcription. To determine whether Ume6 regulates ATGS at
a transcriptional level, we examined p-galactosidase activity in
wild-type and ume6A strains expressing LacZ under the control of
the ATGS8 promoter in nutrient-rich and nitrogen starvation con-
ditions. The p-galactosidase activity in the ume6A strain was sub-
stantially higher than that seen in the wild-type strain under
growing conditions (Fig. 24), suggesting that Ume6 negatively
regulates ATGS transcription, rather than exerting its effect di-
rectly on the Atg8 protein. The B-galactosidase activity in the
umeO6A strain increased only slightly under starvation conditions,
suggesting that the transcription of ATGS in growing conditions
was close to the maximal level seen when fully induced (Fig. 24).
To further test whether Ume6 binds the ATGS promoter, we
conducted a chromatin immunoprecipitation (ChIP) analysis in
a strain expressing Ume6 tagged with protein A (Ume6-PA). We
examined the binding of Ume6-PA to the ATG8 URS1 region and
a sequence 3 kb upstream of the ATGS start codon (-3K), which
served as a negative control; binding at the promoter of INOI was
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Fig. 1. (A) Diagram depicting the URS1 site in the ATG8 promoter. (B) The
Ume6-Sin3-Rpd3 complex represses Atg8 expression. Wild-type (BY4742),
ume6A, sin3A, and rpd3A yeast cells were grown in rich medium to midlog
phase. Protein extracts from cells were prepared and subjected to immuno-
blotting with anti-Atg8 and anti-Pgk 1 antiserum (the latter as a loading control).

examined as a positive control (16). The quantitative PCR results
showed that Ume6-PA binding to the URS1 region was ~19 times
higher than that seen in the -3K control and was at a level similar to
that detected for the INOI promoter (Fig. 2B), suggesting that
Ume6 actually bound to the URSI element of the ATGS8 promoter.

Rim15 Promotes Ume6 Phosphorylation and Functions As a Positive
Regulator of Atg8 Induction. During meiosis, removal of Sin3 and
Rpd3 from the Ume6 complex is regulated by the protein kinase
Rim15 in response to nitrogen and glucose limitation. For ex-
ample, when cells are grown on acetate as the sole carbon source
in conditions of nitrogen limitation, Rim15 promotes Ume6
phosphorylation and disrupts the association of Sin3 and Rpd3
with the complex, thus relieving transcriptional repression of the
target genes (12). In addition, we have shown that Riml5 is
a positive regulator of autophagy (17, 18), although its relevant
target(s) had not been identified. Therefore, we decided to in-
vestigate a potential role for Rim15 in Ume6-regulated Atg8
induction. Accordingly, we first tested whether Rim15 promotes
Ume6 phosphorylation during autophagy. In wild-type cells,
upon nitrogen starvation, Ume6 exhibited a slower migration,
which is consistent with the previous finding (12) that Ume6 is
subject to phosphorylation (Fig. 34). However, RIM15 deletion
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Fig. 2.  Ume6 binds the ATG8 promoter and negatively regulates ATGS tran-
scription. (A) Expression of ATG8p-LacZ in a UME6 deletion strain. Wild-type and
ume6A cells containing LacZ driven by the ATG8 promoter were grown to
midlog phase and switched to nitrogen starvation medium (SD-N) for 2 h.
B-galactosidase activity was measured from protein extracts. (B) Protein A-
tagged Umeb binds the ATG8 promoter. ChIP analysis was conducted on two
regions of the ATG8 promoter: the URS1 region and a region —3 kb upstream of
the ATGS start codon (-3K), which was used as a negative control. The URS1
region in the INO7 promoter served as a positive control. The ChIP results were
normalized to the input DNA and calibrated to the -3K PCR product, which was
setto 1.0. Error bars represent the SD of at least three independent experiments.
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caused a block in Ume6 phosphorylation in starvation con-
ditions, suggesting that Rim15 promotes Ume6 phosphorylation
during autophagy (Fig. 34).

To further investigate the role of Riml15 in regulating Atg8
induction, we decided to examine Atg8 levels in the presence and
absence of this kinase. Accurate measurement of Atg8 levels is
complicated by the continuous degradation of Atg8-PE in the
vacuole during autophagy. (Atg8 is one of the few Atg proteins
that remains associated with the completed autophagosome, and
a portion of the protein is delivered into the vacuole lumen
where it is degraded.) Thus, we used a pep4A background strain.
The hydrolase activity of Pep4, a vacuolar aspartyl protease, is
required for the breakdown of autophagic bodies (the single-
membrane intralumenal vesicles that result from fusion of
autophagosomes with the vacuole) and the subsequent degra-
dation of Atg8—PE. Therefore, we examined Atg8 levels in wild-
type, rim15A, and rim15A umeO6A strains in which the PEP4 locus
was deleted to prevent the turnover of Atg8—PE. Before nitrogen
starvation, wild-type cells displayed a basal level of Atg8, and
even after a short 15-min period of nitrogen starvation, an in-
crease in Atg8—PE could be detected (Fig. 3B). In rim15A cells,
the basal level of Atg8 was clearly lower, and there was a lag in
the generation of Atg8-PE, indicating that Rim15 functions as
a positive regulator of Atg8 induction. Deletion of UMEG in the
rimI5A strain rescued the induction defect in response to ni-
trogen starvation, suggesting that Rim15 acts upstream of Ume6
to regulate Atg8 synthesis during autophagy.

Ume6 Negatively Regulates Autophagy Activity. To determine
whether modulation of Atg8 levels by Ume6 has a physiological
effect on autophagy, we measured autophagy activity using the
Pho8A60 assay (19). This assay measures the autophagy-de-
pendent alkaline phosphatase activity of Pho8A60, a modified
vacuolar alkaline phosphatase precursor that remains in the cy-
tosol; Pho8A60 can only be delivered to the vacuole via autoph-
agy, in which case, a C-terminal propeptide is subsequently
removed, resulting in enzymatic activation. Therefore, the alka-
line phosphatase activity of Pho8A60 reflects the magnitude of
nonselective autophagic cargo delivery.

In growing conditions, the wild-type strain displayed a basal
level of Pho8A60-dependent alkaline phosphatase activity, whereas
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Fig. 3. Rim15 promotes Ume6 phosphorylation and functions as a positive
regulator of Atg8 induction. (A) Rim15 is required for Ume6 phosphorylation
in starvation conditions. Wild-type (WT, BY4742) and rim15A cells were grown
in rich medium and starved in SD-N for up to 1 h. Cells were collected, and
protein extracts were analyzed with anti-Ume6 and anti-Pgk1 (loading con-
trol) antisera. (B) Wild-type (WT, YZDO005), rim15A (YZD006), and rim15A
ume6A (YZDO007) cells in a pep4A background were grown in rich medium and
shifted to SD-N for starvation. Cells were collected at the indicated time points
and subjected to immunoblotting with anti-Atg8 and anti-Pgk1 antisera.

PNAS | July 10,2012 | vol. 109 | no.28 | 11207

CELL BIOLOGY



L T

/

1\

BN AS  DNAS P

the ume6A strain displayed an increase in the basal level of
autophagy consistent with a role for Ume6 in negatively regulating
autophagy by limiting the amount of Atg8 [Fig. 44; 0 h in nitrogen
starvation medium (SD-N)]. Upon nitrogen starvation, Pho8A60
activity increased in the wild-type cells but remained at the back-
ground level in an atg/ A mutant, which is defective for autophagy.
In umebA cells, autophagy was induced more rapidly and to
a higher level, as indicated by Pho8A60 activity compared with that
seen in the wild type (Fig. 44). Thus, Ume6 acts as a negative
regulator of autophagy activity.

We further sought to determine how deletion of UME6 caused
an up-regulation of autophagy. An increase in the magnitude of
autophagic cargo delivery suggested the possibility that more
autophagosomes were being formed and/or the size of the auto-
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Fig. 4. Ume6 negatively regulates autophagy. (A) Autophagy as measured
by the Pho8A60 assay is increased in ume6A cells. Wild-type (YCB193,
SEY6210), atg1A (YCB194), and ume6A (YCB197) cells were grown in SMD
medium and then starved for 0, 0.5, 1, 2, 3, and 4 h. The Pho8A60 activity was
measured as described in Materials and Methods and normalized to the ac-
tivity of the wild-type cells, which was set to 100%. Error bars indicate the SEM
of three independent experiments. (B) Autophagosome size is increased in
ume6A cells. Wild-type (FRY 143, SEY6210) and ume6A (YCB234) strains with
deletions of VPS4 and PEP4 to eliminate vesicles generated from the multi-
vesicular body pathway and the breakdown of autophagic bodies, re-
spectively, were grown in rich medium and starved in SD-N for 2 h. Samples
were collected, prepared, and examined by TEM as described in Materials and
Methods. The radius of each autophagosome was determined as described in
Materials and Methods. The error represents the SEM for >400 autophagic
bodies. (C) Representative TEM images of the cells in B. (Scale bars: 500 nm.)
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phagosomes were increased in the ume6A strain compared with
the wild-type cells. After nitrogen starvation for either 1 or 2 h,
the number and size of autophagic bodies per cell was examined
by transmission electron microscopy (TEM). The mean number
of autophagic bodies per cell section was slightly higher in the
ume6A cells than wild-type at the 1 h (3.1 + 0.4 and 2.3 + 0.3,
respectively) and 2 h (4.7 + 0.4 and 4.0 + 0.4, respectively) time
points, but this difference was not statistically significant [P =
0251 hg and P = 0.19 (2 h)]. A highly significant difference (P <
5 x 107°), however, was observed in the size of the autophagic
bodies. The autophagic bodies of ume6A cells had an average
cross-sectional radius that was 22% and 17% larger than that
found in the wild-type cells at the 1 and 2 h time points, re-
spectively (Fig. 4 B and C and Fig. S1). Notably, this translates
into a substantial difference in average volume. To estimate the
actual volume of the autophagic bodies from the observed cross-
sectional radii, we used a statistical method previously developed
for this purpose (20). The calculations indicated that the ume6A
cells had autophagosomes that were 68% and 112% larger by
volume than wild-type autophagosomes at the 1- and 2-h time
points, respectively. This ~2.1-fold increase in autophagosome
volume at the 2-h time point is quite similar to the 1.8-fold in-
crease in Pho8A60 activity at the same time point (Fig. 4 4 and
B); thus, a small increase in the diameter of autophagosomes has
robust effects on the magnitude of bulk autophagy. We also noted
that the average cross-sectional area of the wild-type and ume6A
cells was 7.3 and 11.6 pm? respectively, based on the measure-
ments of over 300 cells each; however, no data suggest that
autophagosome or autophagic body size is affected by cell size.

SIN3A and SIN3B Play Redundant Roles in Regulating LC3 Expression.
We next explored the possibility that the mechanism of Atg8/
LC3 regulation that we discovered here was conserved in higher
eukaryotes. The transcription factor Ume6 has no clear homolog
in mammalian cells, but 2 homologs of SIN3 (SIN3A and SIN3B)
and 11 homologs of RPD3 exist in vertebrates. Accordingly, SIN3
was chosen for further study. SIN3A and SIN3B were knocked
down by treating HeLa cells with three individual shRNA targeted
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Fig. 5. SIN3A and SIN3B play redundant roles in regulating LC3 expression.
(A) SIN3A- and SIN3B-targeted shRNA was prepared and used to generate
viruses as described in Materials and Methods. The shRNA-expressing viruses
were infected in combination into HelLa, HEK293T, and human fibroblast
cells using scrambled DNA as a control (C). Cell lysates were analyzed by
immunoblotting with the indicated antibodies. (B) SIN3A and SIN3B mRNA
levels were monitored by quantitative PCR in shRNA-treated cells. The values
for scrambled DNA were set to 1.0, and the other values were normalized.
*P < 0.05; **P < 0.01. Error bars represent the SD.
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to SIN3A4 and two individual shRNA targeted to SIN3B alone and
in combination, with nearly identical results in terms of the degree
of knockdown; SIN3A4 and SIN3B mRNA levels were reduced to
~9-30% and 15-36% of the scrambled control, respectively (Fig.
5B). Knockdown of SIN3A and SIN3B individually had little or no
effect on LC3 levels compared with the scrambled control (Fig.
S24). In contrast, when SIN3A and SIN3B were simultaneously
knocked down, a robust increase in LC3 levels was readily apparent
in various ShRNA combinations under nutrient-rich conditions in
HelLa cells (Fig. 54 and B). The same results were also found for
HEK293T and human fibroblast cell lines (Fig. 54). The increase in
LC3 protein levels was not attributable to indirect effects through
protein level or activity of the mechanistic target of rapamycin
(MTOR) complex, because the amount of MTOR and its associ-
ated protein regulatory associated protein of MTOR, complex 1
(RPTOR) were unchanged (Fig. 54), nor was there an effect on the
activity of MTORC1 or MTORC?2, as determined by the phos-
phorylation state of their targets ribosomal protein S6 kinase,
70kDa, polypeptide 1 (RPS6KB1/S6K) and eukaryotic translation
initiation factor 4E binding protein 1 (EIF4AEBP1/4EBP1), or v-akt
murine thymoma viral oncogene homolog 1 (AKT1), respectively
(Fig. 54 and Fig. S2B). Furthermore, we examined autophagic flux
by exposing the cells to NH4Cl, which raises the lysosomal pH and
prevents the turnover of LC3 (similar, in effect, to deleting the
PEP4 gene in yeast). The presence of NH,Cl resulted in elevated
levels of LC3-I1, indicating that the knockdown of SIN3A/B caused
an increase in basal autophagy, and not just an increase in the level
of LC3. Note that in human fibroblasts, the lack of a clear differ-
ence in LC3 levels in the absence, but not the presence, of NH,Cl
indicates a rapid rate of lysosomal turnover of this protein (21).

Discussion

Our findings suggest that in response to nitrogen starvation, the
kinase Rim15 phosphorylates Ume6. During meiosis, this phos-
phorylation causes the dissociation of Ume6 from Sin3-Rpd3,
leading to transcriptional activation (12, 14). Rim15 plays an
important role in integrating many nutrient-regulatory signals
and, therefore, plays a central role in regulating autophagy (17,
22). Rim15 is negatively regulated through direct phosphoryla-
tion by cAMP-dependent protein kinase A (PKA) and Sch9 in the
presence of glucose and nitrogen (23, 24) and is involved in the
autophagy induction that occurs upon PKA-Sch9 inactivation
(18). PKA and Sch9 are upstream sensors that act to negatively
regulate autophagy; however, the downstream components in this
signaling pathway are unknown, and how PKA and Sch9 signaling
affects the autophagy machinery to regulate autophagosome
formation has not been elucidated previously. Yeast Sch9 is ho-
mologous to mammalian ribosomal protein S6 kinase, 70kDa
(RPS6KB/p70S6 kinase) or AKT1 (18). In mammalian cells,
AKT1 phosphorylates and inactivates the forkhead box O
(FOXO) family of transcription factors (25). During muscle at-
rophy, FOXO3 induces the expression of multiple autophagy
genes including L¢3, Gabrapll (an Lc3 homolog), unc-51-like
kinase 1 (Ulkl), Atg4, Atgl2, phosphoinositide-3-kinase, class 3
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(Pik3c3/Vps34), and beclin 1, autophagy related (Becnl) (26, 27);
and in hepatic tissue, FOXO1 regulates the autophagy genes
Gabarapll, Pik3c2, and Atgl2 (28). Although Ume6 is not con-
served in mammalian cells, the regulation of the FOXO family by
Sch9 and AKT1 suggests that the pathway regulating Atg8/LC3
may be conserved from yeast to human. Just as the knockdown of
SIN3A and SIN3B promotes an increase in cellular LC3 levels,
inhibition of RPD3 promotes a similar increase (29-31), although
the detailed mechanism has not been determined.

One frequently overlooked method of regulating the magnitude
of autophagy is the regulation of the size of the autophagosome.
Research in yeast has shown that the average size of the auto-
phagosome is modulated by the amount of available Atg8 (5). Our
results provide strong evidence that transcriptional repression
plays a major role in regulating Atg8/LC3 levels, and this up-reg-
ulation results in an increase in the size of the autophagosome.
Basal autophagy is especially important in the liver and other cells
such as neurons and myocytes, which, after differentiation, cease
dividing. Modulation of LC3 levels through inhibition of histone
deacetylation at the LC3 locus may be a viable option to increase
basal autophagy in nondividing terminally differentiated cells.

Materials and Methods

Yeast. Gene disruptions and PAtagintegrations were performed using astandard
method (32). Yeast cells were grown in rich medium [YPD; 1% yeast extract, 2%
peptone, and 2% glucose (all wt/vol)] or synthetic minimal medium (SMD; 0.67 %
yeast nitrogen base, 2% glucose, supplemented with the appropriate amino
acids and vitamins). Autophagy was induced in starvation medium (SD-N; 0.17%
yeast nitrogen base without amino acids, containing 2% glucose). The yeast
strains used in this study are listed in Table S1. Protein extraction, immunoblot,
GFP-Atg8 processing, and alkaline phosphatase (Pho8A60) assays were per-
formed as described previously (18, 19, 33). Yeast strains containing the f-ga-
lactosidase reporter plasmid ATG8p-LacZ(416) were grown in SMD or shifted to
SD-N to induce autophagy and then examined with a p-galactosidase assay as
described previously (34). ChIP was performed as described previously (35).
Samples for TEM were prepared as described previously (5). Sections (85 nm)
were cut using a Leica Ultracut-E microtome at the University of Michigan
Microscopy and Image Analysis Laboratory. Images were acquired on a Philips
CM100 BioTwin electron microscope at the University of Michigan Molecular,
Cellular and Developmental Biology departmental TEM facility. The observed
radii of the autophagic body cross-sections were determined and used to
estimate the actual radii as described (20), which were converted to volume.
Statistical significance was determined using the Mann-Whitney U test.

Cell Culture. Knockdown of SIN3 homologs was performed by cloning SIN3A-
and SIN3B-targeted shRNA into the pLKO1 lentiviral expression vector, and
these plasmids were cotransfected together with psPAX2 and pMP2 plas-
mids into actively growing cells. HeLa, HEK293T, and human fibroblast cells
were infected with isolated viruses, selected for puromycin resistance, and
analyzed on the seventh day after infection with scrambled DNA as a con-
trol. Cell lysates were suspended in Nonidet P-40 buffer and subjected to
SDS/PAGE and Western blot analysis.
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