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Autophagy is a pathway mediating vacuolar degradation and recycling of proteins and organelles, which plays
crucial roles in cellular physiology. To ensure its proper cytoprotective function, the induction and amplitude of
autophagy are tightly regulated, and defects in its regulation are associated with various diseases. Transcriptional
control of autophagy is a critical aspect of autophagy regulation, which remains largely unexplored. In particular, very
few transcription factors involved in the activation or repression of autophagy-related gene expression have been
characterized. To identify such regulators, we analyzed the expression of representative ATG genes in a large collection
of DNA-binding mutant deletion strains in growing conditions as well as after nitrogen or glucose starvation. This
analysis identified several proteins involved in the transcriptional control of ATG genes. Further analyses showed a
correlation between variations in expression and autophagy magnitude, thus identifying new positive and negative
regulators of the autophagy pathway. By providing a detailed analysis of the regulatory network of the ATG genes our
study paves the way for future research on autophagy regulation and signaling.

Introduction

Macroautophagy (hereafter referred to as autophagy) is a con-
served pathway during which portions of the cytoplasm, organ-
elles, or pathogens are engulfed by a double-membrane structure
called the phagophore, which, after completion, forms into an
autophagosome that fuses with the vacuole. Upon vacuolar
fusion, the autophagy cargo as well as the inner membrane of the
autophagosome are degraded. Molecules resulting from autoph-
agy degradation are then recycled back to the cytosol and reused
by the cell to maintain homeostasis in unfavorable conditions.'

Autophagy is highly upregulated upon nutrient limitation as
well as multiple stress conditions where it serves cytoprotective
functions and promotes cell survival.”> As a consequence, the
autophagy pathway plays critical roles in mammalian develop-
ment, cellular physiology and the immune response,”” and
defects in autophagy are associated with severe pathologies such
as cancer or metabolic diseases.®” A basal level of autophagy is
also maintained in physiological conditions. For example, in
mammals basal autophagy is involved in the degradation of dam-
aged organelles and protein aggregates, which can otherwise lead
to various neurodegenerative disorders such as Huntington,
Alzheimer and Parkinson diseases.” In yeast, along with a low
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level of constitutive autophagy the cytoplasm-to-vacuole target-
ing (Cvt) pathway, a biosynthetic type of selective autophagy,
delivers resident enzymes to the vacuole during growth.”

High, uncontrolled, autophagy activity can also be detrimen-
tal for cells as it can lead to cell death or possibly promote the
replication/spread of microbes or cancer cells that, in some
instances, can use autophagy as a source of nutrients or to survive
in unfavorable conditions.'®'? Therefore, to support proper cel-
lular functions, the magnitude of autophagy has to be finely con-
trolled, notably by regulating the autophagy-related (Atg)
proteins, the core components of the autophagy machinery.
Numerous studies have provided significant advances on the
understanding of the posttranslational modifications of several
Atg proteins, which affects their localization and activity, as well
as protein-protein interactions; key players of these regulatory
networks have been characterized (for review see ref. 14,15). The
mechanisms involved in transcriptional regulation of A7G genes
remains, however, largely unknown. Upon stress conditions, the
expression of most of the A7G genes is upregulated and this cor-
relates with an increase in autophagy activity. Recent studies
show that the transcriptional regulation of ATG genes is critical
for autophagy: the level of Atg8, for example, correlates with

autophagosome size,’® that of Atg9 correlates with their
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number,'” and the amount of Atg7 modulates autophagy ampli-
tude.'® In higher eukaryotes the family of FOXO transcription
factors, GATAI as well as the master regulator TFEB, activate
autophagy,w’21 while ZKSCAN3 and GATA4 are involved in
the repression of mammalian autophagy-related genes.”*** In
yeast, recent studies characterized Ume6 and Pho23 as transcrip-
tional repressors of ATG genes and negative regulators of autoph-
agy.”*!” Nevertheless, very few transcription factors involved in
the regulation of the expression of A7G genes in either yeast or
mammals are known. To identify such regulators we conducted a
screen in which DNA-binding protein deletion strains were
tested for the expression of A7G genes. This revealed Rphl as a
master transcriptional repressor of autophagy.'® Here we report
on the overall results of the screen, which identify new autophagy
regulators, either activators or repressors of A7G gene expression.
Candidates showing the highest variations of expression were fur-
ther characterized to assay their impact on autophagy activity and

the Cvt pathway. Together, our results constitute a valuable
resource in the understanding of the transcription of autophagy-
related genes as well as overall autophagy regulation and provide
new directions in autophagy research.

Results

A screen for DNA-binding proteins regulating the expression
of ATG genes

In order to identify new transcriptional regulators of auto-
phagy the expression of a subset of A7G genes was analyzed in
comparison between wild-type cells and a collection of DNA-
binding mutants (Fig. 1A). To select the target ATG genes used
in this study we integrated multiple criteria: (i) Most, but not all,
ATG genes are upregulated after nutrient starvation,'” targets
should show a strong induction of expression, indicating that
they are under transcriptional
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Figure 1. A screen for DNA-binding proteins involved in the regulation of ATG gene expression. (A) Schematic
of the screen. (B) Color graph illustrating the results of the screen. Each line represents the mRNA level of an
independent mutant relative to the wild type in the same condition, which was set to 1.
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recruitment of an activator. Therefore gene expression was ana-
lyzed by RT-qPCR in nutrient-replete conditions (growing con-
ditions), where the deletion of a repressor should lead to mRNA
enrichment, as well as after nitrogen starvation and glucose star-
vation where the deletion of a positive factor would result in a
reduction in the mRNA level compared to the wild type.

Among the 139 strains analyzed, 61 strains showed a reduc-
tion of 1.5X of the induction of at least one ATG gene compared
to the induction in wild-type cells after nitrogen starvation, and
among these, 5 strains showed a more than 2-fold reduction
(Fig. 1B, Table S1). Upon glucose starvation, 37 strains showed
a reduction of 1.5X of the induction of at least one A7G gene
compared to the induction seen in wild-type cells, and among
these one strain showed a more than 2-fold reduction (Fig. 1B,
Table S2). Finally, 13 strains showed an induction of 1.5 fold or
more in the expression of at least one A7G gene and 6 showed an
increase of more than 2 fold in growing conditions compared to
the wild type (Fig. 1B, Table S3). Note that among the hits, the
ume6A and rphl A cells showed enriched mRNA levels of ATG
genes consistent with previous publications (Table S3, Fig.
$1).218 The results for all 139 strains in the different conditions
are listed in Tables S1 to S3.

As a proof of concept and to assay the level of confidence of
the results obtained in the screen, we repeated the analysis with
the candidate strains that showed the highest variation compared
to wild type, that is, an increase in expression of more than 2X in
growing conditions (potential repressors) or a reduction of more
than 2X after starvation (potential activators). The deletion of
SPT10, FYV5, SFL1, ZAPI and YRMI led to a significant
increase in the expression of at least one A7G gene; skol A cells
showed a similar pattern although the differences were not quite
statistically significant (Fig. S1A). The deletion of MBPI resulted
in a large reduction in the induction of expression of most of the
analyzed target genes after glucose starvation (Fig. S1B), whereas
the deletion of GCN4, GLN3, GAT1 and SWI5 decreased the
induction of the expression of at least one ATG gene after nitro-
gen starvation (Fig. S1C). Together these results confirmed the
validity of the results obtained during our screen and identified
Sptl0, Fyv5, Sfl1, Skol, Zapl and Yrml as potential transcrip-
tional repressors of autophagy, and Mbpl, Gen4, Gln3, Gatl
and Swi5 as potential transcriptional activators of autophagy

(Table 1).

Analysis of transcriptional activators of autophagy

To further characterize the proteins identified during the
screen and to verify the screen results we decided to delete our
candidate genes in another yeast strain background to eliminate
potential strain-dependent phenotypes and also to confirm that
the expression defects were due to the correct gene deletion.
For all but the MBPI deletion, we used the SEY6210 back-
ground expressing the modified Pho8AGO protein that forms
the basis of an assay to monitor autophagy activity.”® The dele-
tion of MBPI was made in the W303 background, which shows
a better response to glucose starvation-induced autophagy (our
unpublished observation). Among the potential transcriptional
activators, 2 mutants, swi5A and mbplA, now showed
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Table 1. DNA binding proteins identified as potential regulators of ATG
gene expression

Gene ID Deletion Description®
phenotype
SPT10 YJL127C Increased Putative histone
expression acetylase
in growing
conditions
FYvs YCL058C Protein involved in the
regulation of the
mating pathway
SFL1 YOR140W Transcriptional repressor
and activator
SKOT1 YNL167C Basic leucine zipper
transcrption factor
of the ATF/CREB family
ZAP1 YJLO56C Zinc-regulated
transcription factor
YRM1 YOR172W Zinc finger
transcription factor
MBP1 YDLO56W  Decreased induction  Transcription factor
upon glucose
starvation
GCN4 YELOO9C Decreased induction  bZIP transcriptional
upon nitrogen activator
starvation
GLN3 YERO40W Transcriptional activator
GAT1 YFLO2TW Transcriptional
activator, GATA1 type
zinc finger domain
Swis YDR146C Transcription factor

“Gene descriptions are from the Saccharomyces Genome Database, available
at http://www.yeastgenome.org

comparable ATG expression with the wild type after nitrogen
and glucose starvation, respectively, indicating that the corre-
sponding gene was unlikely to be involved in autophagy regula-
tion or that the phenotype was strain specific (Fig. S2A and B).
In contrast, the deletion of GCN4, GLN3 and GAT1 recapitu-
lated the results observed during the initial screen. In gend A
cells, we observed a reduction in the induction of ATG1 expres-
sion as well as Atgl protein level compared to wild-type cells
after nitrogen starvation (Fig. 2A-B, compare lane 2 to 5 and
lane 3 to 6). Under these conditions the expression of ATGY,
ATGS, ATGY9, ATG29, and ATG32 was induced to a lesser
extent in g/n3A and gatl A cells compared to the wild type
(Fig. 2C, lower panel) suggesting that the corresponding pro-
teins are transcriptional activators of A7G genes. In addition,
the deletion of GLN3 resulted in an accumulation of A7G8
and ATG29 mRNAs in growing conditions (Fig. 2C, upper
panel) indicating that GIn3 is directly or indirectly involved in
the repression of these genes when autophagy is kept at a basal
level. GIn3 and Gatl are both part of the GATA family of tran-
scription factors and bind to similar DNA motifs.”” % The
double deletion gatl A gin3A did not have an additive effect on
ATG expression after nitrogen starvation compared to the single
gin3A or garl A strain (Fig. 2C) suggesting that the 2 proteins
may recognize the same consensus sites on A7G promoters and
work together to induce their transcription.
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Figure 2. GIn3, Gat1 and Gcn4 are transcriptional modulators of ATG genes upon nitrogen starvation. (A-B)
Gcn4 is required for the proper induction of ATGT upon nitrogen starvation. (A) Wild-type (WLY176; SEY6210)
and gcn4A (YAB387) cells were grown in YPD (+N) until mid-log phase (upper panel) and then starved for
nitrogen (-N) for 1 h (lower panel). mRNA levels were quantified by RT-qPCR. The mRNA level of individual ATG
genes was normalized to the mRNA level of the corresponding gene in wild-type cells, which was set to 1. The
data represent the average of at least 3 independent experiments. (B) Wild-type and gcn4A cells were grown
in YPD until mid-log phase and then starved for nitrogen (-N) for the indicated times. Protein extracts were ana-
lyzed by western blot with anti-Atg1 and anti-Pgk1 (loading control) antisera. (C-D) GIn3 and Gat1 are required
for the proper induction of ATG7, ATG8, ATGY, ATG29 and ATG32 after nitrogen starvation; the deletion of GLN3
increases the expression of ATG8 and ATG29 in growing conditions. (C) Wild-type (WLY176), gin3A (YAB385),
gat1A (YAB384) and gat1A gIn3A (YAB386) cells were grown and mRNA analyzed as in (A). The data represent
the average of at least 3 independent experiments. (D) For the analysis of Atg8 protein level, wild-type
(WLY176; SEY6210), gin3A (YAB385), gat1A (YAB384) and gat1A gin3A (YAB386) cells were grown as in (B).
Protein extracts were analyzed by western blot with anti-Atg8 and anti-Pgk1 (loading control) antisera. The per-

deletion resulted in a 50%
reduction in Pho8A60-depen-
dent phosphatase activity com-
pared to  wild-type
(Fig. 3A); argl A cells were used
as a negative control and showed
no induction of autophagy. In
contrast, and despite the defects
in ATG expression after starva-
tion, the deletion of GLN3 and
the double GATI GLN3 dele-
tion did not show any defects in
autophagy activity upon nitro-

cells

To determine the effect of such transcriptional variation on
protein level we focused on Atg8, as the corresponding gene was
one of the most significantly affected in the mutants and because
the level of this protein modulates autophagy activity.'® Consis-
tent with the mRNA data, the level of Atg8 was higher in g/n3A
and garl A gln3A cells compared to the wild type in growing
conditions (Fig. 2D, compare lane 1 to lanes 3 and 7). Shortly
after starvation we did not observe a major difference in the over-
all amount of Atg8 although there was a relative enrichment of
the pool of Atg8 conjugated to phosphatidylethanolamine (PE),
Atg8-PE, in gln3A and gatl A gln3A cells (Fig. 2D, compare
lane 2 to lanes 4 and 8). This suggests a more rapid autophagy
induction in these cells due to the increased expression of the
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gen starvation (Fig. 3A). We

hypothesized that this could
result from the increased expression, notably of A7GS, observed
in growing conditions in these strains. This may cause an increase
in autophagy activity shortly after induction and would therefore
counteract the potential repressive effect of the mutations over
the time course of this assay. Such a phenotype is seen, for exam-
ple, in the umeGA strain, where higher basal Atg8 levels result in
a more rapid increase in autophagy activity in starvation
conditions.**

To extend our analysis we used the GFP-Atg8 processing
assay. During autophagy, Atg8 is lipidated by conjugation with
PE and recruited to the phagophore, the precursor to the auto-
phagosome. After the fusion of the autophagosome with the vac-
uole, the GFP-Atg8 chimera is hydrolyzed: Atg8 is rapidly
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Figure 3. GIn3, Gat1l and Gcn4 affect autophagy activity. Wild-type
(WLY176), gin3A (YAB385), gat1A (YAB384), gatlA gIn3A (YAB386),
gcn4 A (YAB387) and atg1A (WLY192) cells were grown in YPD (+N) and
then starved for nitrogen for the indicated times. (A) Autophagy activity
as measured by the Pho8A60 assay is decreased in gat1A and gcn4A
cells. Cells were starved for nitrogen for 3 h (-N). The Pho8A60 activity
was measured and normalized to the activity of the wild-type cells after
starvation, which was set to 100%. n=3 independent experiments. (B)
Autophagy as measured by the GFP-Atg8 processing assay is increased
shortly after starvation in gin3A and gat1A gin3 A cells, but decreased in
gat1A and gcn4 A cells. Cells were transformed with an integrating plas-
mid carrying a GFP-Atg8 construct under the control of the CUPT pro-
moter. Cells were collected and protein extracts analyzed by western
blot with anti-YFP antibody and anti-Pgk1 (loading control) antiserum.
The percentage of free GFP:total GFP is indicated. (C) The Cvt pathway as
measured by the maturation of prApe1 is increased in gln3A and gat1A
gln3A cells but decreased in gcn4A cells. Cells were grown in nutrient-
rich medium until mid-log phase and then collected. Protein extracts
were analyzed by western blot with anti-Ape1 antiserum and anti-Dpm1
(loading control) antibody. prApe1, precursor form; Ape1, mature form.
The percentage of Apel:total Ape1 is indicated. *, Nonspecific band.
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degraded while the more stable GFP moiety will accumulate.
Therefore, the accumulation of free GFP reflects the magnitude
of autophagy cargo delivery.”" After 3 h of nitrogen starvation
the mutants displayed a similar autophagy phenotype compared
to that obtained from the Pho8AG0 assay (Fig. 3B). The ratio of
free GFP:total GFP was decreased compared to that of the wild-
type cells in the gat/ A and gen4 A strains, respectively. The dele-
tion of GLN3 and the double GATI GLN3 deletion did not dis-
play a major difference compared to wild-type cells after 3 h, but
showed higher GFP-Atg8 processing after 1 h of nitrogen starva-
tion, supporting the hypothesis that higher expression of at least
ATGS in growing conditions in these strains increased autophagy
activity in the short term after its induction.

We also analyzed the effects of transcriptional variation of
ATG genes on the Cvt pathway, a selective type of autophagy
used for the delivery of the resident hydrolase aminopeptidase I
(Apel) to the vacuole,’” by monitoring the processing of precur-
sor (pr)Apel. Higher expression of ATG8 and ATG29 in gln3A
and gatIA gln3A cells led to an increase in the Cvt pathway as
shown by the accumulation of mature Apel compared to wild-
type cells (Fig. 3C). The GAT1 deletion was similar to wild type,
whereas the GCN4 deletion resulted in a reduction of about 50%
in the Cvt pathway. This latter result was unexpected given that
gend A cells did not show any mRNA phenotype in growing con-
ditions. We thus propose that this transcription factor might
affect the expression of other genes (potentially other A7G genes)
in these conditions that would account for the defects in prApel
processing.

Analysis of transcriptional repressors of autophagy

Similar to the transcriptional activators, the phenotype of our
potential repressors was tested by generating strains in a new
background. Among them, 4 mutants, sff/ A, skol A, yrm1A and
zapl A now showed comparable ATG expression with the wild
type in growing conditions indicating that the corresponding
protein was unlikely to be a transcriptional repressor of auto-
phagy or that its effect was strain dependent (Fig. S2C). In con-
trast, the deletion of FYV5 led to a significant upregulation of
ATG1, ATG8, ATG9 and ATGI4, whereas the deletion of
SPT10 significantly increased the expression of ATGI, ATGS,
ATGY, ATG29 and ATG32 in growing conditions (Fig. 4A). To
test whether the effect on gene expression was reflected at the pro-
tein level we analyzed the amount of Atg8 and Atg9 proteins,
which showed major differences in expression in these 2 strains
compared to the wild type. Consistent with the mRNA results,
the level of Atg8 and Atg9 was largely increased in spr/0A cells
(Fig. 4B); in contrast the deletion of FYV5 did not significantly
affect the level of these 2 proteins. To explain these discrepancies
we propose that Fyv5 may affect a multitude of cellular pathways
including protein translation, which, if slowed down, may not
reflect mRNA enrichment.

We next tested autophagy activity in these strains using the
Pho8AGO assay. The deletion of SPT10 resulted in higher phos-
phatase activity in growing conditions as well as after starvation
(Fig. 4C). Consistent with this result, autophagy measured by
the GFP-Atg8 processing assay was induced to a higher extent in
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Figure 4. Spt10 and Fyv5 are transcriptional repressors of ATG gene expression. Wild type (WLY176), spt10A
(YAB415), fyv5A (YAB414) and atg1A (WLY192) cells were grown in YPD (+N) until mid-log phase. (A) Spt10
and Fyv5 repress the expression of ATG genes in growing conditions. mRNA was extracted and quantified by
RT-qPCR as in Figure 2. Data represent the average of at least 3 independent experiments. (B) Protein extracts
were analyzed by western blot with anti-Atg8, anti-Atg9 and anti-Dpm1 (loading control) antisera and anti-
bodies. (C-D) Autophagy is increased in spt10A cells. Cells were grown in YPD until mid-log phase (+N) and
then starved for nitrogen (-N) for the indicated times. (C) The Pho8A60 activity was measured and normalized
as in Figure 2 for cells that were starved for 3 h. Data represent the average of at least 3 independent experi-
ments. (D) Cells were transformed with an integrating plasmid carrying a GFP-Atg8 construct under the con-
trol of the endogenous ATG8 promoter. Protein extracts were analyzed by western blot with anti-YFP
antibody and anti-Pgk1 (loading control) antisera. The percentage of free GFP:total GFP is indicated. (E) The
Cvt pathway as measured by the maturation of prApeT is increased in spt10A and fyv5A cells. Proteins were
extracted from cells grown in nutrient-rich conditions, and the extracts were analyzed by western blot with
anti-Ape1 antiserum and anti-Dpm1 (loading control) antibody. prApe1, precursor form; Apel, mature form.

reduced in cells overexpressing
SA1 results using the Pho8AGO
assay could be misleading (Fig.

S3B). Instead autophagy activity
was assayed using the GFP-Atg8
processing assay. The overexpres-
sion of Sfl1 led to a large increase
in autophagy in growing condi-
tions as well as shortly after star-
vation, but not after prolonged
incubation (Fig. 5C). The obser-
vation that the autophagy activity
of wild-type cells reaches that of

sptl10A cells compared to the wild type (Fig. 4D). The deletion
of FYV5 had a strong effect on the level of the Pho8AG60 protein
(Fig. S3A), which prevented the use of the corresponding assay.
However, using the GFP-Atg8 processing assay we did not
observe a major effect on autophagy activity in fpu5A cells
(Fig. 4D). Finally, the analysis of prApel showed an increase of
the Cvt pathway in spr/0A and fyv5A cells compared to the wild
type (Fig. 4E). It is worth noting that the spz/0A strain displayed
an increase in autophagy activity, despite the fact that there was
an increase in A7G gene mRNA only in growing conditions;
however, this phenotype is similar to that seen with strains such
as rph1 A" and ume6A,** which also affect transcription only in
growing conditions. We think that the elevated amount of the
corresponding Atg proteins provides a “jump start” in autophagy
once the cells are placed in inducing conditions.
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the mutants with longer times of

starvation is consistent with the

fact that overexpressing Sfll
increases the transcription of A7G genes only in nutrient-rich
conditions; again, an overaccumulation of Atg proteins can sup-
port a jump-start in autophagy activity upon its induction by
nitrogen starvation. After longer times of starvation, ATG levels
in wild-type cells will reach that of the mutant strain, abolishing
the difference in autophagy activity relative to the Sfll
OVerexpressor.

Because overexpression of Sfl1 resulted in higher expression of
ATG genes in growing conditions we hypothesized that the Cvt
pathway might also be affected in these cells. Indeed, analysis of
prApel indicated that overexpressing Sfl1 resulted in an overac-
cumulation of the mature form of Apel suggesting that the Cvt
pathway was increased (Fig. 5D). Together our results suggest
that Sfl1 acts as a transcriptional activator of autophagy and the
Cvt pathway.
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late ATG gene expression identified E 4 s i g
several transcriptional regulators of | ok i i i Atg9+ E -
autophagy. As a proof of concept Z 0
of the screen we initially focused 3 80 Pek] | — —
on the characterization of proteins 2 -N
for which deletion of the corre- E Y
qundlng gene showed the hlgbest E 404 Atg8-
Var{atlon.of'ATG' gene expression. g 20. Atgs-PE| M-
This criterion identified Gen4, = .‘M =
Sfl1, Gatl and GIn3 as potential & 0 ' ' e '
sat : ATG: 1 7 8 9 14 29 32 Pek] | e— —
transcriptional activators of auto-
phagy, and Sptl0 and Fyv5 as
putative repressors of A7G gene [ WT OE Sfl1 OE Sfl1
expression. It is worth noting that -N(hy: 0 1 3 0 1 3 prApel -
the transcriptional modulations we Pkl #
observed iE the deletion strains GFP-Atg8 ] == =.== fxpel
might not result from a direct Apel (%): 11 53
effect of the corresponding protein:
the deletion of key regulators may GFP | — D - - e e Dpml
indeed cause cellular stresses or Ratio GFP (%): 0 28 67 19 43 60

modulate the level of an intermedi-

ate protein which would in turn
affect the expression of A7G genes.
Nonetheless, an analysis of the pro-
moter regions of ATG genes identi-
fied one or muldple consensus
DNA-binding sites in at least one
of the ATG genes analyzed for
Gatl, Gcen4, GIn3 and Sfll
(Table S4) thus supporting a direct
regulation by, at least, these tran-
scriptional regulators. Furthermore,

chromatin ~ immunoprecipitation | .

Figure 5. Sfl1 promotes ATG gene expression and autophagy. (A-B) The overexpression of Sfl1 induces the
expression of ATG genes and proteins. Wild-type cells (WLY176; SEY6210) and cells with overexpressed (OE)
Sfl1 (YAB377) were grown in YPD (+N) until mid-log phase. (A) Cells in growing conditions (+N, upper panel)
and after 1 h of nitrogen starvation (-N, lower panel) were collected. mRNA levels were analyzed and quanti-
fied as in Figure 2. Data represent the average of at least 3 independent experiments. (B) Protein extracts
were analyzed by western blot with anti-Atg1, anti-Atg9, anti-Atg8 and anti-Pgk1 (loading control) antisera.
(€) The overexpression of Sfl1 promotes autophagy activity in growing conditions. Cells were transformed
with an integrating plasmid carrying a GFP-Atg8 construct under the endogenous ATG8 promoter. Protein
extracts were analyzed by western blot with anti-YFP antibody and anti-Pgk1 (loading control) antisera. The
percentage of free GFP:total GFP is indicated. (D) The Cvt pathway as measured by the maturation of prApe1
is increased in cells overexpressing Sfl1. Proteins were extracted from cells grown in nutrient-rich conditions.
Extracts were analyzed by western blot with anti-Ape1 antiserum and anti-Dpm1 (loading control) antibody.
prApe1, precursor form; Apel, mature form. The percentage of Apel:total Apel is indicated. *, Nonspecific

experiments revealed the direct
binding of Gcn4 at the promoter
of ATGI (Fig. S4A and B).

Gen4 was previously shown to modulate autophagy activity
upon amino acid and nitrogen starvation conditions,>>>*
although the mechanism by which this regulation is achieved was
not clearly identified. Our results reveal here that Gen4 is
required for the full induction of A7G1 expression upon nitrogen
starvation. In addition, in cells where the ATGI promoter was
changed for the Gen4-insensitive PMP3 promoter, the deletion
of GCN4 caused less of a reduction of autophagy activity than in
the corresponding wild-type cells (35% instead of 50%; Fig.
S4C and D). Together these data provide new insights into the
function of Gen4 showing that it regulates autophagy partly
through its promotion of ATG1 expression after starvation, but
also indicate that other GCNN4-sensitive genes, not identified at
this time, are involved. Gatl and GIn3 are part of the GATA
family of transcription factors, which are well-described activa-
tors of gene expression upon nutrient starvation conditions.
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GlIn3 was previously suggested to affect the expression of
ATG14 in our study we showed that this protein is required
for the induction of several A7G genes upon nitrogen starvation,
although we did not observe a significant effect on ATGI14. We
also report that the deletion of GLN3 increases the expression of
ATG8 and ATG29 in growing conditions, suggesting that the
GIn3 protein is directly or indirectly involved in the repression of
some A7G genes. Previous studies showed that the mammalian
GATA1 and GATA4 transcription factors are involved in the
20:23 suggesting
that the function of the GATA family members in regulating

expression of several autophagy-related genes,

autophagy is conserved from yeast to mammals.

SA1 is characterized as a dual transcriptional activator and
repressor notably involved in the regulation of flocculation-
related genes.’® In mammalian cells, HSF2, a S1 homolog, was
suggested to induce autophagy upon heat shock although the
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molecular mechanism underlying its regulation was not charac-
terized.”” We show here that the overexpression of the Sfll pro-
tein greatly increases the expression of several ATG genes in
yeast, especially ATG8, as well as autophagy activity in growing
conditions. These results suggest that Sfll functions as a tran-
scriptional activator of the autophagy pathway.

Our results also show that Spt10 and Fyv5 repress the expres-
sion of ATG genes in growing conditions and that Spt10 nega-
tively regulates autophagy activity. Based on this finding we
propose that Spt10 functions in the maintenance of autophagy at
a basal level when environmental conditions are optimal, possibly
through its putative histone acetylase activity.

To maintain cell homeostasis and prevent disease, rates of
autophagy have to be finely tuned in response to multiple environ-
mental conditions. Several signaling pathways regulating autophagy
have been characterized and the activity of Atg proteins is con-
trolled by multple posttranslational modifications. In the last 10
y, an increasing number of proteins acting in the regulation of
autophagy have been identified showing the high complexity of
this signaling network. Previous work from our lab revealed the
critical importance of transcriptional control of A7G genes for
autophagy regulation, adding yet another layer of complexity to
the overall regulation of the pathway.'”"®?* Results presented here
provide new directions in the understanding of the transcriptional
control of autophagy. It is worth noting that all of the autophagy
transcriptional regulators analyzed in the present study, or that
were previously characterized, affect the expression of A7G8. The
level of Atg8 correlates with the size of autophagosomes and the
magnitude of autophagic degradation;'® regulating the expression
of ATG8 might therefore be pivotal for the modulation of auto-
phagy activity. An in silico analysis of the consensus binding sites
of ATGS8 regulators indicates putative binding at multple locations
scattered throughout the A7G8 promoter, suggesting a high activ-
ity and complexity at this locus under stress conditions (Fig. S4E).

Besides the DNA-binding proteins analyzed in detail in this
study, we report here on several proteins for which deletion of the
corresponding gene affects A7G expression to a lesser extent.
Although mild, these effects may be responsible for subte modifi-
cation of autophagy rates, which, combined with other signaling
pathways, may account for large variations in autophagy activity.
Furthermore, the multitude of transcriptional regulators of A7TG
expression certainly reflects the variety of environmental conditions
upon which autophagy has to be modulated. Our study should
therefore help in unraveling the multiple actors involved in
autophagy regulation by identifying downstream effectors of signal-
ing pathways. Finally, as most regulatory pathways are conserved
from yeast to mammals, our study of the transcription of yeast
autophagy genes may contribute valuable information that can be
used for the therapeutic treatment of autophagy-related diseases.

Materials and Methods
Yeast strains, media and cell culture

Gene disruptions were performed using a standard method.?®
Yeast cells were grown in YPD (1% yeast extract, 2% peptone,

www.tandfonline.com
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and 2% glucose [all wt/vol]) or synthetic minimal medium
(SMD; 0.67% yeast nitrogen base [ForMedium, CYN0410], 2%
glucose, supplemented with the appropriate amino acids and
vitamins). Autophagy was induced in nitrogen starvation
medium (SD-N; 0.17% yeast nitrogen base without amino acids
[ForMedium, CYNO0501], containing 2% glucose) or glucose
starvation medium (0.67% yeast nitrogen base, 3% glycerol, sup-
plemented with amino acids and vitamins). The yeast DNA-
binding protein mutants analyzed during the screen came from a
collection in the BY4742 background except as otherwise indi-
cated. Other strains used in this study are listed in Table S5.

RNA and RT-qPCR

Total RNA was extracted using the NucleoSpin RNA kit
(Clontech, 740955). DNase treatment was performed according
to the kit instruction to eliminate genomic DNA contamination.
RT-qPCR reactions were performed as previously described,'®
using gene-specific primers listed in Table S6. The transcript
abundance in samples was determined using a comparative
threshold cycle method. The relative abundance of the reference
mRNAs of TAF10, TFCI, UBC6 or SLD3 in each sample was
determined and used to normalize for differences of total RNA
amount according to the method described by Vandesompele

et al.¥’

Statistical analyses
Statistical differences were assayed using one-sample 7 test and
Student ztest; *, p < 0 .05; **, p < 0 .01; ***, p < 0 .001.

Other Methods

Protein extraction, immunoblot, GFP-Atg8 processing, and
Pho8AG60-dependent phosphatase assays were performed as pre-
viously described.®**!! Antisera to Atgl,** Atg9,*> Arg8,**
Pgkl (a generous gift from Dr. Jeremy Thorner, University of
California, Berkeley), Apel,45 monoclonal Dpm1 (Life Technol-
ogies, 5C5A7) and monoclonal YFP (Clontech, JL-8) were used
as previously described or according to the manufacturer’s
instructions.
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