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Summary

Background—Autophagy is a conserved process mediating vacuolar degradation and recycling. 

Autophagy is highly upregulated upon various stresses and is essential for cell survival in 

deleterious conditions. Autophagy defects are associated with severe pathologies, whereas 

unchecked autophagy activity causes cell death. Therefore, to support proper cellular homeostasis, 

the induction and amplitude of autophagy activity have to be finely regulated. Transcriptional 

control is a critical, yet largely unexplored, aspect of autophagy regulation. In particular little is 

known about the signaling pathways modulating the expression of autophagy-related genes, and 

only a few transcriptional regulators have been identified as contributing in the control of this 

process.

Results—We identified Rph1 as a negative regulator of the transcription of several ATG genes 

and a repressor of autophagy induction. Rph1 is a histone demethylase protein, but it regulates 

autophagy independently of its demethylase activity. Rim15 mediates the phosphorylation of 

Rph1 upon nitrogen starvation, which causes an inhibition of its function. Preventing Rph1 

phosphorylation or overexpressing the protein causes a severe block in autophagy induction. A 

similar function of Rph1/KDM4 is seen in mammalian cells, indicating that this process is highly 

conserved.

Conclusion—Rph1 maintains autophagy at a low level in nutrient-rich conditions; upon nutrient 

limitation, the inhibition of its activity is a prerequisite to the induction of ATG gene transcription 

and autophagy.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a highly conserved pathway during 

which portions of the cytoplasm, superfluous or damaged organelles, or invasive pathogens 

are delivered to the vacuole (in yeast and plants) or the lysosome (in mammals) for 

degradation and subsequent recycling. Morphologically, autophagy starts with the 

nucleation of the phagophore, the initial membrane structure, at a peri-vacuolar site called 

the phagophore assembly site, or PAS (Figure S1A, [1]). Through the acquisition of lipids, 

the phagophore then expands, surrounding its cargo, and ultimately seals to generate a 

double-membrane vesicle called the autophagosome. After autophagosome fusion with the 

vacuole, the inner membrane of the vesicle as well as its cargo are degraded and recycled 

into the cytosol. The macromolecules resulting from this pathway are then used by the cell 

to maintain cellular homeostasis during deleterious conditions [2].

Autophagy is highly upregulated upon multiple stress conditions and notably nutrient 

limitation where it plays critical roles in cell adaptation and survival [3]. The autophagy 

pathway plays a role in cellular physiology, and mammalian development as well as the 

immune response [4–6], and autophagy impairments are associated with various human 

pathologies such as cancer or metabolic diseases [7–8]. Autophagy also occurs at a 

constitutive basal level in physiological conditions. In yeast, the cytoplasm-to-vacuole 

targeting (Cvt) pathway is essential for the biosynthetic delivery of vacuolar enzymes during 

growth [9]. In mammals, basal autophagy functions in the quality control machinery 

involved in the degradation of damaged organelles and protein aggregates which, when 

accumulated, lead to various neurodegenerative disorders such as Huntington, Alzheimer 

and Parkinson diseases [10].

If a sub-optimal autophagy activity can be detrimental, a supra-optimal level can also be 

deleterious for the cells; uncontrolled autophagy leads to cell death [11–12], certain 

microbes rely on autophagy to provide nutrients [13], and cancer cells can also use 

autophagy to help survive in an unfavorable environment [14]. Therefore, to support proper 

cellular functions, rates of autophagy have to be finely regulated. Over the past 20 years, 

extensive molecular studies of autophagy have led to the identification of the core 

components of the autophagy machinery, encoded by the autophagy-related (ATG) genes 

(for review see ref. [15]); yet the regulatory pathways governing their functions remain 

largely unknown. In particular the transcriptional regulation of the ATG genes is still mostly 

unexplored (for review see ref. [14]).

The expression of most of the ATG genes, and their corresponding proteins, highly increases 

upon autophagy induction after nitrogen starvation [16]. Given the energy cost for such an 

induction, it has been suggested that this upregulation is critical for the normal modulation 

of autophagy and for the pathway to reach full amplitude when most needed. Furthermore, 

the reported abnormal expression of several ATG genes in various human diseases supports 
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the proposed physiological importance of their transcriptional regulation [17–20]. Recent 

studies in yeast identified Ume6 as a transcriptional repressor of ATG8 [21] and showed that 

the level of Atg8 controls the size of the autophagosome [22]. Conversely, the level of Atg9, 

regulated by Pho23, controls the frequency of formation (hence the number) of 

autophagosomes [16]. Nevertheless, very few transcription factors have been identified as 

regulating the expression of ATG genes in either yeast or mammals and the contribution of 

the induction of specific ATG genes in autophagy activity is still poorly understood.

At the starting point of this study a search for new transcriptional regulators of autophagy 

was initiated by the screen of a collection of over 150 mutants lacking a single transcription 

factor or DNA-binding protein. Analysis of the expression of a set of ATG genes in this 

library led to the identification of Rph1 as a master transcriptional repressor of autophagy.

Results

Rph1 Is a Transcriptional Repressor of ATG Genes

In order to identify transcriptional regulators of autophagy we compared the expression of a 

subset of ATG genes in wild-type cells to that in a library of DNA binding protein deletion 

mutants. ATG1, ATG7, ATG8, ATG9, ATG14 and ATG29 were selected as target genes 

because they encode proteins involved in different steps of the autophagy pathway (Figure 

S1A) and because they show a strong induction after nitrogen starvation, indicating that they 

are under transcriptional control in these conditions (Figure 1A,B; [16]). The DNA binding 

protein mutants displayed a range of phenotypes (data not shown), and rph1Δ in particular 

showed a significant upregulation of ATG7, ATG8, ATG9, ATG14 and ATG29 accompanied 

with a modest induction of ATG1 in growing conditions (Figure 1A, Table S1, Table S2). 

Similarly, the deletion of RPH1 resulted in an increased expression of ATG32 (Figure 1A), a 

marker of mitophagy (the selective autophagic degradation of mitochondria). In contrast, 

deleting RPH1 had essentially no effect on the transcription of ATG10, an autophagy-related 

gene that displays no change in expression in response to nitrogen deprivation (Figure 

1A,B). Additionally, there was no significant difference in the mRNA levels of ATG genes 

between the rph1Δ strain and wild-type cells after starvation (Figure 1B). This difference 

between growing and starvation conditions suggests that Rph1 represses the expression of 

nitrogen-sensitive ATG genes specifically in nutrient-replete conditions.

Rph1 is a DNA-binding protein, which contains two C2H2 zinc-finger motifs as well as a 

Jumonji C histone demethylase catalytic domain. Rph1 has a paralog, Gis1, and previous 

studies report that Rph1 and Gis1 have distinct as well as overlapping targets [23–26]. 

Whereas the deletion of GIS1 had a very minor effect on the expression of some of the ATG 

genes that we examined, the gis1Δ rph1Δ double mutant showed an enhanced induction of 

the mRNA level of these genes compared to the single RPH1 deletion in growing conditions 

(Figure 1A,B). This finding indicates that Rph1 plays a predominant role in the regulation of 

ATG genes, but that its absence can be partially compensated by Gis1.

Consistent with the changes observed at the mRNA levels, rph1Δ cells showed a strong 

enrichment of the proteins Atg7, Atg8, Atg9, Atg14 and Atg29 and a modest increase in 

Atg1 compared to the wild type; in contrast the level of Atg10 was unaffected (Figure 1C–E, 
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Figure S1B,C). This phenotype was exacerbated in gis1Δ rph1Δ cells as suggested by the 

analysis of Atg7 and Atg8 (Figure 1C,D). It is worth noting that although the abundance of 

Atg1, Atg8, Atg9 and Atg14 was higher in rph1Δ cells in rich conditions compared to the 

wild type (Figure 1C, compare lanes 3 and 5, Figure S1B,C), the protein levels were still 

lower than those seen after starvation (Figure 1C, compare lanes 5 and 6, Figure S1B,C), 

indicating that other pathways are contributing to the regulation of the corresponding genes. 

In contrast, deleting RPH1 alone was sufficient to increase the Atg7 protein abundance to a 

higher level than that seen after 3 h of nitrogen starvation in the wild-type cells (Figure 1D, 

compare lanes 6 and 7, Figure S1B,C), suggesting that Rph1 has a preponderant role in 

regulating the expression of Atg7. Together these results show that Rph1 is a transcriptional 

repressor of ATG genes.

Rph1 Is a Negative Regulator of Autophagy

Finding that Rph1 represses the expression of ATG genes in growing conditions suggests 

that it might be a negative regulator of autophagy. To test this hypothesis autophagy activity 

was measured using a Pho8Δ60 assay in which alkaline phosphatase activity reflects 

autophagy amplitude [27]. After 1 h of nitrogen starvation, the wild-type cells displayed a 

substantial induction of alkaline phosphatase activity (50% of the activity seen at 3 h; note 

that the wild-type activity is set to 100% at each time point in Figure 2A), which was 

blocked by the deletion of ATG7 (Figure 2A). Compared to the wild type, autophagy was 

induced to a higher level in the rph1Δ cells and gis1Δ rph1Δ cells; in contrast the deletion of 

GIS1 alone had no significant effect. We extended this analysis by using a GFP-Atg8 

processing assay [28]. After one hour of starvation, autophagy was induced more rapidly 

and to a higher extent in the rph1Δ and gis1Δ rph1Δ cells, as indicated by the level of free 

GFP compared to the wild-type (Figure 2B,C). Note that the enhanced autophagy activity in 

rph1Δ cells upon short-term nitrogen starvation was attenuated after a prolonged time of 

induction. This observation is consistent with the fact that deleting RPH1 increases the 

transcription of ATG genes only in nutrient-rich conditions; a higher abundance of Atg 

proteins can therefore support a jump-start in autophagy activity upon its induction by 

nitrogen starvation. After prolonged starvation, Atg protein levels in wild-type cells reach 

that of the mutant strains, abolishing the difference in autophagy activity relative to the 

rph1Δ and gis1Δ rph1Δ mutants.

Our results indicated that Rph1 has a major role in the transcriptional regulation of ATG7 

(Figure 1, Figure S1B,C). Atg7 is an E1 activating enzyme, which notably mediates the 

conjugation of Atg8 to PE and is critical for autophagy (Figure 2A). Nevertheless, very little 

is known concerning the effect of ATG7 transcriptional regulation on autophagy. To address 

this, an atg7Δ strain was transformed with plasmids in which protein A (PA)-tagged Atg7 

was placed under the control of promoters (FLO5, GAL3, ATG7 and SEF1 in increasing 

order of strength) with different transcriptional activities (Figure 3A). Note that in these 

conditions we did not observe a strong increase in the abundance of Atg7-PA in wild-type 

cells after starvation (compared to Figure 1D and Figure S1B,C), which may reflect 

expression from a plasmid as opposed to the complete ATG7 promoter. Lowering Atg7 

abundance correlated with a reduction of Atg8–PE conjugates (Figure 3A) as well as a 

reduction in autophagy activity (Figure 3B). The finding that Atg7 protein amount directly 
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affects autophagy activity supports a model in which Rph1 regulates autophagy in part by 

controlling the expression of Atg7. Nevertheless, an increase in Atg7 protein alone was not 

sufficient to induce autophagy (Figure 3B, +N) suggesting that the rph1Δ phenotype results 

from the combined upregulation of multiple ATG genes.

The overexpression of Rph1 inhibits autophagy and decreases cell survival in nitrogen 
starvation conditions

To further test the role of Rph1 in autophagy, RPH1 was overexpressed under the control of 

the ZEO1 promoter (Figure 4A). Overexpression of Rph1 caused a severe block in the 

induction of several ATG genes after starvation (Figure 4B) but had no effect on the 

expression of ATG1. Furthermore, the reduction in ATG transcripts correlated with a 

decrease in autophagy activity (Figure 4C). A decrease in autophagy flux could either result 

from a reduction in the number of autophagosomes or a reduction in their size. To 

distinguish between the two hypotheses, cells overexpressing Rph1 were further analyzed 

using transmission electron microscopy (TEM). After 2 h of nitrogen starvation, cells 

overexpressing Rph1 displayed a strong reduction in the average number of autophagic 

bodies accumulated in the vacuole compared to wild-type cells (Figure 4D,E, Figure S2, 

Table S3); in contrast there was no significant effect on the size of the autophagic bodies 

(Figure 4D,F, Figure S2, Table S3).

Next, the physiological importance of the Rph1-dependent regulation of autophagy was 

tested by monitoring the survival phenotype of cells overexpressing Rph1 after nitrogen 

starvation. Wild-type yeast cells showed no significant cell death during the time course of 

the experiment, whereas a complete block of autophagy in atg1Δ cells resulted in a complete 

loss of viability (Figure 4G). In comparison, cells overexpressing Rph1 exhibited a slight 

growth defect in nitrogen-replete conditions (Figure 4G, left panel) and showed a reduced 

survival rate after prolonged starvation (Figure 4G, right panel). Together these results 

suggest that overexpressed-Rph1 promotes cell death by repressing autophagosome 

biogenesis and thereby inhibiting autophagy.

Rph1 DNA Binding Ability but Not Histone Demethylase Activity Is Required for its 
Function in Autophagy

Rph1 is a Jumonji C (JmjC)-containing histone demethylase protein, which is the only 

demethylase targeting H3K36 tri-methylation in Saccharomyces cerevisiae [29]. Previous 

studies showed that the transcriptional repression of some Rph1 targets is dependent on its 

histone demethylase activity [30]. We therefore proposed that Rph1 may repress ATG genes 

transcription, and thereby autophagy, in a similar manner. This idea was first tested using a 

set2Δ deletion strain; Set2 is the histone methyltransferase mediating H3K36 methylation in 

yeast cells [31] and, in this regard, has an opposite function to that of Rph1. Nitrogen 

starvation did not significantly affect H3K36 tri-methylation (H3K36me3) and rph1Δ cells 

did not show any difference in the H3K36me3 status compared to wild-type cells (Figure 

5A). In contrast, the deletion of SET2 led to a complete block in H3K36me3 marks. 

Nevertheless, we did not observe an autophagy defect in set2Δ cells compared to the wild 

type (Figure 5B), which indicates that the level of H3K36me3 does not regulate autophagy.
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Next, we analyzed the previously described Rph1H235A mutant in which the replacement of 

histidine 235 with alanine inhibits the protein’s histone demethylase activity (Figure S3A,B; 

[30]). Protein analysis verified the stability of Rph1H235A compared to wild-type Rph1 

(Figure 5C). The rph1Δ phenotype was restored to the same extent by either wild-type Rph1 

or Rph1H235A (Figure 5D, Figure S3C). In addition, cells overexpressing Rph1 or the 

Rph1H235A mutant showed a similar reduction in autophagy activity compared to wild-type 

cells (Figure 5E,F). Together these results show that the function of Rph1 in autophagy is, at 

least mostly, independent of its histone demethylase activity.

Previous results from a large-scale ChIP-chip (chromatin immunoprecipitation-on-chip) 

analysis identified several ATG genes as potential direct targets of Rph1 [32]. Consistent 

with this idea, a DNA motifs search in the promoter region of ATG genes identified one or 

multiple Rph1-binding consensus sites in 23 out of 32 ATG genes (Table S4, Table S5). In 

particular, our analysis revealed the presence of the environmentally regulated Rph1 binding 

site (TWAGGG; [26]) in the promoter of highly regulated genes such as ATG7, ATG9 and 

ATG14 and of a related site (AGGGG) in ATG8 and ATG29 but not in those of a modestly 

affected gene, ATG1, or a non-affected gene, ATG10. Therefore we tested the importance of 

the DNA-binding domain of the protein by constructing an Rph1ΔZ mutant, in which the 

deletion of both zinc-finger motifs at the C-terminal part of the protein prevents DNA 

binding ([31]; Figure S3A). A ChIP approach showed a 2-fold enrichment of Rph1-PA at 

the ATG7 promoter compared to Rph1ΔZ-PA (Figure 5G). A similar enrichment was found 

at the PHR1 promoter, which was used as a positive control [30], but not at the non-coding 

region located at the tip of chromosome VI (ChrVI-260K), which was used as a negative 

control. This indicates that Rph1 directly binds the promoter region of ATG7 and that this 

binding is significantly reduced upon deletion of the zing-finger domains of the protein. 

Furthermore, even though Rph1ΔZ-PA was found over-accumulated compared to Rph1-PA 

(Figure 5C), this mutant form of the protein was unable to rescue the ATG gene 

overexpression phenotype or the increased autophagy activity induction of the rph1Δ cells 

(Figure 5D, Figure S3C), thus showing that the DNA-binding domain of Rph1 is strictly 

required for its function in autophagy. Together these results show that the histone 

demethylase activity of Rph1 is not required for its function in autophagy and suggest that, 

instead, Rph1 represses the expression of ATG genes by restricting the access of the 

transcriptional machinery or potential activators at these loci as has been proposed for other 

Rph1-regulated genes [23, 33].

Rph1 Phosphorylation upon Nitrogen Starvation Releases its Repression of Autophagy

As mentioned above, the deletion of RPH1 induced the expression of ATG genes in rich 

conditions but had no effect on mRNA levels after nitrogen starvation (Figure 1). These 

results suggest a model in which Rph1 represses the transcription of these targets when cells 

grow in nutrient-replete medium and that upon nitrogen starvation this repression is released 

thereby allowing the induction of ATG genes and autophagy. Previous studies describe Rph1 

as a phosphoprotein and show that Rph1 phosphorylation inhibits its activity [23]. Similarly, 

we observed a shift in the molecular weight of Rph1-PA as well as the appearance of a faint 

upper band in conditions of nitrogen depletion, suggesting that Rph1 undergoes 

phosphorylation at multiple sites (Figure 6A, left panel, and Figure 6C). This shift was 
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accompanied by a modest decrease in protein level shortly after nitrogen starvation (Figure 

6A,C). In order to get a better resolution of the phosphorylation status of Rph1 we used 

Phos-tag, a molecule that binds specifically to phosphorylated ions, thereby increasing the 

molecular weight of phospho-isoforms. With addition of Phos-tag, Rph1-PA was observed 

as several higher molecular weight bands in nitrogen starvation conditions compared to rich 

conditions, strongly supporting the hypothesis that Rph1 is phosphorylated upon starvation 

(Figure 6A, right panel). Note that this analysis also revealed Rph1-PA as a doublet in rich 

conditions (Figure 6A, right panel) indicating that the protein undergoes some 

phosphorylation even in the presence of nitrogen. Furthermore, phosphatase treatment of the 

protein samples prevented the changes in Rph1 mobility demonstrating that the change in 

migration represents genuine phosphorylation of the protein (Figure 6B).

To test the importance of Rph1 phosphorylation for autophagy induction, we next aimed to 

identify the phosphorylated residues upon nitrogen starvation. In order to identify such sites 

we used previously published data from large-scale phosphoproteomic analyses. In 

particular Huber et al. [34] identified 5 sites (group II, Figure S4) at which phosphorylation 

was suggested to be upregulated upon treatment with rapamycin, a drug that induces 

autophagy; in addition the work by Bodenmiller et al. [35], proposed that phosphorylation at 

T411 and S412 (group I, Figure S4) is upregulated when the gene encoding Tpk2, a subunit 

of the autophagy repressor PKA, is deleted. Based on these data we generated Rph1 mutants 

where the phosphoresidues in group I or group I and II were mutated to alanine. In addition 

serine 429 which is also predicted to be phosphorylated was mutated to alanine because of 

its proximity to the residues in group I. The mutants showed only a partial reduction in 

phosphorylation based on gel migration, and a concomitant accumulation of the non-

phosphorylated form of the protein after starvation (Figure S4B). Accordingly, autophagy 

activity was only reduced to a minor, yet significant, level in these mutants (Figure S4C), 

suggesting that additional residues that were not identified by mass spectrometry may also 

be involved in phospho-regulation of Rph1. Together these results show that residues in 

group I and II participate in the phosphorylation of Rph1 after starvation and suggest that 

this modification of the protein inhibits its activity upon autophagy induction.

Rim15 Mediates the Phosphorylation of Rph1 upon Nitrogen Starvation thereby inducing 
Autophagy

Next, we attempted to identify the kinase responsible for Rph1 phosphorylation prior to 

autophagy activation; Rim15 appeared to be a good candidate as it is phosphorylated and 

translocated into the nucleus after nitrogen starvation at which time it activates autophagy 

[36–38]. Analysis of Rph1-PA showed a strong block in Rph1 molecular mass shift when 

RIM15 was deleted (Figure 6C,D) showing that this kinase is, at least partly, responsible for 

Rph1 phosphorylation upon nitrogen starvation. Moreover, the inhibition of Rph1 

phosphorylation in the rim15Δ cells was accompanied by a stabilization of the Rph1 protein 

compared to wild-type cells where the protein level decreased after nitrogen starvation. In 

addition, the RIM15 deletion caused a partial block in the induction of some of the ATG 

genes and Atg proteins that we analyzed, concomitant with the reduction of autophagy 

activity seen in the same conditions (Figure 6E,F and Figure S4D–F). Furthermore, deletion 

of RPH1 in the rim15Δ cells rescued the defect in Atg7-PA level in response to nitrogen 
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starvation (Figure 6G), showing that Rim15 acts upstream of Rph1 to regulate ATG7 

expression during autophagy.

These findings strongly support the idea that the Rim15-dependent phosphorylation of Rph1 

is required for proper induction of autophagy upon nitrogen starvation. Our previous work 

showed that Rim15 also phosphorylates Ume6 leading to an inhibition of Ume6 activity and 

an upregulation of ATG8 after nitrogen starvation [21]. As previously described, the ume6Δ 

cells showed an increase in the expression of ATG8 in nutrient-rich conditions compared to 

the wild type ([21], Figure S4G); this was accompanied by an upregulation of ATG1 and 

ATG9. In contrast the expression of ATG7, ATG14 and ATG29 was unaffected by the 

deletion of UME6. Because rph1Δ cells showed higher expression of ATG7 and ATG29 we 

suggest that the block of, at least, ATG7 and ATG29 induction in the rim15Δ cells is 

specifically due to the loss of Rph1 phosphorylation and propose that this contributes to the 

reduction of autophagy activity in this mutant background.

The Regulation of Autophagy by Rph1/KDM4 Is Conserved from Yeast to Mammals

To test if the mechanism of autophagy regulation that we uncovered here was conserved in 

higher eukaryotes we studied the role of one mammalian homolog of RPH1, KDM4A, in the 

autophagy pathway. A reduction of KDM4A level was associated with an increase in the 

mRNA level of several ATG genes including ATG7, WIPI1 and ATG14, whereas there was 

essentially no effect on MAP1LC3B (Figure 7A). HeLa cells transformed with siKDM4A 

showed an accumulation of LC3-II compared to control cells pointing to an increase in basal 

autophagy in this condition (Figure 7B, left panel). To verify that the increase in LC3-II 

reflected an upregulation of autophagy rather than a block in flux, we treated the cells with 

the autophagy inhibitor bafilomycin A1. We detected a further increase in the level of LC3-

II upon the addition of bafilomycin A1, suggesting that the knockdown of KDM4A did not 

interfere with, but instead enhanced, autophagic flux. Conversely, the overexpression of 

KDM4A led to a reduction in the level of LC3-II compared to control cells (Figure 7B, right 

panel) further supporting the conclusion that KDM4A is a repressor of autophagy.

To extend this analysis, we monitored the autophagic flux using a tandem reporter construct, 

mRFP-GFP-LC3, a probe that allows distinction between autophagosomes (AP, GFP+ 

RFP+, yellow puncta, Figure 7C) and autolysosomes (AL, GFP− RFP+, red puncta, Figure 

7C). Compared to the control, cells knocked down for KDM4A showed an increase in 

yellow puncta representing autophagosomes, in both basal autophagy (DMSO) conditions or 

after autophagy induction by Torin1 (Figure 7C,D). Following Torin1 treatment there was 

an increase in autolysosomes in both the control and siKDM4A cells, again indicating that 

autophagic flux was not inhibited by KDM4A depletion.

We found that the level of KDM4A was reduced in response to Torin1 treatment (Figure 7E) 

indicating that KDM4A is degraded in this condition. A previous phosphoproteomic 

analysis indicated that KDM4A is phosphorylated at residue Y547 [39]; analysis of KDM4A 

with a phosphospecific antibody directed towards Y547 showed that phosphorylation at this 

residue is upregulated by treatment with Torin1. Together, these results suggest that, similar 

to Rph1, the phosphorylation of KDM4A acts as a switch to promote autophagy induction in 

mammalian cells.
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Discussion

In this study, a screen for transcription factors modulating ATG gene expression identified 

Rph1 as a transcriptional repressor of autophagy. We show that Rph1 is a negative regulator 

of the expression of, at least, ATG7, ATG8, ATG9, ATG14 and ATG29. Consistent with our 

results, a recent microarray analysis reported the induction of ATG7, and ATG14, as well as 

ATG16, ATG17, ATG23 and ATG24 in rph1Δ cells in physiological conditions [23] 

suggesting that Rph1 might control a large set of ATG genes.

Our results show that the deletion of RPH1 can be partially complemented by Gis1, its 

paralog, indicating that Gis1 plays a minor role in the regulation of ATG genes. Rph1 and 

Gis1 are JmjC-domain containing proteins; while Rph1 histone demethylase activity is well 

established [29], controversies exist concerning Gis1 [29, 40]. Whether or not Gis1 is 

catalytically active, its JmjC domain is not required for its transcriptional activity [24,41]. 

Similarly we show here that the histone demethylase activity of Rph1 is not required for its 

control of autophagy, but that its DNA binding domain is critical. Rph1 and Gis1 share a 

high homology in their C2H2 zinc finger DNA-binding domain suggesting that they could 

bind similar motifs, which might explain the partial redundancy between the two proteins. 

Yet, the deletion of RPH1 has a strong effect on the expression of ATG genes and affects 

autophagy activity, whereas deleting GIS1 alone did not affect autophagy suggesting that 

Rph1 has higher affinity for the promoters of ATG genes and plays a major role in the 

repression of autophagy in nitrogen-replete conditions.

The deletion of RPH1 has no effect on the expression of ATG genes after nitrogen depletion, 

and the phenotype of the RPH1 null strain is attenuated after prolonged starvation 

suggesting that the activity of the protein is repressed in this condition. Indeed, we found 

that Rph1 is phosphorylated in a Rim15-dependent manner upon nitrogen starvation and that 

this phosphorylation is accompanied with a partial degradation of the protein. Inhibition of 

Rph1 phosphorylation or overexpression of the protein leads to a strong block of ATG gene 

induction as well as autophagy activity, showing that the phosphorylation of Rph1 represses 

its activity and is a prerequisite for autophagy induction. Altogether, these data propose a 

model in which, by repressing the expression of ATG genes, Rph1 maintains autophagy at a 

low level in nutrient-replete conditions. Upon nitrogen starvation, Rim15 mediates Rph1 

phosphorylation, which causes a partial autophagy-independent degradation of the protein 

and an inhibition of its activity (Figure 6, Figure S4 and data not shown). This leads to a 

release of Rph1 repression of ATG genes, an induction of their expression and an overall 

induction of autophagy activity.

Rim15 controls many aspects of the nutrient-regulatory pathways, including autophagy, by 

integrating signals from TORC1 and PKA [38, 42]; yet little is known about the downstream 

effectors in these signaling pathway. We show that Rim15 phosphorylates Rph1, thereby 

releasing its repression of the expression of several ATG genes including ATG7 and ATG29, 

upon nutrient limitation. Conversely, although Rph1 controls the expression of ATG14, its 

expression was not affected by the deletion of RIM15. Rim15 is under the control of both 

positive and negative regulators of autophagy [38], and it is therefore possible that the result 

of competitive effectors controlling the expression of ATG14 account for this observation. 
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Uncovering the Rim15-dependent Rph1-mediated transcriptional control of autophagy here 

brings further comprehension to the overall signaling pathways leading to autophagy 

induction upon starvation.

How does the level of ATG gene transcription regulate autophagy activity? Several ATG 

genes show higher expression after nitrogen starvation ([16]; Figure 1), suggesting that this 

increase is required to support optimal autophagy activity; yet the physiological relevance of 

the induction of particular ATG genes is still largely unknown. Our previous work showed 

that the amount of Atg9 correlates with the number of autophagosomes [16], whereas the 

induction of ATG8 promotes the formation of larger autophagosomes [22] thereby leading to 

an increase in the amount of cargo delivered to the autophagy pathway. Here we show that 

Rph1 plays a major role in the control of the expression of ATG7. Upon autophagy 

induction, Atg7 functions in the formation of Atg8–PE conjugates, which is a prerequisite to 

the membrane recruitment of Atg8 and the elongation of the phagophore [45]. Our results 

show that negatively modulating the expression of ATG7 causes defects in autophagy 

activity (Figure 3), suggesting that the amount of Atg7 is rate limiting in the lipidation of the 

large pool of newly synthesized Atg8 after starvation. It is therefore tempting to speculate 

that, upon autophagy induction, a concomitant upregulation of both ATG7 and ATG8 is 

strictly required to support efficient autophagosome formation and thereby an increase in the 

magnitude of autophagy activity.

Besides its role in cell survival upon starvation, autophagy activity is also critical for cellular 

clearance of protein aggregates and damaged organelles, which, when accumulated, result in 

severe pathologies, such as neurodegenerative diseases [10]. Interestingly, a recent genomic 

study of sporadic Parkinson disease patients identified mutations in the ATG7 promoter 

causing decreased ATG7 expression [17]. In this context, our finding that the transcriptional 

control of ATG7 is critical for autophagy activity points to the physiological importance of 

the Rph1-mediated control of autophagy that we identified here. In particular, we show that 

the function of Rph1 is conserved from yeast to mammals. Four isoforms of KDM4, the 

homolog of Rph1, are present in mammalian cells. Here we show that KDM4A is a negative 

regulator of autophagy; whether other isoforms are also involved in this process remains to 

be investigated. Knocking down KDM4A increased autophagy activity, especially at base 

line, suggesting that modulating this novel regulatory pathway could be a good target for the 

development of disease therapies.

Experimental Procedures

Yeast Strains, Media and Culture

Gene disruptions were performed using a standard method [44]. Yeast cells were grown in 

YPD or SMD [16] and autophagy was induced in SD-N [16]. The yeast strains used in this 

study are listed in Table S1.

HeLa cells were purchased from Sigma and grown in MEM supplemented with penicillin/

streptomycin, L-glutamine, non-essential amino acids and sodium pyruvate.
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RNA and RT-qPCR

RNA was extracted using the RNeasy mini kit (Qiagen), and RNA was reverse-transcribed 

using the High-capacity cDNA Reverse Transcription kit (Applied Biosystems). See the 

supplement for details.

Chromatin Immunoprecipitation

ChIP was performed as previously described [45] with minor modifications as described in 

the supplement.

Transmission electron microscopy

TEM and sample analysis were performed as previously described [16].

Mammalian Cell Transfection

HeLa cells were transfected with siRNA using Lipofectamine 2000 reagent (Invitrogen) as 

described in the supplement.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rph1 represses the expression of nitrogen-sensitive ATG genes in nutrient-replete 
conditions
(A–B) Rph1 represses the expression of ATG1, ATG7, ATG8, ATG9, ATG14 and ATG29 in 

nutrient-replete conditions. Wild-type (YTS158), rph1Δ (YAB300), gis1Δ (YAB301) and 

gis1Δ rph1Δ (YAB302) cells were grown in YPD (+N) until mid-log phase (A) and then 

starved for nitrogen (−N) for 1 h (B). mRNA levels were quantified by RT-qPCR. Error bars 

indicate the standard deviation of the average of at least 3 independent experiments.

(C–E) Rph1 represses the expression of the Atg7 and Atg8 proteins. (C) For the analysis of 

Atg8, wild-type (YTS158, BY4742), rph1Δ (YAB300), gis1Δ (YAB301) and gis1Δ rph1Δ 
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(YAB302) cells were grown in YPD until mid-log phase and then starved for nitrogen for 

the indicated times. Protein extracts were analyzed by western blot with anti-Atg8 and anti-

Pgk1 (loading control) antisera.

(D) To analyze Atg7 abundance, a protein A tag was integrated at the chromosomal locus. 

Wild-type (YAB312, BY4742), rph1Δ (YAB313), gis1Δ (YAB314) and gis1Δ rph1Δ 

(YAB315) cells were grown in the same conditions as in (C). Protein extracts were analyzed 

as in (C) with an antibody that detects PA or anti-Pgk1 antiserum.

(E) To analyze Atg10 abundance, a protein A tag was integrated at the chromosomal locus. 

Wild-type (YAB350, BY4742), rph1Δ (YAB351), gis1Δ (YAB352) and gis1Δ rph1Δ 

(YAB353) cells were grown in the same conditions as in (C). Protein extracts were analyzed 

as in (D).

(See also Figure S1, Table S1 and Table S2.)
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Figure 2. Rph1 negatively regulates autophagy
(A) Autophagy as measured by the Pho8Δ60 assay is increased in rph1Δ and gis1Δ rph1Δ 

cells. Wild-type (YTS158, BY4742), rph1Δ (YAB300), gis1Δ (YAB301), gis1Δ rph1Δ 

(YAB302) and atg7Δ (YAB292) cells were grown in YPD (+N) and then starved for 

nitrogen (−N) for the indicated times. The Pho8Δ60 activity was measured and normalized 

to the activity of wild-type cells after starvation, which was set to 100% at each time point. 

The data represent the average of 3 independent experiments; error bars indicate standard 

deviation.

(B) Autophagy as measured by the GFP-Atg8 processing is increased in rph1Δ and gis1Δ 

rph1Δ cells. Wild-type (YTS158, BY4742), rph1Δ (YAB300) and gis1Δ rph1Δ (YAB302) 

cells transformed with a CEN plasmid carrying a GFP-Atg8 construct were grown in rich 

selective medium and then starved for 1 and 3 h. Cells were collected and protein extracts 

were analyzed by western blot with anti-YFP antibody and anti-Pgk1 (loading control) 

antiserum.

(C) Quantification of (B). The ratio free GFP:GFP-Atg8 was measured and normalized to 

that of wild-type cells after 3 h starvation, which was set to 100%. Average values ± 

standard deviations of 2 independent experiments are indicated.
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Figure 3. The level of Atg7 regulates autophagy
(A) Lowering the level of Atg7 results in a decrease in Atg8–PE conjugation and (B) a 

decrease in autophagy activity. atg7Δ cells (YAB292) were transformed with the ATG7p-

ATG7-PA, GAL3p-ATG7-PA, FLO5p-ATG7-PA, or SEF1p-ATG7-PA plasmid or the 

corresponding empty plasmid (pRS416-PA). Cells were grown in rich selective medium 

(SMD-Ura) until mid log phase and then starved for nitrogen for the indicated times.

(A) Cells were collected and protein extracts were analyzed by western blot with either an 

antibody that recognizes PA, or anti-Atg8 and anti-Pgk1 (loading control) antisera.

(B) Cells were starved for 3 h. The Pho8Δ60 activity was measured and normalized to the 

activity of ATG7p-ATG7-PA cells, which was set to 100%. Data represent the average of 3 

independent experiments.
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Figure 4. The overexpression of Rph1 inhibits autophagy and decreases cell survival in nitrogen 
starvation conditions
(A–C) Overexpressed Rph1 (ZEO1p-RPH1-PA) results in a block in ATG genes expression 

and autophagy flux. Rph1-PA cells (WT, YAB323, SEY6210) and cells overexpressing 

Rph1-PA (OE Rph1, YAB329) were grown in YPD (+N) until mid-log phase and then 

starved for nitrogen (−N).

(A) Cells were starved for 2 h, and protein extracts were analyzed by western blot with 

either an antibody that recognizes PA or anti-Pgk1 (loading control) antiserum.

(B) Total RNA of cells in mid-log phase (+N) as well as after 1 h of nitrogen starvation (−N) 

was extracted and the 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 

Rph1-PA cells (WT), which was set to 1. Data represent the average of 3 independent 

experiments ± standard deviation.

(C) The Pho8Δ60 activity was measured and normalized to the activity of Rph1-PA cells 

(WT) after 2 h of nitrogen starvation (−N), which was set to 100%. Error bars indicate 

standard deviation of 3 independent experiments.

(D–E) Rph1 overexpression blocks the biogenesis of autophagic bodies. Wild-type cells 

(WT, FRY143) and cells overexpressing Rph1 (OE Rph1, YAB346) were imaged using 

transmission electron microscopy after 2 h of nitrogen starvation.
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(D) Representative TEM images showing a reduced accumulation of autophagic bodies in 

the vacuole of cells overexpressing Rph1 compared to wild type. Scale bar, 500 nm.

(E) Estimated average number of autophagic bodies (AB) per vacuole. Estimation was based 

on the number of autophagic body cross-sections observed by TEM [50]. Over 100 unique 

cells per strain were captured and analyzed.

(F) The estimated mean radii (in nm) of the original autophagic bodies (AB) observed by 

TEM in wild-type and OE Rph1 cells was analyzed as in (E).

(G) Rph1 overexpression reduces cell survival after prolonged nitrogen starvation. Rph1-PA 

cells (WT, YAB323, SEY6210), cells overexpressing Rph1-PA (OE-Rph1, YAB329) and 

atg1Δ cells (WLY192) were grown in YPD (+N) until mid-log phase and then starved for 

nitrogen for 15 days (−N). Dilutions as indicated were grown on YPD plates for 2 days, then 

imaged.

(See also Figure S2 and Table S3.)
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Figure 5. Rph1 DNA binding ability but not histone demethylase activity is required for its 
function in autophagy
(A) Wild-type (YTS158), rph1Δ (YAB300) and set2Δ (YAB318) cells were grown in YPD 

(+N) and then starved for nitrogen (−N) for 3 h. Protein extracts were analyzed by western 

blot with anti-H3K36me3 antibody and anti-Pgk1 (loading control) antiserum.

(B) Wild-type (YTS158, BY4742) and set2Δ (YAB318) cells were grown in YPD (+N) and 

then starved for nitrogen (−N) for 3 h. The Pho8Δ60 activity was measured and normalized 

to the activity of wild-type cells, which was set to 100%. For panels B, D, F and G, the data 

represent the average of 3 independent experiments ± standard deviation.

(C–D) rph1Δ cells were transformed with the RPH1p-RPH1-PA (Rph1, Wild-type), RPH1p-

RPH1H235A-PA (H235A), or RPH1p-RPH1ΔZ-PA (ΔZ) plasmids or the corresponding empty 

plasmid (pRS461-PA, rph1Δ). Cells were grown in rich selective medium (SMD-Ura) until 

mid-log phase and then starved for nitrogen for 1 h.

(C) The stability of Rph1 mutants was analyzed by western blot with either an antibody that 

recognizes PA or anti-Pgk1 (loading control) antiserum.

(D) The Pho8Δ60 activity was measured and normalized to the activity of wild-type Rph1 

cells after 1 h of nitrogen starvation (−N), which was set to 100%.

(E–F) Rph1-PA cells (WT, YAB366) and cells overexpressing Rph1-PA (OE Rph1, 

YAB363) or Rph1H235A-PA (OE Rph1H235A, YAB364) were grown in YPD (+N) until 

mid-log phase and then starved for nitrogen for 2 h (−N).

(E) Protein extracts were analyzed by western blot with either an antibody that recognizes 

PA or anti-Pgk1 (loading control) antiserum.
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(F) The Pho8Δ60 activity was measured and normalized to the activity of wild-type cells 

after 2 h of nitrogen starvation (−N), which was set to 100%.

(G) Rph1-PA binds the ATG7 promoter. rph1Δ cells transformed with the RPH1p-RPH1-PA 

(Rph1) or RPH1p-RPH1ΔZ-PA (Rph1ΔZ) plasmids were analyzed by ChIP. ChIP was 

conducted on the ATG7 promoter (ATG7p), a large non-coding region located at 260 kb on 

chromosome VI (ChrVI-260K) which was used as a negative control, and on the PHR1 

promoter (PHR1p) which was used as a positive control. Results were normalized to the 

input DNA and calibrated to the ChrVI-260K PCR product; results are presented as fold-

enrichment of Rph1 binding compared to Rph1ΔZ, which was set to 1.

(See also Figure S3, Table S4 and Table S5.)
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Figure 6. Rim15-dependent phosphorylation of Rph1 upon nitrogen starvation releases its 
repression on ATG gene expression and autophagy
(A–B) Rph1 is phosphorylated upon nitrogen starvation. Rph1 was chromosomally tagged 

with PA tag and Rph1-PA cells (YAB308) were grown in YPD until mid-log phase and then 

starved for nitrogen for the indicated times.

(A) Protein extracts were analyzed by western blot with or without 50 μM Phos-tag as 

indicated and with either an antibody that recognizes PA or anti-Pgk1 (loading control) 

antiserum. Arrowheads indicate shifts in molecular weight of Rph1-PA suggesting 

phosphorylation.

(B) Rph1-PA band shifts represent phospho-isoforms of the protein. Cells were lysed with 

or without phosphatase (Ppase) inhibitors. An aliquot of cell lysates was incubated at 30°C 

for 90 mintes in λ-phosphatase buffer with or without λ-phosphatase (λ Ppase). The reaction 

was stopped and proteins were precipitated by addition of 10% trichloroacetic acid. Protein 

extracts were analyzed by western blot as in (A) from gels containing Phos-tag.

(C–D) Rph1 phosphorylation upon nitrogen starvation is blocked in rim15Δ cells. RPH1 was 

chromosomally tagged with PA in wild-type (WT) and rim15Δ cells. Cells were grown in 

YPD until mid-log phase and then starved for nitrogen for the indicated times. WT 

(YAB308) and rim15Δ cells (YAB341) were collected and protein extracts were analyzed 
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by western blot with either an antibody that recognizes PA or anti-Pgk1 (loading control) 

antiserum. (D) Protein extracts were analyzed by western blot as in (B).

(E) The deletion of RIM15 reduces the induction of ATG gene expression after nitrogen 

starvation. WT (YAB308) and rim15Δ (YAB341) cells were grown in YPD until mid-log 

phase and then starved for 1 h (−N). mRNA levels were quantified by RT-qPCR. The 

mRNA levels of individual ATG genes were normalized to the mRNA level of the 

corresponding gene in WT cells in nitrogen starvation condition (−N), which was set to 100. 

Data represent the average of at least 3 independent experiments ± standard deviation.

(F) ATG7 was chromosomally tagged with PA in WT (YAB312) and rim15Δ (YAB342) 

cells. Cells were grown in YPD until mid-log phase and then starved for nitrogen for the 

indicated times. Protein extracts were analyzed by western blot with either an antibody that 

recognizes PA or anti-Pgk1 (loading control) antiserum.

(G) ATG7 was chromosomally tagged with PA in WT (YAB312), rim15Δ (YAB342), rph1Δ 

(YAB313) and rim15Δ rph1Δ (YAB347) cells. Proteins extracts were analyzed as in (F).

(See also Figure S4.)
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Figure 7. KDM4 regulates autophagy in mammalian cells
(A) Transfected cells were grown for 48 h post transfection. Total RNA was extracted and 

the 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 the control cells 

(transfected with non-targeting siRNAs), which was set to 1. Error bars indicate the standard 

deviation of at least 3 independent experiments.

(B) Left panel: HeLa cells transfected with siRNA against KDM4A (K4A) show a reduction 

in the expression of KDM4A and a concomitant increase in the LC3-II/LC3-I and LC3-II/

actin ratio compared to the cells transfected with non-targeting siRNAs (control, C). In the 

presence of bafilomycin A1 (Baf), control and siKDM4A cells show a similar accumulation 

of LC3-II. Right panel: HeLa cells transfected with a plasmid overexpressing KDM4A (OE-

KDM4A) show a decrease in the LC3-II/LC3-I and LC3-II/actin ratio compared to control 

cells (C). Total cell lysates were harvested 48 h after transfection and protein extracts were 

analyzed by western blot using antibodies to the indicated proteins.

(C–D) Cells were transfected with the mRFP-GFP-LC3 plasmid. On the subsequent day, 

cells were transfected with siKDM4A (KDM4) or non-targeting siRNAs (control, C). Cells 

were treated for 24 h with DMSO or 250 nM Torin1 as indicated.

(C) Cells were analyzed by fluorescence microscopy. Scale bar, 5 μm.
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(D) Autophagy was determined by quantification of the number of cells with LC3-positive 

organelles. The histogram represents the mean of 3 independent experiments with SEM. AL, 

autolysosomes; AP, autophagosomes; K4A, KDM4A.

(E) KDM4A is degraded upon autophagy induction by Torin1. Cells were treated with 250 

nM Torin1 for 24 h. Protein extracts were analyzed by western blot using antibodies to the 

indicated proteins. The average and standard deviation of 7 independent experiments are 

provided.

(F) Phosphorylation of KDM4A at Tyr547 is upregulated by treatment with Torin1. Cells 

were treated with Torin1 and protein extracts analyzed by western blot as in (E). K4A, 

KDM4A; P-KDM4A/P-K4A, phosphorylated KDM4A.
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