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ABSTRACT
Autophagy is an essential cellular process that degrades cytoplasmic organelles and components.
Precise control of autophagic activity is achieved by context-dependent signaling pathways. Recent
studies have highlighted the involvement of transcriptional programs during autophagic responses
to various signals. Here, we summarize the current understanding of the transcriptional regulation
of autophagy.
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Introduction

Macroautophagy (hereafter referred to as autophagy)
is a conserved catabolic process responsible for the
turnover of intracellular organelles and constituents.1

Autophagy is essential to maintain cellular homeosta-
sis and dysregulation of this process is implicated in
various diseases such as cancer, neuronal degenera-
tion, and immune diseases.1 This process initiates
with the formation of a lipid membrane structure
called a phagophore (also known as isolation mem-
brane) that engulfs cytoplasmic materials.2 As the
phagophore expands and the edges of the membrane
fuse, it forms a sphere-like double membrane struc-
ture called an autophagosome. Autophagosomes then
fuse with lysosomes to become autolysosomes where
the materials inside are degraded by lysosomal
hydrolases.

Great advances have been made in the identification
of genes involved in these steps, which has established
the basic mechanisms of autophagy.2,3 The core molec-
ular machinery includes initiation by the Unc-51-Like
Kinase (ULK) complex and the generation of phospha-
tidylinositol 3-phosphate (PI3P)-enriched membrane
compartments by a class III Phosphoinositide 3-Kinase
(PI3K) complex followed by the recruitment of the
ATG12-5-16L1 complex that mediates LC3 lipidation
and subsequent autophagosome formation.2,3 In addi-
tion, various signaling pathways that control autophagy

in response to cellular stresses have been described.3,4

For example, during the cellular response to nutrient
deprivation, autophagy is induced via signaling cascades
that result from the inhibition of the nutrient-sensing
kinase complex, mechanistic Target Of Rapamycin
Complex 1 (mTORC1) and activation of AMP-acti-
vated protein Kinase (AMPK).3,4

Interestingly, recent studies have uncovered that
transcriptional regulation of autophagy genes plays an
important role in autophagic responses to specific
stimuli.5–7 Several transcription factors and histone
modifications that regulate autophagy gene expression
have been identified. Alteration of post-translational
modifications of these transcription factors and histo-
nes in response to cellular stresses affects their func-
tion and autophagy gene expression. These findings
add another layer of complexity to the control of auto-
phagy. In this Point-of-View article, we focus on the
emerging role of transcriptional programs in the regu-
lation of autophagy.

TFEB is a master transcriptional regulator of
autophagy

Transcriptional regulation of autophagy was first recog-
nized about 10 years ago, when two transcription fac-
tors, p53 and Forkhead box O3 (FOXO3), were shown
to induce autophagy.8,9 Since then, a number of studies
have characterized transcription factors that activate or
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repress the expression of core autophagy genes and/or
their upstream regulators.5 Among them, Transcription
Factor EB (TFEB) is considered a master transcriptional
regulator of autophagy as it upregulates a subset of
autophagy and lysosome genes and activates the whole
autophagy-lysosome pathway.10 TFEB binds to DNA
sequences, termed Coordinated Lysosomal Expression
And Regulation (CLEAR) elements, that are present in
numerous autophagy and lysosome genes and induces
their expression.11,12 This increases autophagosome for-
mation, promotes the fusion of autophagosomes with
lysosomes, and enhances lysosome function and
biogenesis.

The activity of TFEB is tightly controlled by
environmental conditions via post-translational
modifications and is usually suppressed under
stress-free conditions. It is highly phosphorylated
by various kinases including mTORC1, Extracellu-
lar signal-Regulated Kinase 2 (ERK2), and AKT
and sequestered in the cytoplasm under nutrient
rich conditions (Fig. 1).12-14 Following nutrient

deprivation and subsequent mTORC1 inactivation,
TFEB is dephosphorylated and translocates to the
nucleus. In addition to mTORC1 inactivation, cal-
cium ion release from lysosomes also contributes to
TFEB nuclear translocation through calcineurin-
mediated dephosphorylation of TFEB (Fig. 1).15

Interestingly, recent studies have shown that tran-
scriptional activation of autophagy and lysosome
genes by TFEB also involves AMPK-dependent
changes in histone modifications.16,17 These mecha-
nisms mainly operate under glucose-starved condi-
tions. Upon glucose deprivation, the AMP/ATP ratio
increases and AMPK becomes active, leading to
stabilization of Coactivator-Associated arginine (R)
Methyltransferase 1 (CARM1) by suppressing the
expression of ubiquitin ligase S-phase Kinase-associ-
ated Protein 2 (SKP2) via FOXO3. CARM1 then inter-
acts with TFEB and co-activates TFEB-mediated
transcription by depositing dimethylation at H3R17
(Fig. 1).16 AMPK also phosphorylates Acetyl-CoA
synthetase 2 (ACSS2) and facilitates its nuclear

Figure 1. Regulation of autophagy gene transcription by TFEB. TFEB is phosphorylated by mTORC1, ERK2, and AKT and is sequestered in
the cytoplasm via interaction with 14-3-3 under nutrient rich conditions. Upon nutrient deprivation, TFEB is dephosphorylated by calci-
neurin (CaN) and translocates to the nucleus where it activates autophagy and lysosome gene transcription. FOXO3 is phosphorylated
by AMPK and represses SKP2 expression, which leads to CARM1 stabilization. CARM1 then binds to TFEB and increases H3R16 dimethy-
lation at autophagy and lysosome gene promoters. AMPK also phosphorylates ACSS2 and facilitates its nuclear translocation. ACSS2
interacts with TFEB and increases local acetyl-CoA and histone acetylation. HAT: histone acetyltransferase.
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translocation and interaction with TFEB. This leads to
local production of acetyl donor acetyl-CoA and an
increase in histone H3 acetylation at TFEB target gene
promoters for transcriptional activation (Fig. 1).17

These two mechanisms seem to be responsible for
transcriptional activation of autophagy genes in
response to glucose deprivation. Taking these reports
together, following nutrient deprivation, mTORC1
inactivation and AMPK activation cooperatively
induce autophagy and lysosome genes by altering
TFEB localization and the chromatin environment of
its target genes.

Transcriptional repression of autophagy

Autophagy gene expression is suppressed under nutri-
ent replete conditions. Several transcription factors
such as Zinc finger with KRAB and SCAN domains 3
(ZKSCAN3) and Forkhead box K (FOXK) engage in
this transcriptional repression (Fig. 2).18,19 ZKSCAN3
functions as a transcriptional repressor of the auto-
phagy-lysosome pathway.18 It is recruited to promoter
regions of various autophagy and lysosome genes and
represses gene expression under nutrient rich condi-
tions. Knockdown of ZKSCAN3 upregulates a subset
of autophagy and lysosome genes and enhances auto-
phagic flux and lysosome function and biogenesis.
Nutrient deprivation leads to the nuclear export of
ZKSCAN3 and de-repression of autophagy gene
expression. However, the mechanisms by which
ZKSCAN3 represses autophagy gene expression and
how its localization is regulated remain unknown. A
recent report has shown that c-Jun N-terminal Kinase
2 (JNK2) and p38 Mitogen-Activated Protein Kinase

(MAPK), that are activated by Protein Kinase Cd
(PKCd), phosphorylate ZKSCAN3 and facilitate its
nuclear export.20 It would therefore be interesting to
know whether this phosphorylation contributes to
ZKSCAN3 nuclear export during starvation.

Similarly, FOXK transcriptionally suppresses the
early stages of autophagy.19 It binds to promoter
regions of early-stage autophagy genes including com-
ponents of the ULK and class III PI3K complexes and
recruits the SIN3A- Histone deacetylase (HDAC)
repressor complex to these regions under nutrient rich
conditions.19 During starvation, it translocates from
the nucleus to the cytoplasm in an mTOR-dependent
manner. FOXO3 transcription factor, in turn, is
recruited to these promoter regions and activates tran-
scription of these genes. These transcriptional repress-
ors may therefore function to prevent over-activation
of autophagy by suppressing gene transcription.

Autophagy gene regulation by histone
modifications

In addition to the transcription factors described above,
the post-translational modification status on histones is
also linked to autophagy gene regulation.7 To date, sev-
eral histone modifications, including histone H4K16
acetylation, H3K9 dimethylation, and H3K27 trimethy-
lation have been reported to influence autophagic activ-
ity.7 H4K16 acetyltransferase human Males absent On
the First (hMOF) has been described as both a positive
and negative regulator of autophagy.21,22 In the course
of prolonged autophagy activation by mTOR inhibition
caused by rapamycin treatment or starvation, H4K16
acetylation and autophagy gene expression decline via
hMOF degradation and/or Sirtuin1 (SIRT1)-dependent
histone deacetylation.21 This is considered as a negative
feedback mechanism that restrains over-activation of
autophagy and subsequent cell death.21 In contrast,
another report has shown that knockdown of hMOF
enhances autophagic flux and promotes the formation
of autolysosomes.22

Histone lysine methyltransferase G9a acts as a sup-
pressor of autophagy by dimethylating H3K9 and
repressing autophagy gene expression.23 Nutrient star-
vation causes G9a dissociation from promoters and
subsequent H3K9 demethylation, which leads to tran-
scriptional activation of autophagy genes.

Different from H4K16 acetylation and H3K9 dime-
thylation which regulate the expression of core

Figure 2. Transcriptional repression of autophagy genes. Under
nutrient rich conditions, ZKSCAN3 and FOXK transcription factors
bind to promoter regions of autophagy genes and repress tran-
scription. BRD4 is recruited to autophagy and lysosome gene pro-
moters via H4K16 acetylation catalyzed by hMOF. BRD4 then
interacts with G9a which deposits dimethylation at H3K9 and
represses gene expression. H3K27 trimethylation catalyzed by
EZH2 suppresses autophagy by repressing negative regulators of
mTORC1 pathway.
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autophagy genes, H3K27 trimethylation catalyzed by
Enhancer of Zeste Homolog 2 (EZH2) represses the
expression of negative regulators of the mTORC1 sig-
naling components and leads to mTORC1 activation
and autophagy inhibition (Fig. 2).24 Collectively, his-
tone modification status is also an important determi-
nant of transcriptional responses to autophagic
stimuli.

Transcriptional regulation of autophagy by a
“reader” of histone modification: Bromodomain
protein BRD4 transcriptionally represses
autophagy and lysosome programs

Post-translational modifications on histones are recog-
nized by so-called “readers” such as bromodomain,
chromodomain, and tudor domain proteins that medi-
ate chromatin-based processes including transcrip-
tion.25 We recently identified the Bromodomain and
Extra-Terminal (BET) family protein Bromodomain
containing 4 (BRD4) as a novel autophagy repressor
that links histone modifications and autophagy gene
transcription.26 BRD4 is recruited to autophagy and
lysosome gene promoters through hMOF-mediated
H4K16 acetylation. It then interacts with histone meth-
yltransferase G9a, which facilitates H3K9 dimethylation
and represses autophagy gene transcription (Fig. 2).
During nutrient starvation, AMPK disrupts the interac-
tion between histone deacetylase SIRT1 and its inhibi-
tory molecule Deleted in Breast Cancer protein 1
(DBC1), leading to SIRT1 activation. It then facilitates
H4K16 deacetylation and BRD4 dissociation from the
promoters, driving transcription of autophagy and
lysosome genes. BRD4 knockdown induces autophagy
and lysosome gene expression and activates a series of
autophagic processes including the formation of phag-
ophores/autophagosomes, the fusion between autopha-
gosomes and lysosomes, and lysosome function and
biogenesis. Therefore, these results suggest that BRD4
functions to restrain autophagic activity under nutrient
rich conditions and its de-repression contributes to
sustained autophagy during prolonged starvation.

Concluding remarks and perspectives

In the course of nutrient starvation, autophagy is regu-
lated by multiple mechanisms. Nutrient sensing kinases,
such as mTORC1 and AMPK, rapidly respond to a
change in cellular energy status and initiate autophagy
programs by directly altering the post-translational

modification status of core autophagy molecules such
as ULK1 and Beclin 1.2,3 It is becoming clear that tran-
scriptional upregulation of autophagy genes also con-
tributes to starvation-induced autophagy.5–7 In contrast
to the direct regulation of core autophagy proteins by
post-translational modifications that leads to rapid acti-
vation of autophagy, transcriptional regulation of auto-
phagy genes usually occurs over a longer time period.
Hence, these transcriptional programs seem to contrib-
ute to sustained autophagy and/or function to adjust
the autophagic activity during prolonged starvation. Of
note, many of the transcriptional regulators that modu-
late autophagy gene expression are controlled by com-
mon upstream kinases such as mTORC1 and AMPK.
This allows coordinated activation of transcriptional
activators (i.e. TFEB and FOXO3) and inhibition of
transcriptional repressors (i.e. FOXK and BRD4),
enabling induction of a broad range of autophagy mole-
cules that are sufficient to sustain autophagy during
long periods of nutrient shortage. Many of the studies
on the transcriptional regulation of autophagy to date
mainly focus on how these mechanisms respond to
nutrient starvation, such as amino acid and glucose
starvation. It thus would be interesting to explore
whether other autophagic stimuli also affect the auto-
phagy gene expression and, if so, how much it contrib-
utes to autophagy activation.

Given that dysregulation of autophagy is implicated
in various diseases,1 it would be intriguing to explore
how these transcriptional programs are regulated or
dysregulated in disease contexts. A recent report has
shown that TFEB and its family members Transcription
Factor E3 (TFE3) and MIcrophthalmia-associated Tran-
scription Factor (MITF) interact with Importin 8
(IPO8) and are constitutively localized in the nucleus in
pancreatic ductal adenocarcinoma (PDAC).27 This leads
to autophagy activation and provides nutrient sources
to support PDAC growth. In another instance, we found
that the chromosomal translocation involving NUclear
protein in Testis (NUT) gene and BRD4, a driver of
NUT midline carcinoma (NMC),28 strongly suppresses
autophagy in NMC.26 However, whether autophagy
suppression contributes to NMC development is still an
open question. Similarly, chromosomal translocation of
TFEB and TFE3 genes are also found in renal cell carci-
noma,10 though their effects on autophagy are currently
unknown. In addition, histone modifications that affect
the outcomes of autophagy are also implicated in carci-
nogenesis.29 These findings suggest that dysregulation
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of these transcriptional programs may contribute to dis-
ease onset and/or progression.

With regard to the relation between autophagy and
human disease, the growing evidence suggests that
modulation of autophagic activity has a beneficial effect
on diseases including neurodegeneration and cancer
and modulating autophagy gene programs is sufficient
to ameliorate these diseases.10,30 For example, TFEB
overexpression enhances autophagic clearance of pro-
tein aggregates and ameliorates pathology in mouse
models of neurodegeneration, and conversely knock-
down of TFEB suppresses PDAC growth.10,27 In addi-
tion, our recent work has shown that autophagy
activation by BRD4 knockdown promotes autophagic
degradation of pathogenic protein aggregates that cause
neurodegeneration. Importantly, some of these tran-
scriptional programs can be pharmacologically targeted
by small molecules such as BET and EZH2 inhibitors.
In light of this, modulating the autophagy gene pro-
grams by these small molecules may be an attractive
strategy for the treatment of these diseases. Further
studies will therefore advance our understanding of the
role of transcriptional regulation of autophagy, its rele-
vance to human diseases, and its therapeutic potential.
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