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Macroautophagy/autophagy is a conserved catabolic pathway that is vital for maintaining cell homeostasis and promoting cell
survival under stressful conditions. Dysregulation of autophagy is associated with a variety of human diseases, such as cancer,
neurodegenerative diseases, and metabolic disorders. Therefore, this pathway must be precisely regulated at multiple levels,
involving epigenetic, transcriptional, post-transcriptional, translational, and post-translational mechanisms, to prevent inappropriate
autophagy activity. In this review, we focus on autophagy regulation at the transcriptional level, summarizing the transcription
factors that control autophagy gene expression in both yeast and mammalian cells. Because the expression and/or subcellular
localization of some autophagy transcription factors are altered in certain diseases, we also discuss how changes in transcriptional
regulation of autophagy are associated with human pathophysiologies.
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FACTS

● Autophagy is under the control of a wide range of transcription
regulators, and some of them can respond to changes in the
environment. Therefore, autophagy is under precise control at
the transcriptional level.

● Some transcription factors are altered under disease conditions,
and the subsequent dysregulation of autophagy is highly
associated with certain diseases.

● Transcription factors regulating autophagy have the potential
to be developed into therapeutic targets.

OPEN QUESTIONS

● Most studies focus on the transcriptional regulation of
nonselective autophagy; but are there specific transcription
factors involved in selective autophagy?

● Some autophagy transcription factors have transcription-
independent functions, and some can regulate other cellular
processes besides autophagy; will alteration of these functions
interfere with the expected upregulation or downregulation of
autophagy when modifying the activity of these transcription
factors?

● The same transcription factor may regulate autophagy in
opposite directions depending on the cell type, and different
cells have distinct responses to autophagy alterations. How
are these transcription factors controlled in a cell type-specific
manner?

INTRODUCTION
Macroautophagy (hereafter autophagy) is a conserved cellular
degradation and recycling process, where a double-membrane

structure termed the phagophore sequesters autophagic cargos
and sends them to the lysosome (or the vacuole in plants and
fungi) [1]. Depending on the specificity of the cargos, autophagy
can be either nonselective or selective: nonselective autophagy
cargos are relatively random portions of the cytoplasm, whereas
the selective autophagic cargos are usually specific proteins or
organelles, which are targeted to the phagophore through
receptors and scaffold proteins [2]. The mechanism of autophagy
has been well-documented, and is carried out by autophagy
related (ATG) proteins. The entire autophagy process can be
broken down into four sequential steps: (1) initiation and
phagophore nucleation, (2) phagophore expansion and matura-
tion into a completed autophagosome, (3) fusion between the
autophagosome and an endosome and/or lysosome/vacuole, and
(4) cargo degradation and recycling (Fig. 1) [3]. Because the
autophagy process is conserved in yeast and mammalian cells and
most mammalian ATG protein homologs can be found in yeast,
here, we will only introduce the autophagy mechanism in
mammalian cells due to space limitations. Yeast Atg proteins
and protein complexes involved in each step of autophagy are
listed in Table 1.
In mammalian cells, in response to MTORC1 (negative) and AMPK

(positive) signaling, autophagy induction is regulated by the ULK1
kinase complex, which consists of the catalytic subunit ULK1,
regulatory scaffold proteins ATG13 and RB1CC1, and the stabilizing
protein ATG101 [4]. The activated ULK1 complex phosphorylates
and activates the class III phosphatidylinositol 3-kinase (PtdIns3K)
complex, which is comprised of the catalytic subunit PIK3C3, the
putative tumor suppressor BECN1 and regulators including PIK3R4,
ATG14, NRBF2 and AMBRA1 (Fig. 1) [5, 6]. Activated PtdIns3K
produces phosphatidylinositol-3-phosphate (PtdIns3P), defining the
region of phagophore initiation through recruiting PtdIns3P-
effector proteins including WIPI2 and ZFYVE1/DFCP1 [7]. Following
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nucleation, the phagophore expands through the action of two
ubiquitin-like systems. In the first system, ATG12 is conjugated with
ATG5 through the E1-like enzyme ATG7 and the E2-like enzyme
ATG10, and then forms a complex with ATG16L1. In the second
system, Atg8-family proteins, including MAP1LC3/LC3 and
GABARAP subfamilies, undergo cleavage by ATG4, followed by
their conjugation to phosphatidylethanolamine (PE) via the E1-like
enzyme ATG7, the E2-like enzyme ATG3 and the E3-like
ATG12–ATG5-ATG16L1 complex (Fig. 1) [8]. ATG16L1 binds to WIPI2
directly, allowing the conjugation to occur at the phagophore
membrane [9]. The phagophore will expand into a cup-shaped
structure that sequesters cytoplasmic components and the closure
of the phagophore generates the autophagosome. Ultimately, the
outer membrane of the autophagosome fuses first with an
endosome and subsequently, or directly, with the lysosome, where
the inner membrane and engulfed contents are degraded and
recycled following permease-mediated release back into the
cytosol [10].
Under normal conditions, autophagy is at a basal level to

maintain cellular homeostasis. When the cells are exposed to
stressful conditions, such as nutrient deprivation and hypoxia,
autophagy is induced to a high level and promotes the turnover of

cytoplasmic material for energy replenishment and removing
superfluous or damaged organelles. Therefore, autophagy must
be well controlled and either too much or too little autophagy is
associated with various types of diseases [11]. Autophagy
regulation occurs at multiple levels, including epigenetic, tran-
scriptional, post-transcriptional, translational, and post-
translational regulation (Fig. 2). In this review, we focus on the
transcriptional regulation of autophagy in both the yeast S.
cerevisiae and mammalian systems, summarizing the transcription
factors that control autophagy gene expression and discussing
their implications in human diseases.

TRANSCRIPTIONAL REGULATION OF YEAST AUTOPHAGY
In 2015, a large-scale analysis of DNA binding proteins was
published, which identified several transcription factors of ATG
genes, including both positive and negative regulators (Table 2)
[12]. The activities of some transcription factors can be regulated
by post-translational modifications in response to nutrient change.
TORC1 is the best-known kinase regulated by nutrient status.
When TORC1 is inactivated by nitrogen starvation, the activated
phosphatase Sit4 and PP2A (Pph21/Pph22-Tpd3-Cdc55) will
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Fig. 1 Autophagy in mammalian cells and the essential protein complexes. Following the induction of the ULK1 complex, which
phosphorylates and activates PtdIns3K complex I, nucleation of the phagophore occurs. The expansion is facilitated by the two ubiquitin-like
systems, which mediate the formation of the ATG12–ATG5-ATG16L1 complex and the conjugation of Atg8-family proteins with PE. When the
expanding membrane closes and a complete autophagosome is generated, the outer membrane will fuse with the lysosome and forms an
autolysosome; potential fusion with an endosome to generate an intermediate amphisome is not depicted for simplicity. The cargo within the
autophagosome will subsequently be degraded and recycled.
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induce the translocation of the two GATA type transcription
factors, Gln3 and Gat1, into the nucleus [13], where they promote
the transcription of ATG7, ATG8, ATG9, ATG29 and ATG32 [12]. Gcn4
is another transcription factor that is induced when TORC1 is
inhibited by nutrient deprivation and gcn4 deletion leads to a
decrease in ATG1 mRNA level and autophagy activity during
starvation [12, 14]. A recent study reported that Gcn4 is essential
for the specific binding of Rpb9, an RNA polymerase II component,
to the promoter of ATG1, thus promoting the transcription of ATG1
during starvation [15]. Additionally, Gcn4 is responsible for the
expression of ATG41, a gene required for efficient autophagy
(Fig. 3) [16].
Rim15 also plays a pivotal role in controlling the function of

autophagy transcription factors in yeast. Under nutrient-rich
conditions, Rim15 is phosphorylated by TORC1 and Sch9, which
inhibits its nuclear translocation. During nitrogen starvation,
TORC1 is inhibited and Tps2 is involved in the dephosphorylation
of Rim15, promoting its nuclear localization [17]. Ume6 is a
negative autophagy regulator regulated by Rim15, which binds to
the ATG8 promoter and suppresses its transcription under the
nutrient-rich conditions. During nitrogen starvation, Ume6 under-
goes phosphorylation by Rim15, leading to the derepression of
ATG8 and thus promoting ATG8 transcription (Fig. 3) [18]. Similarly,
Rph1 inhibits the transcription of ATG7, ATG8, ATG9, ATG14 and
ATG29 under nutrient-rich conditions, but phosphorylation by
Rim15 upon nutrient deprivation releases Rph1 from these ATG
genes (Fig. 3) [19].
Pho23 is another negative regulator that represses the transcrip-

tion of multiple ATG genes including ATG1, ATG7, ATG8, ATG9, ATG14
and ATG29 when nutrients are replete [20]. During nitrogen
starvation, the repression of most of the ATG genes is released,
whereas ATG9 transcription is still inhibited by Pho23. Accordingly,
pho23-deleted cells have more autophagosomes and higher
autophagy activity after starvation [20]. The Spt4-Spt5 complex
was recently demonstrated to play dual roles in regulating ATG
gene transcription. This complex negatively regulates ATG8 and
ATG41 expression under growing conditions. However, during
nitrogen starvation, Spt5 is phosphorylated by the Sgv1-Bur2
complex, releasing the inhibitory effect of Spt4 and allowing the
complex to function in transcriptional elongation of ATG41, thus
promoting autophagy (Fig. 3) [21].
The transcription factors mentioned above are the ones

regulating nonselective autophagy. Some ATG genes encoding
proteins that specifically function in selective autophagy are also
regulated by transcription factors. For example, Atg32 is a
mitochondrial membrane protein and the receptor for yeast
mitophagy, the selective autophagic degradation of mitochondria
[22]. The Ume6-Sin3-Rpd3 complex represses ATG32 transcription
in budding yeasts cultured with a fermentable carbon source,
where the number of mitochondria and mitophagy activity remain
low [23]. Paf1 is another transcription factor suppressing ATG32
transcription, which binds to the ATG32 promoter in both
fermentable and non-fermentable media. Therefore, paf1-deleted
cells show a higher mitophagy activity after prolonged culture in
lactic acid medium [24]. In a very recent study, Dep1, a component
of the Rpd3 complex, was found to be critical for ATG32
transcription and mitophagy [25]. It is of note that from an
analysis of DNA binding proteins [12], multiple ATG32 regulators

were found (Table 2). However, this study was conducted under
growing, glucose-starvation and nitrogen-starvation conditions. It
would be interesting to see whether these proteins can also
regulate ATG32 transcription under a condition that is more
specific to mitophagy induction.

TRANSCRIPTIONAL REGULATION OF MAMMALIAN
AUTOPHAGY
Transcription factors can play dual roles in regulating mammalian
autophagy, either through transcription-dependent or transcription-
independent pathways and either upregulating or downregulating
autophagy. In this section, we summarize the transcription factors
regulating the expression of autophagy genes (Table 3, Figs. 4 and 5)
and discuss some major and complex transcription systems in
autophagy regulation. Because some transcription factors cooperate
and a transcription factor itself can be the target of other such
factors, we also briefly discuss how transcription factors work
together in autophagy regulation.

TFEB and ZKSCAN3
TFEB (transcription factor EB) is a one of the microphthalmia (MiT/
TFE) transcription factors belonging to the basic helix-loop-helix
leucine-zipper family, and is considered as the master transcrip-
tional regulator of autophagy through promoting the transcription
of genes involved in lysosomal biogenesis and autophagy [26].
The subcellular localization and transcription activity of TFEB is
mainly determined by its phosphorylation status, with MTORC1 as
the one of the major kinases. When nutrients are replete, TFEB is
phosphorylated by MTORC1, then interacts with YWHA/14-3-3 and
remains in the cytosol, whereas starvation leads to the inactivation
of MTORC1 and a rapid translocation of dephosphorylated TFEB
from the cytosol to the nucleus where it transactivates multiple
genes in lysosome biogenesis and the autophagy pathway
including MAP1LC3B, ATG9B, ATG16L1, UVRAG and WIPI1 (Fig. 4)
[27, 28]. Besides MTORC1, MAPK1 is another kinase that leads to
the inhibitory phosphorylation of TFEB under nutrient-replete
conditions [27]. The other two transcription factors in the MiT/TFE
family, TFE3 and MITF, are also important to drive the expression
of genes involved in lysosome biogenesis and autophagy (Table 3)
and the regulation of their subcellular localizations is similar to
TFEB [29–31]. ZKSCAN3 belongs to a family of zinc finger
transcription factors and represents the counterpart of TFEB.
When nutrients are replete, the transcription of some core ATG
genes (Table 3) and genes encoding proteins involved in
autophagosome-lysosome fusion (such as STX5 and SEC22B) and
lysosome functions (such as ATP6V1A and CTSA) are suppressed by
ZKSCAN3. In contrast, the transcription of genes encoding
negative autophagy regulators such as RPTOR and AKT, are
promoted by ZKSCAN3. Starvation leads to the translocation of
ZKSCAN3 to the cytoplasm, which releases the transcription
suppression of autophagy genes (Fig. 4) [32].

FOXO
FOXO (forkhead box O) family proteins are transcription factors
with important roles in metabolism, cellular proliferation, and
stress tolerance [33]. FOXO1 and FOXO3 are the two major FOXO
transcription factors regulating autophagy. In muscle cells, FOXO3

Table 1. Atg proteins in yeast and the primary autophagy step they are involved in [136].

Complex Atg components Function

Atg1 complex Atg1, Atg13, Atg17, Atg29, Atg31 Induction and nucleation

PtdIns3K complex I Atg14, Atg38, Vps15, Vps30, Vps34 Induction and nucleation

Conjugation system Atg12–Atg5 conjugation system Atg5, Atg7, Atg10, Atg12, Atg16 Expansion

Atg8–PE conjugation system Atg3, Atg4, Atg7, Atg8, Atg12–Atg5-Atg16 complex Expansion
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promotes the transcription of a series of Atg genes (Table 3) [34],
and genes coding for positive autophagy regulators such as Bnip3
[35]. Transactivation of ATG genes by FOXO3 is also reported in
neural stem cells, and FOXO3 is required to maintain autophagy
[36]. Similarly, FOXO1 also promotes autophagy through transac-
tivating multiple Atg genes (Table 3) [37, 38]. Additionally,
acetylated FOXO1 binds to ATG7 in the cytosol, which is required
for autophagy induction, indicating a transcription-independent
role of FOXO1 in autophagy regulation (Fig. 4) [39].
Similar to TFEB, the subcellular localization and activity of FOXO

family proteins is determined by their post-translational modifica-
tions, but it is more complicated [40]. In response to growth
factors, FOXO3 is phosphorylated by AKT, which induces binding
with YWHA/14-3-3 proteins and exclusion from the nucleus, thus
inhibiting its transcriptional activity (Fig. 4) [41, 42]. In addition,
FOXO3 can induce AKT activity through increasing the transcrip-
tion of PIK3CA, which promotes the phosphorylation of FOXO1
and its cytosolic localization, the critical step of FOXO1-induced
autophagy via the transcription-independent pathway (Fig. 4) [43].
However, it is still not very clear how the FOXO1-ATG7 interaction
compensates for the impaired expression of some autophagy
genes. Under nutrient stress, activated AMPK phosphorylates
FOXO3 and activates its transcriptional activity, thus promoting
the expression of some autophagy-related genes [44, 45]. Besides
the two kinases mentioned above, phosphorylation by other

kinases and other post-translational modifications also control
FOXO protein activity and together contribute to autophagy
regulation [46].

TP53
TP53 is a transcription factor regulating the cell cycle and, in
addition to its well-known function in tumor suppression, other
aspects of TP53 function have been defined, among which is
its effect on autophagy. TP53 plays dual roles in autophagy
regulation, depending on its subcellular localization. In the
nucleus, TP53 transactivates various ATG genes (Table 3) [47, 48]
and genes encoding MTOR inhibitors, such as PRKAB1/AMPKβ1,
TSC2 and DEPTOR [49, 50]. DRAM1, encoding a lysosomal protein
that is critical for the acidification of lysosomes, is also activated
by nuclear TP53, and TP53-induced autophagy is dependent
on DRAM1 [51]. In contrast, cytosolic TP53 inhibits autophagy,
mainly through a transcription-independent pathway such as
inhibiting AMPK, activating MTOR and promoting BECN1
ubiquitination and degradation (Fig. 5). Physiological autophagy
inducers cause destruction of the cytosolic pool of TP53 leading
to autophagy induction [52–54]. TP53 also regulates mitophagy.
Besides the inhibition by the cytosolic TP53 via binding to
PRKN [55], nuclear TP53 also suppresses mitophagy through
transcriptional repression of PINK1, another important protein in
mitophagy [56].

Fig. 2 Autophagy regulation at different levels. In the nucleus, autophagy can be regulated at the epigenetic level, including DNA
methylation and histone modifications (such as methylation and acetylation) and at the transcription level, which is basically controlled by the
binding and release of transcription factors. After transcription, post-transcriptional regulation is performed by RNA binding proteins, non-
coding RNAs and mRNA modification. Translation of autophagic mRNA can be regulated by some RNA binding proteins and controlled by the
proteins in the core translation system, such as the requirement of EIF5A in ATG3 translation. After ATG protein synthesis, specific components
can undergo post-translational modification, which affects protein activity and stability.
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E2F1 and NFKB
E2F1 and NFKB are two well-defined transcription factors for their
roles in regulating the cell cycle and immune responses,
respectively. E2F1 and NFKB oppositely regulate the expression of
Bnip3, a hypoxia-induced activator that is required for hypoxia-
induced autophagy [57–59]. Under normal conditions, NFKB
represses Bnip3 gene transcription via inhibiting E2F1 binding to
the Bnip3 promoter region, whereas hypoxia reduces NFKB
expression, thus releasing the repression and promoting E2F1-
dependent Bnip3 transcription (Fig. 5) [58, 59]. BECN1 is another
common target of E2F1 and NFKB, but, unlike BNIP3, both E2F1 and
NFKB induce the transcription of BECN1 [60, 61]. In addition, E2F1
induces the transcription of several other ATG genes (Table 3) as
well as DRAM1 [62]. Of note, the fact that E2F1 lacking the
transactivation domain is still able to activate autophagy, associated
with increasing ATG5 expression, indicates that E2F1 may have an
alternative or indirect way to upregulate autophagy [63]. In a recent
paper, E2F1 is reported to suppress mitophagy via upregulating the
transcription ofMFN2, which is involved in mitochondria fusion [64].

GATA family
GATA transcription factors are a conserved family of zinc-finger
transcription factors that fulfill multiple regulatory roles including
those involved in development and cell fate decisions [65].
Regarding autophagy, GATA1 activates the transcription of Atg8-
family genes, Atg4b, Atg12 and genes involved in lysosome
biogenesis and function such as Lamp1 and Atp6v0e [66]. In rat
cardiomyocytes, GATA4 inhibits doxorubicin (DOX)-induced
autophagy partially through upregulating the transcription of
Bcl2; the BCL2 protein binds and sequesters BECN1 [67, 68]. In
addition, overexpressing GATA4 suppresses the DOX-induced
expression of Atg5, Atg7, Atg12 and Becn1, which may also
contribute to autophagy inhibition [67]. Interestingly, this study
also found that DOX-induced autophagy is accompanied by
decreasing GATA4 protein level [67]. In a later study, GATA4 was
found as a selective autophagy cargo through binding to SQSTM1.
When a senescence signal is activated, the interaction between
GATA4 and SQSTM1 is reduced and accumulated GATA4 initiates a
senescence-associated secretory phenotype, indicating a role of
selective autophagic degradation of GATA4 in protecting cells
from senescence [69].

NR1H4, PPAR and CREB
NR1H4/FXR (nuclear receptor subfamily 1 group H member 4) is an
energy sensor that is activated by bile acids in the fed liver [70]. Two
studies confirm the role of NR1H4 in suppressing the expression of a

wide range of autophagy genes in the liver under fed conditions
(Table 3), but the regulatory mechanisms reported are different
[71, 72]. In the paper published by Seok et al., activated NR1H4
inhibits the transcription of autophagy genes through disrupting
the interaction between CREB and its coactivator CRTC2, which
promotes autophagy gene transcription during starvation. Most
CREB-binding autophagy genes have shared binding sites with
NR1H4, and the downregulation of CREB inhibits lipophagy
(autophagic degradation of lipids) during starvation (Fig. 5) [71].
However, with the discovery that autophagy and the expression of
autophagy genes are induced under fed conditions by PPARA
(peroxisome proliferator activated receptor alpha) agonist and
suppressed during starvation by NR1H4 agonist, Lee et al.
suggested that PPARA, which is activated in fasted liver, competes
with NR1H4 in binding to the shared sites in autophagy gene
promoters with opposite transcription outputs (Fig. 5) [72].
In addition to PPARA, PPARG also regulates autophagy as a

transcription factor, but how this regulation occurs is more complex
and remains controversial [73]. PPARG induces autophagy in breast
cancer cells through activating the transcription of HIF1A and BNIP3
[74]. In hepatocytes, PPARG activation induces autophagy through
transactivating NEDD4, an E3 ubiquitin ligase acting as a positive
autophagy regulator [75]. However, autophagy inhibition by PPARG
agonists is found in neurons after injury [76, 77], indicating a
complicated autophagy regulation by PPARG possibly depending
on cell types.

Interaction between autophagy transcription factors
As mentioned previously, some autophagy transcription factors
can function independently from their transcription activity. This
includes the regulation of other transcription factors through
direct binding. For instance, FOXO family proteins are regulated by
XBP1 and STAT3 independently from their roles as transcription
factors. XBP1 is a transcription factor and a crucial signal
transducer in the endoplasmic reticulum (ER) stress response. In
response to ER stress, XBP1 transcripts undergo splicing by ERN1/
IRE1 to generate XBP1s, which can trigger an autophagic response
through promoting BECN1 transcription [78]. However, XBP1s also
binds to FOXO1 and leads to its degradation through the
proteasome [79]. Additionally, the unspliced isoform of XBP1 can
also bind and induce FOXO1 degradation [80]. STAT3 can function
as a transcription factor to suppress the transcription of BECN1 and
transactivate some negative autophagy regulatory genes (such as
PIK3R1 and BCL2) [81]; unphosphorylated cytosolic STAT3 interacts
with FOXO1 and FOXO3, sequestering them in the cytosol and
inhibiting their function in promoting transcription of autophagy

Table 2. Yeast transcription factors regulating ATG gene expression.

Transcription factor Conditions Effects (+, positive; − negative) Target genes Ref.

Rsc1 Starvation + ATG8 [137]

Fyv5 Nutrient-rich and starvation – ATG1, 7, 8, 9,14, 29, 32 [12]

Gat1 Starvation + ATG7, 8, 9, 29, 32 [12]

Gcn4 Starvation + ATG1,41 [12, 16]

Gln3 Starvation + ATG7, 8, 9, 29, 32 [12]

Rph1 Nutrient-rich – ATG7, 8, 9, 14, 29, 32 [19]

Sfl1 Nutrient-rich + ATG1, 7, 8, 9, 14, 29, 32 [12]

Sko1 Nutrient-rich and starvation – ATG1, 7, 8, 32 [12]

Spt10 Nutrient-rich – ATG1, 7, 9, 14, 32 [12]

Spt4-Spt5 Nutrient-rich – ATG8, 41 [21]

Starvation + ATG41

Swi5 Nutrient-rich + ATG7, 8, 9, 14, 29 [12]

Ume6 Nutrient-rich – ATG8 [18]

Zap1 Nutrient-rich – ATG1, 7, 8, 9, 14, 29, 32 [12]
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genes [82]. In addition, cytosolic STAT3 also suppresses autophagy
through interacting with and inhibiting EIF2AK2 and the
subsequent phosphorylation of EIF2A, which promotes ATF4
expression, a transcription factor that transactivates multiple
autophagy genes (Table 3) [83].
Furthermore, some transcription factors are the target of other

such factors. For instance, it is reported that FOXO1 induces Tfeb
expression through directly binding to its promoter region and
FOXO1 inhibition reduces Tfeb mRNA and protein level, accom-
panied with decreased autophagy [84]. Besides, Tfeb transcription
is also controlled by NR1H4, CREB and PPARA, which are
transcription factors that can independently regulate autophagy
gene expression [71, 85]. Additionally, GATA1 promotes the
generation of Foxo3 transcripts, and Foxo3 knockdown reduces
GATA1-induced Map1lc3b expression by approximately 50%,
suggesting that GATA1 either functions directly through binding
to the autophagy gene loci or indirectly through transactivating
Foxo3 [66]. The independent and cooperative functions of these
transcription factors establish a complicated but well controlled
system to regulate autophagy at the transcription level.

APPLICATION OF AUTOPHAGY TRANSCRIPTION REGULATION:
FROM THE PERSPECTIVE OF DISEASES
Because autophagy is pivotal for cell survival under stress
conditions and the clearance of protein aggregates and super-
fluous or damaged organelles, it is critical for maintaining cell
homeostasis, and the dysregulation of autophagy is correlated
with multiple human diseases, including cancer, neurodegenera-
tive diseases, and metabolic disorders [11]. With many studies
revealing an increasing number of autophagy transcription factors
in the past several decades, recent studies have started to
investigate how alterations of the activities of these transcription
factors contribute to human diseases and whether they can be

developed into therapeutic targets. In this section, we briefly
summarize studies indicating the association between transcrip-
tional regulation of autophagy and diseases (Table 4).

Cancer
The dual roles of autophagy in cancer have been demonstrated by
a wide range of research; defective autophagy contributes to
cancer initiation due to the deficiency in the clearance of
intracellular waste and subsequently induced genome instability,
while elevated autophagy would help cancer cell survival under
stress conditions, such as nutrient deprivation, hypoxia and
damage from anti-cancer drugs [3]. The autophagy transcription
factor TP53 is one of the most commonly mutated genes in
various cancer types. In 2008, via expressing 22 TP53 single amino
acid mutants occurring in colon cancer cells in TP53 null cells,
researchers found that one third of these mutations inhibit
autophagy. A significant correlation between the TP53 mutants in
the cytoplasm and their ability to repress autophagy was also
discovered, which suggests the cytosolic mutant TP53 may lose
the ability to promote the transcription of autophagic genes or
inhibit autophagy through the transcription-independent path-
way [86]. Cancer-associated TP53 mutations, including R175H,
R248W, and R273H, reduce the transcription of TSC2, an inhibitor
of MTOR, subsequently leading to higher MTOR activity, which
may contribute to autophagy suppression [87]. Expressing
TP53R273H or TP53R175H in TP53 null cells also reduces autophagy
gene transcription including ATG12, BECN1 and DRAM1, as well as
autophagy activity [88]. It is also reported that TP53R175H

preferably binds to PRKAA2/AMPK and inhibits its activation even
under conditions of energy stress, indicating a transcription-
independent role of these cancer-associated mutations in inhibit-
ing autophagy [89]. Because of the high correlation between TP53
mutation and cancer, drugs targeting TP53 have been one focus
of research [90]. For example, in tamoxifen-resistant breast cancer
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cells, combined treatment of Cl-amidine and docetaxel enhances
TP53 nuclear accumulation, inhibits MTOR signaling, elevates
autophagy and induces cell apoptosis [91]. Additionally, in cervical
cancer cells, SNX-2112 increases TP53 expression and induces
autophagy, which is necessary for cell apoptosis [92].
TFEB is important in tumor growth and metastasis and correlates

with tumor malignancy, worse prognosis, and resistance to therapy
[93–97]. Elevated TFEB expression and nuclear localization have
been detected in pancreatic cancer cells, and the subsequent
activation of autophagy and lysosome functions are critical to meet
the metabolic requirement of the cancer cells [98]. TFEB-driven
autophagy is also required for TGFB1-induced pancreatic cancer cell
migration and metastasis [99]. In prostate cancer, androgen-
induced TFEB expression and activity promotes autophagy and
prostate cancer growth [93]. Additionally, in colorectal cancer, TFEB
expression is positively correlated with infiltration and metastasis
rate [95] and TFEB is involved in the autophagy-mediated resistance
to chemotherapy [96]. Therefore, a variety of studies have
suggested the potential of TFEB inhibition as a therapeutic
approach for cancer treatment. For instance, silencing TFEB
sensitizes glioblastoma to radiotherapy [100]. Alantolactone treat-
ment reduces TFEB expression in pancreatic cancer cells, which
contributes to the lysosome dysfunction, autophagosome accumu-
lation and the consequent induction of cell apoptosis [101].
Knocking down TFEB can also sensitize pancreatic cancer cells with

KRAS mutations to MAP2K/MEK inhibitors [102]. In addition to TFEB,
FOXO3-induced autophagy is reported to mediate sorafenib
resistance in hepatocellular carcinoma and FOXO3-targeted therapy
is proposed to be a promising approach to improve clinical
prognosis [103].

Neurodegenerative disorders
Deficient autophagy is highly correlated with neurodegenerative
diseases due to the impaired clearance of aggregate-prone
proteins such as the amyloid β-protein (Aβ) and MAPT/tau in
Alzheimer disease (AD), SNCA/α-synuclein in Parkinson disease
(PD) and mutant HTT (mHTT) in Huntington disease (HD) [104].
Therefore, modulating autophagy transcription factors to activate
autophagy has the potential to alleviate neurodegenerative
diseases. In AD brains, nuclear TFEB is reduced [105] and the fact
that overexpressing TFEB and inducing TFEB nuclear localization
promote the clearance of Aβ and MAPT/tau supports the close
association between TFEB dysregulation and AD [106, 107].
Therefore, some small molecules that activate TFEB, such as
celastrol, an MTORC1 inhibitor, and trametinib, a MAP2K1 and
MAP2K2 inhibitor, may have the potential to treat AD [108–110].
As with AD, reduced nuclear TFEB is also found in PD brains [111].
Autophagy induced by overexpression or pharmacological activa-
tion of TFEB promotes the clearance of SNCA and protects
neurons from SNCA toxicity [111, 112]. This is also true for HD,

Table 3. Mammalian transcription factors regulating ATG gene expression.

Transcription factor Effects (+, positive;
– negative)

Target genesa Ref.

ATF4 + Atg3, Atg5, Atg10, Atg12, Atg16l1, Becn1, Gabarapl2, Map1lc3b, ULK1 [138, 139]

CREB + Atg2b, Atg3, Atg5, Atg7, Ulk1 [71]

DDIT3/CHOP + Atg5, Atg7, Atg10, Gabarap [139]

E2F1 + BECN1, MAP1LC3B, ULK1 [60, 62]

E2F3 + BECN1 [60]

FOXO1 + Atg12, Map1lc3b, Gabarapl1, Pik3c3 [37, 38]

FOXO3 + Atg5, Atg10, Atg12, Atg14, Becn1, Map1lc3b, Pik3c3, Ulk1, Ulk2, Wipi2 [34–36]

GATA1 + Atg4b, Atg12, Gabarap, Gabarapl1, Gabarapl2, Map1lc3a, Map1lc3b [66]

GATA4 – Atg5, Atg7, Atg12, Becn1 [67]

JUN + BECN1, MAP1LC3B [140, 141]

KLF2 + Atg2, Atg9, Atg13, Atg16l1, Pik3c3, Ulk1 [142]

KLF4 + Atg2, Atg9, Atg13, Atg16l1, Pik3c3, Ulk1 [142]

MITF1 + ATG4A, ATG9B, ATG16L1, MAP1LC3B, WIPI1 [29, 30]

NFKB + BECN1 [61]

NR1H4/FXR – Atg2a, Atg2b, Atg3, Atg5, Atg7, Atg10, Atg16l1, Gabarap, Map1lc3a,
Map1lc3b, Pik3c3, Ulk1, Wipi1, Wipi2

[71, 72]

PPARA + Atg7, Map1lc3a, Map1lc3b, Pik3c3 [72]

SMAD2 – Becn1 [143]

SOX2 + BECN1 [144]

SREBF2/SREBP2 + ATG4B, ATG4D, ATG5, ATG7, BECN1, MAP1LC3B [145, 146]

STAT1 – ULK1 [147]

STAT3 – BECN1 [148]

TFE3 + ATG3, ATG4A, ATG5, ATG9B, ATG16L1, GABARAPL1, GABARAPL2, MAP1LC3B,
WIPI1

[30]

TFEB + ATG9B, ATG16L1, GABARAPL1, MAP1LC3B, WIPI1 [27, 30]

TP53 + (nuclear TP53) ATG4A, ATG4C, ATG7, ULK1, ULK2 [47, 48]

XBP1 + BECN1 [78]

ZKSCAN3 – MAP1LC3B, ZFYVE1/DFCP1, ULK1, WIPI2 [32]

ZNF148 + Atg2, Atg9, Atg13, Atg16l1, Pik3c3, Ulk1 [142]
aBased on convention, human genes are indicated with all uppercase letters and mouse genes with only the first letter capitalized.
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where overexpressing TFEB reduces the mHTT level in the HD
mouse model [113]. In a more recent study, SMK-17 is found to
upregulate autophagy through inducing TFEB nuclear localization
and to reduce protein aggregates in both PD and HD cell models
[114]. Besides these three major neurodegenerative diseases, in
spinal and bulbar muscular atrophy (SBMA), polyglutamine-
expanded AR (androgen receptor), the major cause of this disease,
interferes with TFEB transactivation function, leading to decreased
autophagy in motor neurons and promoting SBMA pathogenesis.
More importantly, deficient autophagy flux can be rescued by
overexpressing TFEB, highlighting the potential of TFEB as a
therapeutic target [115]. However, in the skeletal muscle cells from
SBMA mice, higher TFEB activity and autophagy are reported,
suggesting the distinct roles of autophagy in neurons and muscles
in neuromuscular diseases [116]. Additionally, in amyotrophic
lateral sclerosis/ALS brains from mouse model or patients, reduced
TFEB expression and nuclear fraction are discovered and over-
expressing TFEB improves the survival and proliferation of
amyotrophic lateral sclerosis neurons [105, 117, 118].
Because PPARA can promote the transcription of TFEB, PPARA

activation can also alleviate neurodegenerative pathogenesis. It is
reported that the activation of autophagy by PPARA agonist
improves the clearance of Aβ and mitigates AD pathology and
cognitive decline in the murine model [119]. A later study
demonstrated that this pathway is mediated by TFEB because Tfeb
knockdown inhibits the degradation of Aβ induced by the

activation of PPARA in mouse astrocytes [120]. Additionally,
PPARA activation by treadmill exercise induces Tfeb transcription
and the expression of autophagy-lysosome genes, which is
essential to prevent SNCA accumulation [121]. In the mouse
model of HD, the induction of PPARGC1A/PGC1A, the coactivator
of PPARG, activates the transcription of Tfeb, which contributes to
the mHTT aggregate reduction [122].
Here, we only summarize the implication of these autophagic

transcription factors in neurodegenerative disorders depending
on their transcriptional activity, focusing on TFEB. It should be
kept in mind that these proteins may have functions indepen-
dent from being a transcription factor. Therefore, even though
gene overexpression or pharmacological activation are potential
therapeutic approaches to neurodegenerative diseases, there
are some limitations. For instance, a study from Brattas et al.
reported that overexpressing TFEB does not reduce the mHTT
aggregates, whereas overexpressing BECN1 can partially clear
the aggregates at the early stage of the disease [123]. A later
study identified a prion-like domain at the N terminus of TFEB
that mediates the coaggregation of TFEB and mHTT and this
may explain the failure of overexpressed TFEB in the clearance
of mHTT aggregates [124]. In addition, BECN1 overexpression
cannot rescue the mHTT-associated phenotype at a later stage
of HD when prominent mHTT accumulation occurs, suggesting
that activating autophagy at a particular stage of the disease is
important in the outcome [123].
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Fig. 4 The regulation of autophagy in mammalian cells through TFEB, ZKSCAN3 and FOXO proteins. Under nutrient-replete conditions,
TFEB is phosphorylated by both MTORC1 and MAPK1, and phosphorylated TFEB will be retained int the cytosol. At the same time,
ZKSCAN3 suppresses the transcription of autophagy and lysosome genes. FOXO3 is phosphorylated by AKT and binds to YWHA/14-3-3
proteins, which will exit from the nucleus. Upon starvation, dephosphorylated TFEB is transported into the nucleus and transactivates a series
of genes involved in autophagy and lysosome function. In contrast, ZKSCAN3 is pushed outside the nucleus. FOXO3 maintains its nuclear
localization and induces the transcription of multiple ATG genes. FOXO3 also promotes the expression of PIK3CA which induces the
subsequent phosphorylation of FOXO1. Phosphorylated FOXO1 will move into the cytosol and binds to ATG7 to induce autophagy through a
transcription-independent pathway.
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Metabolic disorders
Because autophagy is a critical process to maintain the balance of
metabolites, dysregulation of autophagy has been seen in metabolic
disorders such as obesity and diabetes [11]. The association between
autophagy and obesity is complicated: autophagy may both
contribute to or inhibit obesity, and autophagy may have different
effects in different tissues in an obese model. In omental adipose
tissue, elevated E2F1 and autophagy gene expression are reported,
and these are correlated with obesity-associated cardio-metabolic
risk signature [125, 126]. In another study, e2f1 knockout promotes
white adipose tissue browning through inhibiting autophagy, and
therefore, it could become a potential therapeutic treatment against
obesity through reducing excessive energy storage in white adipose
tissue [127]. Additionally, in the adipose tissue of high fat-diet
induced obese mouse, the FOXO3 protein level and some Atg gene
transcripts are upregulated and Foxo3 knockdown inhibits lipid
accumulation [128]. However, in the heart from a diet-induced
obesity mouse model, TFEB with inhibitory phosphorylation
increases and autophagosome turnover is inhibited [129]. In line
with this, another study reported that the chemical MSL enhances
autophagy through activating PPP3/calcineurin to induce TFEB
dephosphorylation and nuclear translocation. More importantly, this
molecule can induce the clearance of intracellular lipids and improve
the metabolic profile of obese mice [130].
In this section, we briefly discussed how autophagy transcrip-

tion factors are altered in cancer, neurodegenerative diseases and
metabolic disorders and their potential to become therapeutic
targets, which are summarized in Table 4. However, diseases
associated with altered autophagy transcription factors are not
limited to the three mentioned here. For example, TFEB and

autophagy are important in the immune response, suggesting a
close correlation with infectious diseases [131]. Additionally, TFEB
and FOXO also control the expression of many autophagy genes
in the context of aging [132]. These findings further highlight the
importance of fine-tuning of autophagy in maintaining cell
homeostasis.

DISCUSSION
In the past decades, a large number of transcriptional regulators of
autophagy have been discovered in both yeast and mammalian
systems. While one transcription factor can target multiple
autophagy genes, the same autophagy gene can be regulated
by multiple transcription factors, which allows the precise control
of autophagy under different conditions. Some core ATG genes,
including BECN1, ULK1 and MAP1LC3B are common targets of
these transcription factors (Table 3), indicating their key roles in
modulating autophagy. The importance of transcriptional regula-
tion of autophagy is also reflected by the alteration of some
transcription factors under pathological status, such as the
mutations in TP53 in tumors and the change of TFEB expression
and subcellular localization in neurodegenerative diseases, and
the concomitant abnormal autophagy. Therefore, these transcrip-
tion factors have the potential to be developed into biomarkers
for disease diagnosis and targets in therapy, but their
transcription-independent roles may lead to some limitations
and should always be taken into consideration. Additionally, as
different cells have distinct responses to the change in autophagy,
the assessment of autophagy transcription factor modulation
should also be cell specific.
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In this review, we mainly focused on nonselective autophagy and
briefly discussed how mitophagy is regulated at the transcriptional
level [25, 55, 56]. Because few studies focus on how selective
autophagy is controlled by transcription factors, it will be important
and worthwhile to understand whether and how different
transcription factors regulate selective types of autophagy and if
their modulation can be exploited for therapeutic purposes.
As mentioned previously, autophagy regulation can occur at

multiple levels, which together controls the fine-tuning of this
process (Fig. 2). In the nucleus, transcription regulation
cooperates closely with epigenetic regulation. First, modifica-
tions on DNA and histones influence chromatin structure, thus
affecting the accessibility to transcription factors [133]. Second,
histone modifiers can work together with transcription factors
and repressors. For instance, CARM1 not only causes H3R17
dimethylation during glucose starvation, but also functions as
the coactivator of TFEB [134]. Additionally, EHMT2/G9a induces
H3K9 methylation and recruits the transcription repressor BRD4,
both inhibiting the transcription of autophagy genes [135]. More
studies analyzing the integration of these factors would deepen
our knowledge about the complicated network of autophagy
regulation in the nucleus.
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