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Cardiovascular diseases (CVDs) are the leading cause of death and a major cause of disability globally. Tran-
scription factor EB (TFEB), as a member of the microphthalmia transcription factor (MITF) family, has been
demonstrated to be a master regulator of autophagy and lysosomal biogenesis. Emerging studies suggest
that TFEB regulates homeostasis in the cardiovascular system and shows beneficial effects on CVDs, including
atherosclerosis, aortic aneurysm, postischemic angiogenesis, and cardiotoxicity, constituting a promising
molecular target for the prevention and treatment of these diseases. Post-translational modifications regu-
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CZJr/;A;gCasscular disease late TFEB nuclear translocation and its transcriptional activity. Therapeutic strategies have been pursued to
Autophagy enhance TFEB activity and facilitate TFEB beneficial effects on CVDs. The elucidation of TFEB function and the
Lysosome precise underlying mechanisms will accelerate drug development and potential applications of TFEB drugs

in the treatment of human diseases.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death in
the United States and worldwide. The mortality rate of CVD is much
higher in patients with metabolic disorders, including obesity and
diabetes. Transcription factor EB (TFEB) is an important transcrip-
tional factor that enhances autophagy and lysosomal biogenesis [1,2].
Accumulating studies suggest that TFEB plays critical roles in main-
taining body homeostasis, particularly in the cardiovascular, meta-
bolic, immune, cancer, and nervous systems. In this review, we
summarize the function and underlying mechanisms of TFEB in CVDs
and discuss the potential of TFEB as a therapeutic target to prevent
and treat these human diseases.

Abbreviations: TFEB, transcription factor EB; MITF, microphthalmia transcription fac-
tor; CVDs, cardiovascular diseases; TFEC, transcription factor EC; TFE3, transcription
factor E3; bHLH-Zip, basic helix-loop-helix and leucine zipper domains; CLEAR, Coordi-
nated Lysosomal Expression and Regulation; ECs, endothelial cells; VSMCs, vascular
smooth muscle cells; mTOR, mammalian target of rapamycin; HPSCD, 2-Hydroxy-
propyl-B-cyclodextrin; PGCle, peroxisome proliferator-activated receptor gamma,
coactivator 1 alpha; PPAR, peroxisome proliferator-activated receptor; Atg5, autoph-
agy related 5

* Corresponding author.

E-mail address: fanyb@ucmail.uc.edu (Y. Fan).

https://doi.org/10.1016/j.ebiom.2020.103207

1.1. MITF/TFE gene family

The microphthalmia transcription factor (MITF) family is com-
prised of TFEB, MITF, transcription factor EC (TFEC), and transcription
factor E3 (TFE3). MITF family members contain similar adjacent basic
helix-loop-helix and leucine zipper domains (bHLH-Zip) and regulate
target genes by binding to the E-box (CANNTG) at the gene promoter
(Fig. 1a). The MITF/TFE family has diverse effects on cellular processes,
including organelle biogenesis, proliferation, apoptosis, nutrient sens-
ing, metabolism, and stress adaptation [3]. Disruption of Mitf by trans-
gene insertion leads to defects in pigmentation, eye size, bone
development, mast cells, and hearing in mice [4]. Although Mitf and
Tfe3 often have redundant functions in osteoclast development, Mitf/
Tfe3 double knockout (KO) mice exhibited severe osteopetrosis [5].

TFEB was screened from a ¢cDNA library in a human B-cell line by
using a probe sequence in the major late promoter of the adenovirus
[6]. Although the structure of MITF members is similar, TFEB has dis-
tinct effects on cell biology and multiple diseases. Tfeb-deficient mice
die between 9.5-10.5 days in the uterus due to impaired placental
vascularization [7]. Cell differentiation is an indispensable process in
development, growth and regeneration of multicellular organisms. In
the liver, TFEB induces the differentiation of murine liver stem/pro-
genitor cells into the progenitor/cholangiocyte lineage while inhibit-
ing hepatocyte differentiation through upregulating Sox9, a marker
of precursor and biliary cells [8]. In acute promyelocytic leukemia,
autophagy is critical for the differentiation of leukemic blasts. TFEB
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enhances autophagy and potentiates leukemic cell differentiation [9].
Osteoblasts are bone-forming cells that produce collagen type I and
bone matrix proteins. TFEB enhanced osteoblast differentiation and
osteoblastogenesis, resulting from the reduction of activating tran-
scription factor 4 (ATF4) and CCAAT/enhancer-binding protein
homologous protein (CHOP) [10]. These findings underscore the
importance of TFEB in cell differentiation and development. The
observations of severe phenotypes resulting from Mitf/Tfe member
deficiency have sparked great interest in the research field. In partic-
ular, the role of TFEB in cardiovascular biology is gaining increased
attention.

1.2. TFEB is a master regulator of lysosomal biogenesis and autophagy

Autophagy is a critical process for cells to clear and recycle dam-
aged molecules and organelles. Autophagosomes fuse with lyso-
somes to form autolysosomes, which degrade proteins and
macromolecules. TFEB regulates a variety of lysosomal genes, includ-
ing HEXA, PSAP, CTSD, CTSF, MCOLN1, and ATP6V1H, by binding to the
palindromic 10-base pair motif (GTCACGTGAC) in the gene promoter
[1]. This motif was named Coordinated Lysosomal Expression and
Regulation (CLEAR) element because of its enrichment in the pro-
moter of lysosomal genes. TFEB also upregulates autophagy genes
(e.g., UVRAG, WIPI, MAPLC3B, SQSTM1, VPS11, VPS18, and ATG9B) to
promote autophagy. The enhanced autophagy and lysosomal func-
tion are essential for cells to adapt to starvation and stress conditions
(Fig. 1b) [2].

1.3. Autophagy-independent effects of TFEB

Although many studies focused on autophagy-dependent effects
of TFEB in different cells and tissues, emerging evidence indicates
that besides autophagy, TFEB also regulates other diverse genes and
signalling pathways. In osteoblasts, TFEB promotes cell differentia-
tion by inhibiting ATF4 and CHOP [10]. In skeletal muscle, TFEB medi-
ates Ang Il-induced skeletal muscle wasting by transcriptional
regulation of muscle-enriched E3 ubiquitin ligase muscle RING fin-
ger-1 (MuRF1) expression [11]. In tumour-associated macrophages,
downregulation of TFEB promotes M2 polarization through reducing
suppressor of cytokine signalling 3 (SOCS3) and signal transducer
and activator of transcription 3 (STAT3) pathways [12]. In vascular
endothelial cells (ECs), TFEB inhibits vascular inflammation via the
upregulation of antioxidant genes, heme oxygenase-1 (HMOX1) and
superoxide dismutase 2 (SOD2) [13], and inhibition of the nuclear fac-
tor kappa B (NF-«B) pathway [14]. In vascular smooth muscle cells
(VSMCs), TFEB binds to the promoter of B-cell lymphoma 2 (BCL2), a
potent anti-apoptotic gene [15]. In addition to autophagy and lyso-
somal genes, the other TFEB target genes and signalling pathways are
summarized in Fig. 1b. Taken together, TFEB not only enhances
autophagy and lysosome-mediated cellular clearance but also regu-
lates diverse cellular processes largely dependent on transcriptional
modulation of target genes.

2. Mechanisms mediating the regulation of TFEB

Cells can sense environmental changes, such as heat and starva-
tion, and initiate an adaptive response to help cells maintain homeo-
stasis. TFEB acts as a critical mediator in the context of cellular
adaptation to diverse stresses. As a transcription factor, TFEB translo-
cates to the nucleus and regulates target gene expression once
upstream regulators activate it. Rapid post-translational modification
and prolonged transcriptional regulation modulate TFEB activity and
enable TFEB to serve as a highly dynamic effector to maintain cell
homeostasis rapidly and efficiently in response to various stimuli.

2.1. Regulation of TFEB nuclear translocation

Post-translational modifications, including phosphorylation, acet-
ylation, ubiquitination and SUMOylation, can alter protein activity,
subcellular distribution, and protein interactions. Phosphorylation
and acetylation sites on the TFEB protein have been identified to reg-
ulate TFEB nuclear translocation and its transcriptional activity
(Fig. 2). Phosphorylation of TFEB at specific sites enables TFEB to be
either retained in the cytoplasm, translocated to the nucleus, or
retained in the nucleus due to impaired nuclear export. In the
nucleus, TFEB binds to the promoter of target genes to regulate gene
expression (Fig. 3a). TFEB phosphorylation is catalyzed by multiple
kinases including the mammalian target of rapamycin complex 1
(mTORC1), [16—18] protein kinase CS (PKCS) [19], extracellular sig-
nal-regulated kinase (ERK) [2], AKT serine/threonine kinase (Akt)
[20], glycogen synthase kinase 3 beta (GSK3) [21,22], and mitogen-
activated protein kinase kinase kinase 3 (MAP4K3).[23] On the other
hand, calcineurin (a phosphatase activated by intracellular Ca®") [24]
and protein phosphatase 2A (PP2A) [25] dephosphorylate TFEB and
induce its nuclear translocation. Moreover, nuclear export is a crucial
step for TFEB shuttling between the cytosol and nucleus. Chromo-
somal Maintenance 1 (CRM1), a major export protein that facilitates
the transport of proteins across the nuclear membrane to the cyto-
plasm, mediates TFEB nuclear export [22,26]. mTOR-dependent TFEB
phosphorylation is required for this process [27]. Another study
found that TFEB nuclear export is dependent on the phosphorylation
of S142 and S138 controlled by mTORC2-GSK38 [22]. Therefore,
phosphorylation status can regulate TFEB nuclear translocation and
transcriptional activity.

Besides phosphorylation, acetylation of lysine residues (K91,
K103, K116, and K430) has been reported to increase TFEB activity in
HCT116 cells, a human colorectal carcinoma cell line [28]. However,
another study reported that TFEB K116 deacetylation by SIRT1 pro-
motes its transcriptional activity in microglia [29]. The discrepancy
may be due to the nature of stimuli and cell types used. SUMOylation
is a reversible post-translational modification in which small ubiqui-
tin-like modifier (SUMO) proteins are covalently conjugated to lysine
residues in specific target proteins. SUMOylation of TFEB was
reported in COS-7 cells. However, the mechanisms and functional
changes related to SUMOylation remain to be explored .[30]. Collec-
tively, post-translational modifications of the TFEB protein provide a
molecular basis for the modulation of TFEB activity in cells (Fig. 3a).

2.2. Regulation of TFEB expression and mRNA stability

Multiple transcription factors that regulate TFEB at the transcrip-
tional level have been identified in specific cells under different con-
ditions (Fig. 3b). Kriippel-like factor 2 (KLF2) increases TFEB
transcription in human umbilical vein endothelial cells (HUVECs)
under laminar shear stress [14]. In the liver, starvation induces TFEB
expression via a positive autoregulatory loop in mice [31], and cAMP
response element-binding protein (CREB) and its co-activator, CREB-
regulated transcription co-activator 2 (CRTC2), cooperatively increase
TFEB transcription [32]. In the brain, TFEB mRNA expression is com-
promised in the mouse Huntington’s disease model. PGC-1« can bind
to the TFEB promoter to rescue its transcription and attenuate neuro-
degeneration in Huntington’s disease [33]. In mouse astrocytes, the
PPARx-RXRa-PGClar  complex increases TFEB transcription by
binding to the PPAR response element in the TFEB promoter [34]. In
adipocytes, Forkhead box 01 (FOXO1) directly increases TFEB tran-
scription [35]. In addition to gene transcription, the regulation of
mRNA stability is one of the critical control steps in dynamic gene
expression. Methyltransferase like 3 (METTL3) destabilizes TFEB RNA
through N6-methyladenosine (m6A) mRNA modification following
ischemia/reperfusion (I/R) in mouse hearts [36]. Taken together, TFEB
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Fig. 1. Schematic representation of functional domains for MITF family members and TFEB target genes. (a), MITF members contain N-term transcriptional activation domain (AD),
basic helix-loop-helix region (bHLH), leucine zipper (LZ), proline-rich domain (Pro-rich), or serine-rich stretch (Ser) domain. Numbers indicate amino acid location in the protein.
(b), Diagram illustrating the genes and pathways regulated by TFEB. Besides autophagy and lysosomal biogenesis genes, TFEB also regulates numerous other genes and pathways.
Abbreviations: ECs, endothelial cells; VSMCs, vascular smooth muscle cells; TAMs, tumor-associated macrophages.
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Fig. 2. Post-translational modifications of TFEB. The activity of TFEB is strictly controlled by post-translational modifications, including phosphorylation and acetylation. Diagram
illustrating the modification sites and corresponding enzymes.
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Fig. 3. Mechanisms mediating the regulation of TFEB. (a) Phosphorylation is a well-recognized post-translational modification that regulates TFEB nuclear translocation. Inhibition
of mTOR or ERK, activation of PKCS or activation of phosphatases calcineurin or PP2A induces TFEB nuclear translocation and enhances TFEB transcriptional activity. mTOR or
mTORC2-GSK3 8 facilitates TFEB nuclear export. (b) TFEB expression is regulated at the transcriptional level. Numerous transcription factors, including Kriippel-like factor 2 (KLF2),
Forkhead box 01 (FOXO1), cAMP response element-binding protein (CREB) and its co-activator, CREB-regulated transcription co-activator 2 (CRTC2), peroxisome proliferator-acti-
vated receptor alpha (PPARw), peroxisome proliferator-activated receptor gamma coactivator-1o (PGC-1cr) and TFEB itself, transactivate TFEB gene expression. Also, methyltrans-
ferase like 3 (METTL3) decreases TFEB mRNA expression by N6-methyladenosine (m6A) modification.

is a druggable target based on the feasibility of post-translational
modifications and alterations in expression.

3. TFEB and CVDs

Although CVDs are heterogeneous in nature, they share some
common pathological features, such as atherosclerosis and inflamma-
tion [37,38]. Recent studies have revealed that TFEB is critical to
maintaining vascular and heart homeostasis (Fig. 4). TFEB possesses
cell type-specific effects and shares some common pathways (e.g.,

promotes autophagy and cell survival) in different cells. Cell-specific
knockout and transgenic animal models combined with various dis-
ease models have provided useful information for understanding the
roles of TFEB in CVDs and developing new therapeutic approaches.

3.1. TFEB in endothelial cells (ECs)
ECs serve as a barrier between blood flow and the vascular wall.

Endothelial dysfunction is an early event that initiates atherosclerotic
development. TFEB is upregulated by atheroprotective laminar shear
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Fig. 4. The role of TFEB in cardiovascular diseases (CVDs) and metabolic diseases. TFEB regulates the function of endothelial cells (ECs), vascular smooth muscle cells (VSMCs), mac-
rophages, and cardiomyocytes in various CVDs, underscoring a critical role of TFEB in regulating cardiovascular homeostasis.

stress in vascular ECs both in vitro and in vivo [13,14]. In ECs, TFEB
displays anti-inflammatory, anti-atherosclerotic, and pro-angiogenic
effects. Using an EC-specific TFEB transgenic mouse model (mouse
Tie2 promoter-driven TFEB transgene), we demonstrated that TFEB
inhibits EC inflammation and attenuates atherosclerosis in apolipo-
protein E (ApoE) knockout (KO) mice [13]. Similar results have shown
that TFEB overexpression diminishes vascular inflammation in dia-
betic db/db mice [14]. Recently, we demonstrated that TFEB in ECs
improves systemic glucose tolerance in vivo using EC-Tfeb transgenic
and EC-Tfeb KO (VE-cadherin Cre X floxed Tfeb) mice. TFEB increases
glucose uptake in ECs and promotes insulin transport across ECs.
Mechanistically, TFEB upregulates insulin receptor substrate-1 (IRS1)
and IRS2, and activates the Akt signaling pathway in ECs [39]. Angio-
genesis plays a critical role in embryonic development, wound heal-
ing, and other physiological and pathological responses. Using EC-
Tfeb transgenic and EC-Tfeb KO mouse models, we found that
endothelial TFEB promotes postischemic angiogenesis via activating
AMP-activated protein kinase o (AMPKe) signalling and enhancing
autophagy [40]. EC-specific Tfeb KO mice also showed impaired endo-
thelial proliferation and vasculature defects [41]. Therefore, TFEB is
critical to regulating vascular EC biology and potentially reversing
endothelial dysfunction-related vascular diseases.

3.2. TFEB in vascular smooth muscle cells (VSMCs)
VSMCs are the major cell type in the tunica media of vessels. Dur-

ing atherosclerotic development, VSMCs contribute to many athero-
sclerotic plaque cells, including foam cells, macrophage-like cells,

and mesenchymal stem cell-like cells. Moreover, VSMC plasticity and
apoptosis are involved in the pathogenesis of aortic aneurysms [42]
and neointimal formation [43]. TFEB has been demonstrated to be
essential to regulate VSMC function. Trehalose («-D-glucopyranosyl
a-D-glucopyranoside), a TFEB activator, enhances TFEB-mediated
autophagy in cultured VSMCs and attenuates VSMC proliferation and
migration. A particular mouse study suggests that trehalose inhibits
VSMC migration and proliferation, and suppresses neointimal forma-
tion in partially ligated carotid arteries [44]. Another study found
that TFEB upregulates cathepsin S and is required for nicotine-
induced VSMC migration. The discrepancy of TFEB in VSMC migration
might result from different stimuli and characteristics of VSMCs [45].
Recently, we found that TFEB is significantly reduced in both thoracic
aortic aneurysm (TAA) and abdominal aortic aneurysm (AAA) lesions.
TFEB potently inhibits VSMC apoptosis by upregulating B-cell lym-
phoma 2 (BCL2) directly. VSMC-selective Tfeb KO promotes AAA
development in multiple mouse models, including the proprotein
convertase subtilisin/kexin type 9 (PCSK9)/angiotensin II (Angll)
model and B-aminopropionitrile (BAPN) model [15]. Although it has
been found that TFEB regulates VSMC migration, proliferation and
apoptosis, the roles of TFEB in VSMC biology and vascular diseases
remain to be fully explored.

3.3. TFEB in macrophages
Macrophages have been well recognized as important immune

effector cells in inflammation, injury, regeneration, and remodelling
in the vasculature and heart under pathological conditions [46].
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Macrophages link certain risk factors, including obesity, diabetes, and
immune dysfunction, to CVDs by sensing microenvironmental
changes and triggering intracellular signalling cascades. Similar to its
roles in ECs, TFEB exhibits anti-inflammatory and anti-atherosclerotic
effects in macrophages. In the ApoE KO mouse atherosclerosis model,
the accumulation of excessive intracellular cholesterol impairs nor-
mal lysosomal function in macrophages. Macrophage-specific TFEB
overexpression promotes autophagy and lysosomal biogenesis in
atherosclerotic plaques and reduces lesion size in an autophagy-
related 5 (Atg5) and ubiquitin-binding protein p62 (p62)-dependent
manner in ApoE KO mice [47]. TFEB overexpression in macrophages
restores normal lysosomal function and reduces inflammasome acti-
vation and interleukin-18 (IL18) production [48]. Intriguingly, the
inhibition of IL1p is autophagy-independent as Atg5 KO did not abol-
ish this effect [48]. Macrophage TFEB also attenuates ventricular dys-
function after cardiac IR injury in a partially lysosomal acid lipase-
dependent and Atg5-independent manner [49]. In the setting of ath-
erosclerosis and myocardial infarction, TFEB has diverse effects on
macrophages in vivo. However, the impact of TFEB is unlikely to be
fully addressed by a single mechanism. Taken together, macrophage
TFEB plays critical roles in the regulation of vascular and cardiac
homeostasis. Further, it is noteworthy that macrophage TFEB is
involved in not only CVDs but also in immune defence and cancer
development. Macrophage-specific TFEB overexpression suppresses
breast tumour growth in mice. TFEB knockdown facilitates macro-
phage M2 polarization through inhibition of suppressor of cytokine
signalling 3 (SOCS3) and activation of signal transducer and activator
of transcription 3 (STAT3) in the tumour microenvironment [12].

3.4. TFEB in cardiomyocytes

Cardiomyocytes are responsible for generating contractile force in
the heart. Autophagy is critical to maintaining heart homeostasis and
is involved in a broad spectrum of cardiac diseases. TFEB activity is
dynamically altered in the heart in response to microenvironmental
changes. Fasting induces TFEB nuclear translocation and refeeding
leads to a rapid decline in nuclear TFEB content in the mouse myocar-
dium in vivo. Next, TFEB is essential for repetitive starvation-depen-
dent attenuation of cell death induced by hypoxia-reoxygenation in
neonatal rat cardiomyocytes in vitro [50]. Lipopolysaccharides (LPS)
induce autophagy and TFEB nuclear translocation in the heart of
young mice but not aged mice, which may result in increased suscep-
tibility to LPS-induced myocardial injury in aged mice [51].

In the heart, growing evidence shows that TFEB enhances the sur-
vival of cardiomyocytes under pathological conditions. TFEB restores
mitochondrial biogenesis via induction of peroxisome proliferator-
activated receptor-gamma, co-activator 1 alpha (PGCla), and sup-
presses BCL-2/adenovirus E1B 19-kDa interacting protein 3 (BNIP3)-
induced cardiomyocyte death in vitro [50]. The R120G mutant of «B-
crystallin (CryAB R120G) in cardiomyocytes impairs autophagic flux
and causes desmin-related proteotoxicity and cardiomyopathy.
Forced TFEB overexpression increases autophagic flux and remark-
ably attenuates CryAB R120G overexpression-induced accumulation
of protein aggregates and cell death in neonatal rat ventricular cardi-
omyocytes [52]. A recent study found that adeno-associated virus
(AAV)-mediated TFEB overexpression can also attenuate cardiac dys-
function and myocardial hypertrophy in those mice overexpressing
CryAB R120G in cardiomyocytes [53]. Monoamine oxidase-A (MAO-
A) activation promotes ROS production, inhibits TFEB nuclear translo-
cation, and blocks autophagic flux in cardiomyocytes. AAV-mediated
TFEB overexpression attenuates autophagic blockade, cardiomyocyte
death, and heart failure in MAO-A transgenic mice [54]. Thus, TFEB
protects cardiomyocytes against proteotoxicity and cell death
through enhancing autophagy and lysosomal function.

Emerging evidence suggests that impaired TFEB activity contrib-
utes to cardiotoxicity and cardiomyopathy under pathological

conditions. Insulin resistance-induced hyperglycemia and fatty acid
overutilization lead to glucolipotoxicity in the heart. Glucolipotoxic-
ity downregulates TFEB and leads to diminished lysosomal function
in cardiomyocytes [55]. Reduced nuclear TFEB content and elevated
lipid (diacylglycerol and triacylglycerol) accumulation concomitantly
occurred in the heart from high-fat high-sucrose diet-fed mice. Cardi-
omyocyte-specific Tfeb KO disturbs not only autophagy and lyso-
somal function but also metabolic pathways, rendering the heart
susceptible to nutrient overload-induced injury in mice [55].

Cancer chemotherapy drugs can also induce cardiotoxicity and
further lead to heart failure. Doxorubicin (DOX) is a chemotherapy
drug that blocks the enzyme, topoisomerase 2. DOX represses TFEB
expression, and restoration of TFEB prevents DOX-induced ROS pro-
duction, caspase activation, and cardiomyocyte death [56]. Patients
treated with proteasome inhibition chemotherapies readily develop
cardiotoxicity. The ubiquitin-proteasome system and autophagy-
lysosomal pathway cooperatively regulate proteostasis. A recent
study demonstrated that Mcoln1-calcineurin-TFEB-p62 mediates the
activation of the autophagy-lysosomal pathway during proteasome
malfunction, and p62 deficiency exacerbates proteasome inhibition-
induced ventricle malfunction in mice [57]. Taken together, TFEB is
critical in the pathogenesis of cardiomyopathy and is becoming a
potential target for the treatment of heart diseases.

4. Pharmacological modulation of TFEB and clinical implications

Defective autophagy and lysosomal dysfunction have been
implicated in many diseases, including CVDs (e.g., atherosclerosis
and cardiomyopathy), metabolic disorders (e.g., hepatic steatosis,
obesity, diabetes), and neurodegenerative diseases. The restoration
of autophagy and lysosomal function becomes a promising strategy
to treat these diseases. Herein, TFEB, as a master regulator of
autophagy and lysosomal biogenesis, is a potential molecular tar-
get to enhance or restore the capacity of cellular clearance and to
protect cells against pathological conditions. Either elevating the
expression or inducing nuclear translocation is a strategy to
increase TFEB activity. TFEB drugs/compounds have been identified
in many cell types and tissues with distinct mechanisms. Based on
the rapidly accumulated TFEB studies, we summarize the synthetic
and natural TFEB activators that have effects both in vitro and in
vivo (Table 1).

TFEB activators have been demonstrated to benefit CVDs.
Trehalose reduces atherosclerosis in ApoE KO mice [47] and improves
cardiac remodelling after myocardial infarction [58]. 3,4-dimethoxy-
chalcone (3,4-DC) induces autophagy in mouse hearts and amelio-
rates myocardial infarction after ischemic injury [59]. 2-
Hydroxypropyl-B-cyclodextrin (HPSCD), an FDA-approved cyclodex-
trin derivative currently used to increase the solubility of lipophilic
drugs, was revealed as a TFEB activator and enhanced the autophagic
clearance of intracellular proteolipid aggregates.[60] Recently, using
VSMC-Tfeb knockout mice, we demonstrated that HPSCD inhibits
abdominal aortic aneurysm formation in a VSMC TFEB-dependent
manner. HPSCD-dependent activation of TFEB inhibits VSMC apopto-
sis via upregulation of BCL2 [15].

TFEB activation also has shown its beneficial effects on meta-
bolic diseases and neurodegenerative diseases. Ezetimibe, a pre-
scribed cholesterol-lowering drug, activates TFEB and further
attenuates hepatic lipid accumulation and inflammation in methio-
nine- and choline-deficient (MCD) diet-fed mice [61]. A nanotech-
nology-enabled high-throughput screen identified three novel
compounds (digoxin, alexidine, and ikarugamycin) as TFEB activa-
tors. An oral supplement of digoxin or intravenous injection of
alexidine or ikarugamycin attenuates hepatic steatosis, obesity,
and hyperglycemia in HFD-fed mice [62]. Another study empha-
sized the inhibitory effect of TFEB activation on metabolic disor-
ders. [4-(4-fluorophenyl) sulfonyl-5-methylthio-2-phenyloxazole]
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Molecules targeting TFEB and their respective mechanisms and function.

Synthetic molecules targeting TFEB

Name Mechanism In vitro study In vivo study Ref
3,4-dimethoxychalcone (3,4-DC) Inhibits mTOR HepG2 and U20S cells: Attenuates myocardial infarction and [59]
Promotes TFEB nuclear translocation Enhances autophagy improves the efficacy of chemo-
therapy drugs
Alexidine, and ikarugamycin Alexidine and Ikarugamycin: Hela cells: Attenuate metabolic disorders in [62]
Ca%*-CaMKKB/AMPK/mTORC1 Enhance autophagy HFD-fed mice and extend lifespan
Promote TFEB nuclear translocation in C. elegans
Ezetimibe Activates AMPK Mouse hepatocytes and human hep-  Attenuates lipid accumulation, [61]
Promotes TFEB nuclear translocation atoma cells: Increases autophagy inflammation, and fibrosis in liver-
and ameliorates lipid accumula- specific Atg7 wild-type and hap-
tion and apoptosis loinsufficient mice
Macrophages: Inhibits the NLRP3
inflammasome-IL14 pathway
Formononetin Activates AMPK HepG2 and mouse hepatocytes: Inhibits HFD-induced hepatic steato- [65]
Promotes TFEB nuclear translocation Facilitates lysosome biogenesis and sis and lipid disorders in mice
lipophagy
Gemfibrozil Activates PPARo-RXRa-PGCla Astrocytes: Increases lysosomal biogenesis in the [34]
Increases TFEB expression Enhances lysosomal biogenesis cortex in mice
MSL Promotes TFEB nuclear translocation Hela cells: Improves metabolic disorders in ob/  [63]
Enhances autophagy and decreases ob mice
intracellular lipid accumulation
Tubastatin A Increases TFEB acetylation NRK-52E cells: Attenuates cell death  Protective in rat experimental kid- [66]
Promotes TFEB nuclear translocation ney disease
Natural molecules targeting TFEB
Aspirin Activates PPARx Mouse primary astrocytes: Reduces the amyloid burden in the [67]
Increases TFEB transcription Increases lysosomal biogenesis hippocampus of 5XFAD mice
Carbon monoxide Activates PERK-calcineurin Hepatocytes: Attenuates inflammatory liver injury  [64]
Promotes TFEB nuclear translocation Increases mitophagy induced by LPS/D-GalN in mice
Curcumin analog-C1 Binding to N-terminal of TFEB pro- N2a cells and HelLa cells: Activates TFEB and enhances [68]
tein Promotes autophagy flux and lyso- autophagy in rat brains
Promotes TFEB nuclear translocation somal degradation/biogenesis
Digoxin Digoxin: Ca%*-Calcineurin Hela cells: Attenuates metabolic disorders in [62]
Promotes TFEB nuclear translocation Enhances autophagy HFD-fed mice and extend lifespan
in C. elegans
Gypenoside XVII Promotes TFEB nuclear translocation PC12: Increases autophagy and elim- Prevents the formation of AS plaques [69]
by releasing TFEB from TFEB/14-3- inates ABPP, AB40, and AB42 in the hippocampus and cortex of
3 complexed protein APP/PS1 mice
HEP14 and HEP15 Activate PKC-GSK38 Hela cells: Attenuate the formation of amyloid  [21]
Promote TFEB nuclear translocation ~ Enhance lysosome biogenesis B (AB) plaques in APP/PS1 mouse
brains
HPBCD Depletes intracellular cholesterol VSMCs: Enhances autophagy and Inhibits abdominal aortic aneurysm  [12,15,60]
and inhibits mTORC1 inhibits apoptosis formation and progression in mice
Promotes TFEB nuclear translocation HeLa, LINCL fibroblasts, and macro-  Inhibits breast tumour growth in
phages: Enhances autophagy and mice
suppresses macrophage M2
polarization.
Procyanidin B2 Possible direct binding HepG2: Attenuates HFD-induced hepatic [70]
Promotes TFEB nuclear translocation Enhances lysosomal function steatosis in mice
Trehalose Activates calcium-dependent phos- ~ NSC34 cells, macrophages, and HeLa  Prolongs the lifespan in the Batten [47,58,71,72]

phatase PPP3/calcineurin or inhib-
its Akt
Promotes TFEB nuclear translocation

cells:

Promotes clearance of neurotoxic
misfolded proteins

Enhances autophagic flux

disease mouse model.
Attenuates atherosclerosis and car-
diac remodelling in mice.
Suppresses vascular neointimal
formation

Abbreviation: HFD: high-fat diet; HPSCD: 2-Hydroxypropyl-S-cyclodextrin; HEP14: 5p-0-angelate-20-deoxyingenol and HEP15: 38-0O-angelate-20-deoxyingenol; Tre-
halose: «-D-glucopyranosy! «-D-glucopyranoside; MSL: 4-(4-fluorophenyl) sulfonyl-5-methylthio-2-phenyloxazole; PC12: rat pheochromocytoma cell line; PERK, pro-
tein kinase RNA-like endoplasmic reticulum kinase; CAMKKS, calcium/calmodulin-dependent protein kinase kinase 2; PPARc, peroxisome proliferator-activated

receptor-alpha; RXRe, retinoid X receptor-alpha; AMPK, 5° AMP-activated protein kinase; GSK3 3, glycogen synthase kinase 3 beta; PKC, protein kinase C.

(MSL) was found to activate TFEB and to improve obesity, hyper-
glycemia, hepatic steatosis, and adipose inflammation in ob/ob dia-
betic mice [63]. TFEB activation also improves neurodegenerative
diseases in mice. Trehalose promotes the clearance of proteolipid
aggregates and prolongs the lifespan in the mouse model of Batten
disease [20]. 58-0-angelate-20-deoxyingenol (HEP14) and 38-0O-
angelate-20-deoxyingenol (HEP15) are natural products isolated
and purified from the aerial parts of Euphorbia peplus L. Adminis-
tration of HEP14 activates TFEB and ameliorates amyloid-beta (Af)
plaque formation in APP/PS1 mice, an Alzheimer’s disease model
[21]. Not limited to the diseases mentioned above, emerging stud-
ies demonstrated that TFEB activation affects cancer growth and

progression. Also, HPBCD suppresses macrophage M2 polarization
and inhibits breast tumour growth in mice [12].

5. Outstanding questions

Genetic or pharmacological activation of TFEB inhibits CVDs (e.g.,
atherosclerosis, ischemic vascular injury, aortic aneurysm, and cardi-
otoxicity), metabolic disorders, and neurodegenerative diseases, indi-
cating that TFEB is becoming a promising potential molecular target
for the treatment of these diseases. TFEB has both autophagy-depen-
dent and independent effects, shedding light on the comprehensive
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impact of TFEB in different cells and tissues under physiological and
pathological conditions.

5.1. Tissue-specific effects of TFEB

The tissue distribution of TFEB can accordingly affect target gene
expression. RNA-sequencing or ChIP-sequencing could be applied to
explore the target genes of TFEB in different cell types. In mammalian
cells, the initiation of transcription requires not only the recruitment
of basic RNA polymerase Il machinery but also transcription factors
and co-activators. The cell-specific expression pattern of co-factors
could also determine the accessibility and efficiency of TFEB in the
regulation of target genes. The exploration of co-activators for TFEB
may provide an approach to manipulate TFEB activity in a cell-spe-
cific manner.

5.2. Potential TFEB-independent effects of TFEB targeting drugs

Some drugs/compounds and multiple signalling pathways (mTOR,
Akt, PKC, Ca?*) have been found to increase either TFEB expression or
nuclear translocation. Of note, we must acknowledge that these
drugs/chemical compounds may activate other specific molecular
targets and pathways, not only TFEB. In-depth studies are required to
avoid the unwanted TFEB-independent effects in the application of
these TFEB activators.

5.3. Selectively boosting TFEB

TFEB exerts diverse effects via distinct mechanisms in different
cells and tissues. TFEB has been implicated in the pathogenesis of a
variety of tumours such as renal cell carcinoma [73], breast cancer
[74] and Birt—Hogg—Dubé syndrome (a hereditary diseases charac-
terized by increased risk of multiple tumours) [75]. The fusion of the
TFEB gene and the anonymous non-protein-encoding Alpha gene by
chromosome translocation t(6;11) (p21.1; q12) has been reported in
the renal tumour [73]. The role and underlying mechanisms of TFEB
in cancer biology remains to be fully understood. It is critical to take
full advantage of the beneficial impacts of TFEB but avoid possible
detrimental effects under pathological conditions. The strategy of
boosting TFEB activity should be applied selectively in a cell/tissue-
specific manner.

Conclusion

Emerging studies have expanded our knowledge of TFEB in cell
biology and many diseases. TFEB plays critical roles in both the heart
and vasculature in autophagy-dependent and independent manners.
However, the function and underlying mechanisms of TFEB in cardio-
vascular biology remain to be fully understood. Further investigations
need to be performed to establish TFEB as a potential therapeutic tar-
get for the prevention and treatment of CVDs. Mechanistic studies
revealed that TFEB activity could be modulated by post-translational
modifications and alterations in expression. TFEB drugs and chemical
compounds are being pursued with translational feasibility for the
treatment of many diseases, including CVDs.

Search strategy and selection criteria

Data for this review were collected through PubMed. The follow-
ing search terms were used: TFEB, endothelial cells, macrophages,
smooth muscle cells, heart, atherosclerosis, angiogenesis, neurode-
generative disease, adipose tissue, liver metabolism, diabetes, drug
development. Only articles published in English were included.
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