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The microphthalmia-associated transcription factor family
(MIT family) proteins are evolutionarily conserved transcription
factors that perform many essential biological functions. In
mammals, the MiT family consists of MITF (microphthalmia-
associated transcription factor or melanocyte-inducing
transcription factor), TFEB (transcription factor EB), TFE3
(transcription factor E3), and TFEC (transcription factor EC).
These transcriptional factors belong to the basic helix-loop-
helix-leucine zipper (bHLH-LZ) transcription factor family and
bind the E-box DNA motifs in the promoter regions of target
genes to enhance transcription. The best studied functions
of MIT proteins include lysosome biogenesis and autophagy
induction. In addition, they modulate cellular metabolism,
mitochondria dynamics, and various stress responses.
The control of nuclear localization via phosphorylation
and dephosphorylation serves as the primary regulatory
mechanism for MiT family proteins, and several kinases and
phosphatases have been identified to directly determine the
transcriptional activities of MiT proteins. In different immune
cell types, each MiT family member is shown to play distinct
or redundant roles and we expect that there is far more to
learn about their functions and regulatory mechanisms in
host defense and inflammatory responses.
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INTRODUCTION

The microphthalmia-associated transcription factor fami-
ly (MiT family) consists of four transcription factors: MITF
(microphthalmia-associated transcription factor or melano-
cyte-inducing transcription factor), TFEB (transcription factor
EB), TFE3 (transcription factor E3), and TFEC (transcription
factor EC) (Goding and Arnheiter, 2019; Napolitano and
Ballabio, 2016; Oppezzo and Rosselli, 2021). The Mitf gene
encoding the first member of the MiT family, MITF, was dis-
covered in 1993 and mutations of Mitf were demonstrated
to account for the phenotypes of ‘microphthalmia (mi) mice
which were originally described in 1942 to have small (mi-
crophthalmic) eyes (Hertwig, 1942; Hodgkinson et al., 1993;
Krakowsky et al., 1993). In addition to small eyes, mice with a
mutant Mitf gene typically display other defects such as deaf-
ness and depigmentation (melanocyte defects), and may also
show osteopetrosis, mast cell deficiency, heart hypotrophy,
and kidney abnormality depending on the type of mutations
(Goding and Arnheiter, 2019). For TFE3 and TFEB, corre-
sponding cDNAs were identified in efforts to find immuno-
globulin heavy chain enhancer binding proteins (Beckmann
et al., 1990; Carr and Sharp, 1990). TFEC was soon after-
wards identified in search of a TFE3 homology protein (Zhao
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et al., 1993). All four MiT family proteins are conserved in
vertebrates and a homolog of Mitf is found even in primitive
metazoans such as sponges, suggesting that MiT proteins
perform important, evolutionary conserved functions (Go-
ding and Arnheiter, 2019; Simionato et al., 2007).

MiT family members share a common basic helix-loop-he-
lix-leucine zipper (bHLH-LZ) domain, which serves as a DNA
binding and dimerization domain, and bind DNA as a ho-
modimer or heterodimer (Goding and Arnheiter, 2019).
Unlike other bHLH-LZ family transcription factors, MiT family
proteins seem to form heterodimers only with transcription
factors within the MiT family and not with other bHLH-LZ
family proteins (Hemesath et al., 1994). MiT family proteins
bind the palindromic, canonical E-box motif (CACGTG)
as well as asymmetric M-box sequence (CATGTG) (Aksan
and Goding, 1998). The bHLH-LZ domain is well conserved
among all members of the MiIT family but regulatory regions
outside the bHLH-LZ domain show considerable variabilities
(Fig. 1). TFEC is the most divergent member of the family and
was originally suggested to inhibit TFE3-dependent transcrip-
tion activation (Zhao et al., 1993).

TFEB and TFE3 are ubiquitously expressed whereas MITF
and TFEC show more tissue-specific expression patterns.
Additionally, the Mitf gene has several transcription start
sites and its primary RNAs are subjected to various modes of
alternative splicing, resulting in at least 12 different protein
isoforms (Oppezzo and Rosselli, 2021). Expression of individ-
ual MITF isoforms seems to be tissue-specific. For example,
the MITF-M isoform is dominantly expressed in melanocytes
whereas the MITF-A isoform is more ubiquitously expressed
(Goding and Arnheiter, 2019).

Here, we will first briefly summarize diverse functions of
MIT family proteins outside the immune system and their
common regulatory mechanisms. Then, we will describe the
known roles of individual MiT transcription factors in various
immune cell types.
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BIOLOGICAL FUNCTIONS OF MiT FAMILY
TRANSCRIPTION FACTORS OUTSIDE THE IMMUNE
SYSTEM

MITF

As mentioned before, mutations of Mitf have been associat-
ed with various phenotypes including retinal disorder, deaf-
ness, lack of neural crest-derived pigment cells, and defective
osteoclast function. Presence of a number of MITF isoforms,
due to the multiple transcription start sites in the Mitf gene
and alternative splicing events in specific cell types and tis-
sues, may explain the multitude of phenotypes of Mitf muta-
tions (Goding and Arnheiter, 2019). However, it is currently
unclear whether each MITF isoform has distinctive roles in the
cells they are expressed. Meanwhile, the molecular functions
of MITF were most extensively studied in melanocytes and
melanoma. Genome-wide analyses of MITF target genes and
potential binding sites in melanocytes and melanoma were
conducted with multiple approaches (DNA microarray, ChIP-
seq, RNA-seq) (Hoek et al., 2008; Strub et al., 2011). The
ChIP-seq analysis of genome-wide MITF binding in melano-
ma cells identified more than 12,000 DNA binding sites and
the mMRNA expression comparison by RNA-seq analysis be-
tween wild type cells and siRNA-mediated MITF knockdown
cells showed that several hundred genes are direct targets of
MITF (Strub et al., 2011). They include genes controlling cell
survival, proliferation, differentiation, senescence, and DNA
damage repair. MITF’s roles in cell proliferation seem complex
and the ‘rheostat model was proposed: low levels of MITF
are associated with reduced proliferation, dedifferentiation,
and increased invasion, whereas high levels of MITF can be
anti-proliferative as well due to cell cycle arrest (Carreira et
al., 2005; 2006). In addition, MITF positively regulates per-
oxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1a) that controls mitochondrial biogenesis and
oxidative phosphorylation, suggesting the MITF’s role in con-
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Fig. 1. Protein domain structures and amino acid sequence similarities of human MiT family proteins. (A) The four mammalian MiT
family members share highly conserved basic helix-loop-helix, leucine zipper (bHLH-ZIP) domain, which serves as a DNA binding and
dimerization domain. They also contain an activation domain (or acidic domain, AD) required for transcriptional activation and a serine-
rich domain (Ser). In addition, TFEB has a glutamine-rich domain (GIn) and a proline-rich domain (Pro). (B) The amino acid sequence
similarities among human MiT family proteins were analyzed using NCBI protein blast. Aligned amino acid sequence ranges are: MITF-A
(53-425) vs TFEB (1-349); MITF-A (4-521) vs TFE3 (46-573); MITF-A (221-509) vs TFEC (59-331); TFEB (62-330) vs TFE3 (167-441); TFEB

(119-476) vs TFEC (20-347); TFE3 (229-561) vs TFEC (24-331).
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trolling cellular metabolism (Haq et al., 2013).

MITF, along with TFEB and TFEC, has also been implicat-
ed in lysosome biogenesis and autophagy. When MITF-M
was over-expressed in melanoma cell lines, the transcription
of numerous lysosomal genes and synthesis of lysosomal
proteins were enhanced (Ploper et al., 2015). Moreover,
microarray analysis of 51 human melanoma cell lines demon-
strated that high MITF expression is highly correlated with
upregulation of lysosomal genes. MITF also upregulates the
transcription of v-ATPase components, which are essential for
the acidification of endolysosomes and activation of lysosom-
al functions (Zhang et al., 2015). Recently, MITF was shown
to play an important role in autophagy induction in melano-
ma (Moller et al., 2019). Autophagosome formation induced
by either starvation or mTORC1 inhibition was significantly
perturbed and expression of autophagy-related proteins such
as LC3B and SQSTM1 was significantly decreased in MITF-de-
ficient cells.

Notably, genomic amplification of Mitf was detected in
5%-20% of melanoma cases (Cancer Genome Atlas Net-
work, 2015). However, critical molecular determinants link-
ing the Mitf amplification and melanoma progression are still
ill-defined and poorly understood.

TFEB
Systemic ablation of Tfeb in mice causes embryonic lethality
at day £9.5-10.5 due to placental vascularization defects
(Steingrimsson et al., 1998). Partly because of the lack of a
suitable genetic animal model, TFEB had received relatively
little attention until the pioneering works by Ballabio and
colleagues, who demonstrated that TFEB transcriptional-
ly induces a network of lysosomal genes (Sardiello et al.,
2009). In search for a master transcription factor governing
the lysosomal biogenesis, Ballabio and colleagues gathered
the promoter sequences of 96 lysosomal genes and found
that a palindromic 10 bp sequence (GTCACGTGAC) is highly
enriched in the promoter regions of many lysosomal genes.
The GTCACGTGAC sequence contains the E-box motif in the
middle and is preferentially located about 200 bp upstream
of the transcription start sites. They named the sequence as
‘coordinated lysosomal expression and regulation (CLEAR)’
element and demonstrated that TFEB binds the CLEAR el-
ements and upregulates lysosomal gene expression. They
further showed that TFEB overexpression results in an ex-
pansion of lysosomal compartment and clearance of mutant
Huntingtin proteins (Sardiello et al., 2009). Additionally, TFEB
was also shown to promote lysosome exocytosis, further
contributing to intracellular clearance (Medina et al., 2011).
Following these discoveries, many studies have demonstrat-
ed that genetically or chemically induced overexpression of
TFEB ameliorates lysosomal storage disorders, such as Pompe
disease, Gaucher disease, and Batten disease, as well as neu-
rodegenerative diseases, including Huntington’s, Alzheimer's,
and Parkinson’s diseases, in which accumulation of protein
aggregates serves as a major pathogenic mechanism (Marti-
ni-Stoica et al., 2016; Napolitano and Ballabio, 2016).

Soon after the discovery of TFEB as a master regulator of
lysosome biogenesis, its role in autophagy was also revealed
(Palmieri et al., 2011; Settembre et al., 2011). Many auto-
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phagy-associated genes, such as UVRAG, VPS11, and WIPI,
contain the CLEAR element in their promoter regions and are
direct targets of TFEB. TFEB is activated by nutrient starvation,
a well-known condition for autophagy induction, and TFEB
overexpression increases autophagosome formation, auto-
phagosome-lysosome fusion, and substrate degradation. In
addition, TFEB facilitates the clearance of damaged mito-
chondria and lipid droplets via induction of mitophagy and
lipophagy (Nezich et al., 2015; Settembre et al., 2013).

Aside from an induction by starvation or deposit of un-
desirable macromolecules and damaged organelles in the
cytoplasm, autophagy can also be induced by an accumu-
lation of unfolded or misfolded proteins in the endoplasmic
reticulum (ER) (Rashid et al., 2015). In cells where ER stress
was triggered by treatment with brefeldin A and tunicamy-
cin, TFEB and TFE3 become activated and directly induce
transcription of ATF4, one of the major transcription factors
controlling the unfolded protein response (UPR), and other
UPR-associated genes (Martina et al., 2016). TFEB and TFE3
are also activated by genotoxic stress and DNA damage. In
TFEB/TFE3 double-knockout cells exposed to DNA damaging
conditions, the half-life of p53 is significantly shortened and
cell cycle checkpoint gene induction and apoptosis responses
are dysregulated (Brady et al., 2018). Therefore, TFEB and
TFE3 seem to play critical roles in integrated stress responses
in general under various cellular stress conditions such as nu-
trient deprivation, ER stress, and DNA damage.

TFEB also controls cellular metabolism. Overexpression of
TFEB in mouse liver results in major expression changes of
genes in cellular lipid metabolic processes via direct transcrip-
tional control of Ppargcia (encoding PGC-1qa) (Settembre et
al., 2013). Specifically, genes related to lipid catabolism and
oxidation are upregulated by TFEB overexpression whereas
genes responsible for lipid biosynthesis such as steroid, fatty
acid, and isoprenoid biosynthetic processes are downregu-
lated. During starvation, TFEB expression goes up in the liver,
muscle, and kidney, and TFEB controls lipid catabolism in the
liver by engaging the autophagic pathway (Settembre et al,,
2013). In skeletal muscles, TFEB has been shown to regulate
mitochondria biogenesis and control energy balance during
exercise (Mansueto et al., 2017). Interestingly, unlike in the
liver, the effects of TFEB on cellular metabolism in skeletal
muscles do not require the presence of PGC-1¢, and neither
TFEB activation nor depletion affects autophagy flux in the
muscle. Related with the roles of TFEB in metabolic control,
the liver-specific overexpression of TFEB in mice prevents
development of metabolic syndrome in high fat diet-fed an-
imals and ameliorates ethanol-induced liver injury (Chao et
al., 2018; Settembre et al., 2013).

The function of TFEB in cancer has been studied in several
cancer types; renal cell carcinoma (RCC) in particular is one
of the most studied (Perera et al., 2019; Puertollano et al.,
2018). TFEB overexpression, due to chromosomal transloca-
tion or genetic amplification, was found in a group of RCC
patients, and the TFEB overexpression seems to be associated
with poor prognosis (Argani et al., 2016). Moreover, a posi-
tive correlation between TFEB and PD-L1 expression has been
found in human primary RCC and murine RCC xenograft
models and TFEB was suggested to mediate immune eva-



sion and resistance to mTOR inhibition (Zhang et al., 2019).
In addition, TFEB has been implicated in specific killing of B
cell non-Hodgkin lymphoma (B-NHL) by apilimod, a PIKfyve
kinase inhibitor. Apilimod induces B-NHL cell death by de-
stabilization of lysosomes. Interestingly, TFEB is most highly
expressed in B-NHL compared to other cancer types and
deletion of TFEB by CRISPR-mediated gene knockout gives
rise to resistance of B-NHL to apilimod (Gayle et al., 2017).
However, functional relevance of TFEB in various cancers and
the exact regulatory mechanism in tumorigenesis remain to
be elucidated.

TFE3

The tissue expression pattern and known biological functions
of TFE3 highly overlap with those of TFEB, even though Tfe3
knockout mice are viable, unlike Tfeb knockout mice. Like
TFEB, TFE3 binds the CLEAR motif and induces transcription
of lysosomal and autophagy-related genes, and overexpres-
sion of TFE3 enhances lysosomal biogenesis (Martina et al.,
2014). As mentioned above, TFE3, along with TFEB, also
responds to stress signals such as DNA damage (Brady et al.,
2018). In terms of metabolic controls, TFE3 overexpression
in hepatocytes has been shown to induce transcriptional
activation of IRS-2 expression, enhance insulin receptor
signaling, and have protective effects in mouse diabetes
models by increasing liver glycogen synthesis and decreasing
liver triglyceride and blood glucose levels (Nakagawa et al.,
2006). Similarly, TFE3 overexpression in skeletal muscles also
increases the glycogen synthesis, muscle mass, and insulin
sensitivity (Iwasaki et al., 2012). Conversely, Tfe3 knockout
mice show defects in mitochondria dynamics, abnormalities
in systemic glucose and lipid metabolism, and enhance high
fat diet-induced obesity and diabetes (Pastore et al., 2017).
Notably, TFEB overexpression in Tfe3 knockout mice as well
as TFE3 overexpression in liver-specific Tfeb knockout mice
rescues the diet-induced obesity, demonstrating that TFEB
and TFE3 can compensate for deficiency of each other. TFE3
has also been implicated in adipose tissue browning (\Wada
et al.,, 2016). However, an earlier study showed that adipo-
cyte-specific overexpression of TFE3 suppresses lipolysis and
thermogenesis, and therefore the role of TFE3 in adipose
tissue browning needs further clarification (Fujimoto et al.,
2013).

Like TFEB, TFE3 has been implicated in development and
progress of various tumors (Perera et al., 2019; Puertollano
etal, 2018). Chromosomal translocation and fusion of TFE3
gene are often found in RCC, alveolar soft part sarcoma, and
perivascular epithelioid cell tumor (Ladanyi et al., 2001; Tana-
ka et al., 2009; Weterman et al., 1996). TFE3, along with
MITF and TFEB, also plays an important role in pancreatic
cancer (Perera et al., 2015). TFE3 is also implicated in main-
taining stem cell state, i.e. preventing differentiation, of em-
bryonic stem cells (Betschinger et al., 2013) and specific point
mutations of TFE3, which render the mutant TFE3 proteins
hyperactive, are associated with a human developmental dis-
order (Villegas et al., 2019).

TFEC
TFEC was initially described as lacking the acidic domain
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(AD) required for transcriptional transactivation and inhibit
TFE3-mediated transcriptional activation (Zhao et al., 1993).
However, a more recent study found that TFEC functions as
a transcriptional activator of the non-muscle myosin Il heavy
chain A gene in transfected cells (Chung et al., 2001). TFEC
expression is highly restricted in macrophages and its physio-
logical roles has been little studied (Rehli et al., 1999).

REGULATION OF MiT FAMILY TRANSCRIPTION
FACTORS

The control of intracellular localization serves as a major regu-
latory mechanism for the function of MiIT family transcription
factors. Transcriptional factors need to be inside the nucleus
to be functional and the nuclear localization of MiT proteins
is mainly controlled by phosphorylation and dephosphory-
lation events (Puertollano et al., 2018). Various kinases and
phosphatases have been identified to control the nuclear
localization of MITF, TFEB, and TFE3 and phosphorylation tar-
get sequences and regulatory mechanisms seem to be well
conserved among the three proteins (Fig. 2). Therefore, here
we will mainly describe the regulatory mechanisms of TFEB as
representative examples.

Regulation of TFEB localization by phosphorylation/de-
phosphorylation was first clearly demonstrated in cells under-
going starvation (Settembre et al., 2011). TFEB is normally
phosphorylated at multiple serine residues and stays in the cy-
toplasm. Upon starvation, it becomes dephosphorylated and
translocates into the nucleus to induce autophagy. Among
several possible phosphorylation sites, Ser-142 was first iden-
tified as a key residue for controlling the nuclear localization.
The phospho-mimetic mutation at Ser-142 (5142D) of TFEB
inhibits the nuclear translocation and autophagy induction
whereas TFEB with the S142A mutation is constitutively local-
ized in the nucleus and induces autophagy even without star-
vation. Based on a bioinformatics analysis, ERK2 was suggest-
ed as the kinase responsible for the phosphorylation of Ser-
142 (Settembre et al., 2011). Ser-142 in TFEB corresponds
to Ser-73 in MITF-M and the phosphorylation at Ser-73 was
also shown to be mediated by ERK2 (Hemesath et al., 1998;
Ngeow et al., 2018). Subsequent studies have demonstrated
that mTOR kinase couples nutrient conditions to the TFEB
subcellular localization (Settembre et al., 2012). In a normal,
nutrient-sufficient condition, mTOR is active and phosphory-
lates TFEB, thereby sequestering it in the cytoplasm. At least
three serine residues, Ser-122, 142, and 211, are identified
as the phosphorylation target sites of mTOR and inhibition of
mTOR induces nuclear translocation of TFEB even in the nu-
trient-rich conditions (Martina et al., 2012; Roczniak-Fergu-
son et al.,, 2012; Vega-Rubin-de-Celis et al., 2017). Moreover,
similar to S142A mutation, S211A mutation alone can induce
constitutive nuclear localization of TFEB whereas S122A mu-
tation by itself is insufficient in driving nuclear localization of
TFEB. Therefore, dephosphorylation at either S142 or S211
seems to be a critical step for nuclear translocation of TFEB.
Interestingly, Ser-142 and 211 are conserved in MITF and
TFE3, but Ser-122 is only found in TFEB (Fig. 2). Phosphoryla-
tion of Ser-211 induces a physical interaction between TFEB
and cytosolic 14-3-3 protein, potentially explaining the cyto-
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Fig. 2. Amino acid sequence alignment of human MiT family proteins. A multiple sequence alignment of TFEB (P19484-1), TFE3
(P19532-1), MITF-M (075030-9), MITF-A (075030-1), and TFEC (014948-1) was performed using clustal Omega (ver. 1.2.4). Major
phosphorylation sites are denoted as P, and the conserved phosphorylation sites are in red. The activation domain, bHLH (basic-helix-

loop-helix) domain, and LZ (leucine zipper) domain are also indicated.

solic retention of TFEB (Martina et al., 2012; Roczniak-Fer-
guson et al., 2012). Similarly, phosphorylation of Ser-173 in
MITF and Ser-321 in TFE3, each corresponding to Ser-211
in TFEB, facilitates the interaction of MITF and TFE3 with 14-
3-3 and retains the proteins in the cytoplasm (Bronisz et al.,
2006; Hsu et al., 2018; Martina et al., 2016).

The mTOR-dependent regulation of TFEB has been elu-
cidated more precisely (Raben and Puertollano, 2016). Ly-
sosomal nutrient sensing mechanisms activate Ragulator, a
guanine nucleotide exchange factor for Rag GTPases, located
on the lysosomal membrane. Rag GTPases are small GTPases
normally present as heterodimers of RagA/B - RagC/D. The
activated Ragulator promotes the GDP/GTP exchange of
RagA/B to form a RagA/B®™-RagC/D°™" state, which is an
active state of the Rag heterodimer. The activated Rag het-
erodimer recruits mMTORC1 and TFEB onto the lysosomal sur-
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face, enabling mTORC1-mediated phosphorylation of TFEB.
The first 30 amino acids of TFEB are shown to be essential
for Rag-TFEB interaction (Martina and Puertollano, 2013).
In starvation conditions, Rag GTPases return to an inactive
RagA/B®""™-RagC/D®™* form, which cannot recruit mTORC1
for TFEB phosphorylation, and TFEB is subsequently released
from cytosolic 14-3-3 protein and translocates to the nucle-
us for autophagy induction. A recent study further showed
that the interaction of TFEB with the Ragulator/Rag GTPase/
mTORC1 complex depends on Ser-3 phosphorylation by
MAP4K3 and the MAP4K3-mediated Ser-3 phosphorylation
precedes the phosphorylation of Ser-211 by mTORC1 (Hsu et
al., 2018). Ser-3 is also conserved in TFE3 and MITF-A, sug-
gesting that both proteins may be subject to the same mode
of regulation by MAP4K3 (Fig. 2). In energy-deficient condi-
tions, AMPK becomes activated and promotes nuclear trans-



location of TFEB and TFE3 without affecting the mTORC1
signaling pathway. However, it is unclear if AMPK directly
phosphorylates TFEB and TFE3 and how AMPK facilitates
their nuclear translocation (El-Houjeiri et al., 2019).

Several other kinases have been identified to phosphory-
late TFEB in @ mTOR-independent manner. GSK3p phosphor-
ylates Ser-134 and Ser-138 and inhibits nuclear translocation
of TFEB (Li et al., 2016). Accordingly, inhibition of GSK3p
results in TFEB nuclear localization and autophagy induction
(Marchand et al., 2015; Parr et al., 2012). A recent study
revealed that phosphorylation of TFEB at Ser-142 primes for
GSK3B-mediated phosphorylation at Ser-138. Phosphoryla-
tion of both sites, but neither alone, promotes CRM1 (also
called as XPO1)-mediated nuclear export of TFEB (Li et al.,
2018). Similarly, Ser-69 in MITF-M, a counterpart of Ser-138
in TFEB, is also phosphorylated by GSK3, contributing to the
nuclear export of MITF-M (Ngeow et al., 2018). AKT-me-
diated phosphorylation of TFEB at Ser-467 also causes the
cytoplasmic retention of TFEB while AKT inhibition causes
nuclear translocation of TFEB even in the presence of con-
stitutively active mTORC1 (Palmieri et al., 2017). Trehalose,
a disaccharide having an autophagy-inducing activity, has
been shown to activate TFEB via AKT inhibition and phar-
macological inhibition of AKT was suggested as a potential
therapeutic strategy for neurodegenerative storage diseases
(Palmieri et al., 2017; Sarkar et al., 2007). CDK4 and CDK®6,
which are located in the nucleus, also phosphorylate TFEB
and TFE3 at Ser-142 and Ser-246, respectively and promote
their nuclear export (Yin et al., 2020). The CDK4/6-mediated
phosphorylation of TFEB and TFE3 is suggested to regulate
cell cycle-dependent lysosome biogenesis, and a CDK4/6 in-
hibitor promotes lysosomal activation and cellular clearance
of various substrates.

In contrast to phosphorylation by mTOR, GSK3p, AKT, and
CDK4/6, which inhibit nuclear translocation and transcrip-
tion-activating function of TFEB, PKCB-mediated phosphory-
lation of multiple serine residues (Ser-462, Ser-463, Ser-467,
Ser-469) in the C-terminal tail of TFEB stabilizes the protein
and induces its nuclear localization, resulting in lysosomal
biogenesis (Ferron et al., 2013). The C-terminal serine resi-
dues are conserved in all four MiT family members. However,
Ser-405 in MITF-M (corresponding to Ser-463 in TFEB), along
with Ser-397 and Ser-401, seems to be phosphorylated by
GSK3 and inhibition of GSK3-mediated phosphorylation
promotes stabilization and nuclear translocation of MITF-M,
which enhances endolysosomal biogenesis and potentiates
Wnt signaling in melanoma cells (Ploper et al., 2015).

As discussed above, dephosphorylation of TFEB at a few
key serine residues induces translocation of TFEB into the
nucleus where TFEB performs its transcription-activating
functions. A siRNA-based screen has identified calcineurin
as the major phosphatase for TFEB dephosphorylation (Me-
dina et al., 2015). Similarly, calcineurin also plays a critical
role in nuclear localization and activation of TFE3 upon ER
stress (Martina et al., 2016). Calcineurin is activated by high
intracellular calcium concentration and, therefore, calcium
jonophores facilitate nuclear localization of TFEB whereas cal-
cium chelators inhibit it (Medina et al., 2015). In cells under
nutrient starvation, the lysosomal calcium channel MCOLNT,
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also called TRPML1, becomes activated and releases calcium
into cytosol from lysosomes (Wang et al., 2015). This results
in activation of calcineurin and TFEB translocation. Accord-
ingly, TFEB-mediated enhancement of lysosomal functions is
inhibited by blocking MCOLN1 channel expression or activity.
PP2A can also dephosphorylate TFEB and TFE3 (Martina and
Puertollano, 2018). Activation of TFEB and TFE3 upon acute
oxidative stress caused by sodium arsenite treatment involves
dephosphorylation of Ser-211 of TFEB and Ser-321 of TFE3.
PP2A seems to be able to dephosphorylate TFEB at additional
residues, including Ser-109, Ser-114, and Ser-122.

In addition to the localization-based regulation by phos-
phorylation/dephosphorylation, TFEB activity is subjected to
various alternative post-translational regulatory mechanisms.
An E3 ubiquitin ligase STUB1 targets phosphorylated, inactive
TFEB for degradation via the ubiquitin/proteasome pathway
(Sha et al., 2017). In STUB1-deficient cells, phosphorylated
TFEB accumulates in the cytoplasm, resulting in reduced TFEB
activity. Regulation of protein stability by the ubiquitin/prote-
asome pathway is also demonstrated for MITF-M, and phos-
phorylation at Ser-73 and Ser-409 seems to be critical for
ubiquitination and degradation of MITF-M (Wu et al., 2000;
Xu et al., 2000; Zhao et al., 2011). MITF-M is also regulated
by another ubiquitination-like modification, sumoylation, and
the sumoylation regulates MITF-M’s transcriptional activity on
a subset of target genes (Murakami and Arnheiter, 2005). A
histone acetyltransferase GCN5 functions as a TFEB-specific
acetyltransferase and acetylation of TFEB by GCN5 decreases
TFEB transcriptional activity, thereby inhibiting autophagy
induction (Wang et al., 2020). Transcriptional activity of TFEB
is also controlled by liquid-liquid phase separation, which
promotes the formation of transcriptional condensates for
efficient gene expression. Inositol polyphosphate multikinase,
IPMK was shown to directly interact with TFEB and inhibit
liquid-liquid phase separation of TFEB in the nucleus. Con-
sequently, depletion of IPMK leads to increased TFEB activity
and promotion of autophagy and lysosomal functions (Chen
etal., 2020).

IMMUNOREGULATORY FUNCTIONS OF MiT FAMILY
TRANSCRIPTION FACTORS

MIT family proteins are expressed in various immune cell
types. Analysis of mRNA expression shows that TFEB and
TFE3 are expressed in most of immune cell types whereas
MITF expression is restricted to myeloid cells with the highest
expression in mast cells. TFEC is highly expressed in a subset
of macrophages but not in other immune cell types (Fig. 3,
Supplementary Table S1). Below we summarize the known
function of MiT family proteins in individual immune cell
types (Fig. 4).

Macrophages

Phagocytosis is one of the most important functions of mac-
rophages and MiT family transcription factors regulate lyso-
some biogenesis, phagosome-lysosome fusion and autopha-
gy in macrophages as in other cell types. In addition, they also
regulate cell death and expression of cytokines and chemo-
kines in macrophages. One of the earliest studies on TFEB
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Fig. 3. Expression patterns of MiT family proteins in mouse immune cells, The mRNA expression data were downloaded from the
ImmGen (Immunological Genome Project) database (https://www.immgen.org) and displayed in bar graphs. The mRNA expression
values and the full names of individual cell types can be found in Supplementary Table S1.

in macrophages shows that cell death responses induced by
co-stimulation with lipopolysaccharide (LPS) and palmitate
are preceded by a significant depletion of lysosomes, and
TFEB overexpression can rescue the lipotoxicity-induced cell
death by preventing lysosome depletion (Schilling et al.,
2013). The follow-up study by the same group found that
inhibition of mMTOR induces nuclear localization of TFEB and
protects macrophages from lipotoxic cell death. The protec-
tive effect of mTOR inhibition was autophagy-independent
and was surprisingly not affected by siRNA-mediated TFEB
knockdown (He et al., 2016). However, it is not clear wheth-
er a residual presence of TFEB due to an incomplete deple-
tion by the siRNA-mediated approach is enough to mediate
the beneficial effect of mTOR inhibition. Treatment of palmi-
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tate in LPS-stimulated macrophages also results in increased
secretion of proinflammatory cytokines. Ezetimibe, a choles-
terol transporter blocker and U.S. Food and Drug Adminis-
tration (FDA)-approved lipid lowering drug, increases nuclear
localization of TFEB, induces autophagy, and reduces both
inflammatory cytokine production and NLRP3 inflammasome
activation in macrophages co-stimulated with LPS and pal-
mitate (Kim et al., 2017a). These findings suggest that TFEB
may exert anti-inflammatory functions in macrophages via
autophagy induction in a lipotoxic condition.

In contrast, TFEB and TFE3 are required for production
of proinflammatory cytokines and chemokines in responses
to pathogen stimulation. Infection of macrophages with
Staphylococcus aureus and Escherichia coli promotes nu-
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clear translocation of TFEB, and TFEB depletion using siRNA
significantly reduces secretion of proinflammatory cytokines,
such as interleukin (IL)-1p, IL-6, and tumor necrosis factor o
(TNF-o) (Visvikis et al., 2014). Similarly, LPS stimulation of
macrophages also resulted in rapid nuclear translocation of
TFEB and TFE3 (Pastore et al., 2016). Interestingly, the cellular
TFEB level goes down after 24 h of LPS stimulation and TFEB
is no longer detected in the nucleus, whereas the TFE3 level
is constantly maintained and TFE3 stays in the nucleus even
after 48 h, suggesting that TFEB and TFE3 are differentially
regulated and play possibly non-redundant roles. Genetic
ablation of both Tfeb and Tfe3 results in severe impairment in
LPS-induced secretion of cytokines and chemokines (Pastore
et al., 2016). A more recent study demonstrated that LPS
induces TFE3 activation via inhibition of folliculin (FLCN) (Li
et al, 2019). FLCN functions as a GTPase-activating protein
for RagC/D and thereby activates mTORC1 activity. Depletion
of FLCN in macrophages leads to constitutive localization of
TFE3 in the nucleus and increased expression of TFE3 target
genes. In addition, activated TFE3 induces transcriptional up-
regulation of RagD and increases mTORC1 activity, forming a
feedback loop. The FLCN-depleted macrophages are hyper-
responsive to LPS stimulation and secrete significantly larger
amounts of proinflammatory cytokines than wild type cells
do and this hyperresponsiveness depends on the presence of
TFE3. Moreover, loss of FLCN in mouse monocyte lineages
results in myeloid cell progenitor expansion in tissues, chronic
macrophage activation, and tissue disruptions via TFE3 ac-
tivation (Li et al., 2019). Therefore, a tight balance of TFE3

activity seems to be critical for homeostatic maintenance of
innate immune cells.

HLH-30, a sole MIT protein in Caenorhabditis elegans, is
also required for host defense responses against bacterial
infection in nematodes. HLH-30 rapidly translocates into the
nucleus upon S. aureus infection and almost 80% of genes
are upregulated in an HLH-30-dependent manner in C. ele-
gans (Visvikis et al., 2014). These studies demonstrate that
MiT family proteins are evolutionarily ancient transcriptional
factors performing essential host defense functions.

During infection by various intracellular microorganisms,
TFEB plays a critical role in antimicrobial responses by en-
hancing lysosomal functions and autophagy induction. On
the other hand, many pathogens themselves seem to either
activate or inhibit TFEB for their own benefit. Interferon
(IFN)-y-stimulated macrophages restrict HIV-1 infection by
expressing apolipoprotein L1 (APOL1), which promotes nu-
clear translocation of TFEB and degradation of viral proteins
Gag and Vif. Conversely, HIV-1 Nef protein activates mTOR
and sequesters TFEB in the cytoplasm to inhibit lysosomal
degradation and autophagy for establishment of permissive
infection (Campbell et al., 2015; Taylor et al., 2014).

Mycobacterium tuberculosis (Mtb) replicates inside macro-
phages by inhibiting autophagy and lysosomal function and
by promoting lipid body formation. Upon Mtb infection, ex-
pression of miR-33 and its passenger strand miR-33* become
upregulated in macrophages and the miRNAs inhibit auto-
phagy by targeting AMPK and TFEB (Ouimet et al., 2016).
Accordingly, silencing of miR-33 and miR-33* enhances Mtb
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clearance via autophagy induction, whereas Tfeb knockdown
delays Mtb clearance (Kim et al., 2017b). IFN-y is a potent ac-
tivator of macrophages and shows antimycobacterial effects
by inducing autophagy. Interestingly, IFN-y can induce TFEB
nuclear translocation through increasing intracellular calcium
levels and activating calcineurin, and depletion of calcineurin
significantly inhibits antimycobacterial effects of IFN-y (Singh
etal., 2018).

In the case of Coxiella burnetii, the bacteria replicate in-
side the lysosome-derived Coxiella-containing vacuoles and
establishment of this unique bacterial survival niche depends
on the nuclear translocation of TFEB and TFE3 and the conse-
quent expression of a network of genes involved in lysosome
biogenesis and autophagy (Padmanabhan et al., 2020).
Salmonella enterica, another intracellular bacterial pathogen,
also significantly increases nuclear localization of TFEB and in-
duces expression of genes associated with immune respons-
es and autophagy (Carey et al., 2020; Najibi et al., 2016).
However, another study shows that TFEB expression in bone
marrow-derived macrophages decreases upon Salmonella
infection and, therefore, the role of TFEB in Salmonella infec-
tion needs a further clarification (Rao et al., 2020).

The role of TFEB has also been studied in tumor-associated
macrophages (TAMs) in mouse breast cancer models. TAMs
isolated from orthotopic breast cancer tissues express lower
levels of TFEB and peritoneal macrophages co-cultured with
tumor cell-conditioned media (TCM) downregulate expres-
sion of TFEB, but not TFE3 and MITF (Fang et al., 2017).
Among cancer-derived molecules, transforming growth fac-
tor g (TGF-B), but not IL-4 and IL-10, was identified to inhibit
TFEB expression and its nuclear translocation. Moreover,
TFEB depletion via ShRNA led to increased expression of Arg1
and YM1, markers of M2-polarized macrophages, in IL-4- or
TCM-treated macrophages, indicating that TFEB potentially
inhibits M2-like polarization of macrophages. Indeed, TFEB
depletion in macrophages decreased their ability to activate
T cells and enhanced cancer cell growth. Conversely, macro-
phage-specific overexpression of TFEB suppressed breast tu-
mor growth in mice (Fang et al., 2017). A follow-up study by
the same group has demonstrated that TFEB activation with-
out TFEB overexpression by trehalose treatment also inhibits
tumor growth and TFEB expression is a positive prognostic
marker for breast cancer in humans (Li et al., 2020).

TFEC is highly and specifically expressed in macrophages
and mice genetically lacking TFEC develop normally and
show no obvious defects (Rehli et al., 1999; 2005). TFEC
expression in macrophages is further upregulated by IL-4
in a STAT6-dependent manner and a small number of IL-4-
induced genes, including Csf3r encoding the G-CSF receptor,
are downregulated in TFEC-deficient macrophages (Rehli et
al., 2005). In another study, TFEC upregulated by IL-4 was
shown to directly bind the promoter region of IL-4Ro. and
increase its expression, thereby forming the IL-4/TFEC/IL-4R
positive feedback loop and facilitating the M2 polarization of
macrophages (Wang et al., 2017).

Osteoclasts

Osteoclasts, specialized cells differentiated from monocyte/
macrophage precursors in the bone tissues, degrade and
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reabsorb old bone matrix to maintain bone homeostasis.
Osteopetrosis (‘stony bone’ or bone hardening) has long
been observed in many but not all of the mice with various
Mitf mutant alleles, and it was revealed that only domi-
nant-negative forms of Mitf mutation strongly affect osteo-
clast development and cause osteopetrosis. Accordingly,
TFE3 was identified to bind MITF and has a redundant role
in osteoclast development and function (Hershey and Fisher,
2004; Steingrimsson et al., 2002). Mice lacking either Mitf
or Tfe3 alone show no bone defects, but Mitf/Tfe3-double
knockout mice show the same bone defects as mice having
the dominant-negative forms of Mitf mutation. MITF and
TFE3 become activated by M-CSF and RANKL signaling path-
ways during osteoclast differentiation. They are essential for
osteoclast proliferation and differentiation and regulate a
network of genes associated with bone-degrading function
of mature osteoclasts. In addition to MITF and TFE3, TFEB is
also activated upon RANKL stimulation via a PKCp-mediated
phosphorylation of C-terminal serine residues and it enhanc-
es lysosomal biogenesis in mature osteoclasts. Consequently,
osteoclast-specific ablation of TFEB impairs bone resorption
processes (Ferron et al., 2013).

Dendritic cells
Dendritic cells (DCs) bridge innate and adaptive immune
responses. They capture pathogens in the peripheral tissues,
migrate into regional draining lymph nodes, and present
pathogen-derived peptide antigens loaded on MHC | and
MHC Il to cognate T cells for initiation of T cell-dependent im-
mune responses. The classical MHC | pathway mediates pre-
sentation of intracellular pathogen-derived peptides, that are
synthesized inside DCs, to CD8" T cells. In contrast, the MHC
Il pathway presents extracellular antigens, which gain entry
to the endolysosomal compartments of DCs via endocytosis
or phagocytosis, and activates CD4" T cells. In addition to
the classical MHC | and Il pathways, a specific subset of DCs
—termed cDC1—can also display peptides from extracellular
antigens onto MHC | and present them to CD8" T cells via the
cross-presentation pathway. The cross-presentation pathway
in cDC1 involves endocytosis/phagocytosis of extracellular an-
tigens and their transport from endolysosomal compartments
into the cytoplasm. For efficient cross-presentation, antigenic
peptides need to be preserved inside the endolysosomes
without too much degradation. Therefore, the lysosomal pH
and proteolytic capacity of cDC1 need to be carefully regu-
lated and, in general, a milder pH and a weaker proteolysis
in the endolysosomes are preferred for cross-presentation
(Joffre et al., 2012). Accordingly, TFEB expression is usually
lower in cDC1 compared to other DC subsets. Furthermore,
overexpression of TFEB results in decreased lysosomal pH and
increased expression of proteases (CatD, CatL, and CatS),
leading to an inefficient cross-presentation and a rather
enhanced MHC Il pathway-mediated presentation of extra-
cellular antigens. Consequently, TFEB overexpression in DCs
reduces extracellular antigen-induced CD8" T cell activation in
vivo (Samie and Cresswell, 2015).

TFEB also plays a role in DC migration. After pathogen
sensing in the periphery, mature DCs migrate towards lymph
nodes in a continuous, directional manner, via activation



and positioning of actin-based motor protein myosin Il at the
cell rear. This event is regulated by lysosomal calcium release
through MCOLN1 located on the lysosomal membrane.
LPS-activated TFEB induces MCOLN1 expression and is re-
quired for fast DC migration (Bretou et al., 2017).

In the case of MITF, it was shown to be phosphorylated
and to translocate into the nucleus in monocyte-derived DCs
after treatment of IL-10 or an AKT inhibitor, resulting in the
expression of a coinhibitory molecule GPNMB (Gutknecht et
al., 2015). However, the physiological role of MITF in DCs has
not been extensively studied.

B cells

The original mi/mi mice, in which MITF is non-functional
due to deletion of a critical arginine residue in the bHLH-LZ
domain, display an absence of maturing B cells in the bone
marrow and the osteopetrotic phenotype and defective bone
marrow environment of the mi/mi mice was suggested to
be responsible for the observed B cell development defects
(Roundy et al., 1999; 2003). Therefore, when bone marrow
cells from the mi/mi mice were transferred into RAG2-defi-
cient recipients, development of both B1 and B2 cells, as well
as T cells, were largely normal, confirming that endogenous
MITF is dispensable for lymphocyte development (Lin et al.,
2004). However, the chimeric mice displayed spontaneous B
cell activation, higher IgM antibody titers, and autoantibody
production, and it was found that MITF inhibits antibody-se-
creting plasma cell differentiation by normally repressing ex-
pression of IRF4, a transcription factor critical for the terminal
differentiation of plasma cells (Lin et al., 2004).

In case of TFE3, it was initially suggested to play a role in B
cell activation because chimeric mice generated by injection
of embryonic stem cells having a defective TFE3 gene into
RAG2-/- blastocysts showed decreased serum antibody levels
despite the normal B and T cell development (Merrell et al.,
1997). However, detailed analysis of another TFE3-targeted
mice showed no B cell phenotypes and the functional role of
TFE3 in B cells still needs to be discovered (Steingrimsson et
al., 2002).

T cells

In T cells, TFE3 is constitutively expressed while TFEB ex-
pression is post-transcriptionally induced by T cell receptor
activation (Huan et al., 2006). Mice expressing a domi-
nant negative mutant TFE3 protein, containing the HLH-
LZ domain without the DNA-binding basic region and the
transcriptional activation domain, in T cells show defective
germinal center responses and a hyper-lgM syndrome due
to an impaired expression of CD40L in CD4" T cells. Notably,
Cd40lg (encoding CD40L) contains several E-box motifs in
the promoter region where both TFE3 and TFEB directly bind
to activate the transcription. The dominant negative mutant
TFE3 is expected to inhibit functions of both TFE3 and TFEB
by forming non-functional heterodimers. Genetic depletions
of both TFE3 and TFEB also result in defective CD40L expres-
sion, whereas ablation of either alone shows a normal CD40L
expression, suggesting that TFE3 and TFEB play a redundant
role for CD40L expression in T cells (Huan et al., 2006).
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Mast cells

MITF is most highly expressed in mast cells and various mast
cell defects were identified in several MITF mutant mouse
strains (Kitamura et al., 2002). MITF deficiency in either mast
cells themselves or in the surrounding tissue environment has
been shown to impact the mast cell development, indicating
both intrinsic and extrinsic roles of MITF in mast cell develop-
ment (Morii et al., 2004). Specifically, MITF has been shown
to enhance expression of key molecules for mast cell develop-
ment and function, including c-Kit (colony-stimulating factor
receptor), tryptases, chymases, and tryptophan hydroxylase
(Kitamura et al., 2002). Recently, it has been demonstrated
that mast cells differentiate from ‘pre-basophil and mast cell
progenitors (pre-BMPs)’ while antagonistic regulation by
MITF and C/EBPq specifies the mast cell versus basophil fate.
MITF directs the differentiation of pre-BMPs into mast cells
and represses basophil development by inhibiting expression
of C/EBPa. Conversely, C/EBPa, promotes basophil develop-
ment and prevents mast cell development by inhibiting MITF
expression. Importantly, overexpression of MITF alone in
committed basophil progenitors is sufficient in redirecting the
cellular programming into mast cell development (Qi et al.,
2013).

TFE3 has also been implicated in mast cell function.
TFE3-deficient mice show normal mast cell numbers in var-
jous tissues but expression of FcgRl and c-Kit is significantly
lower in TFE3-deficient mast cells. Moreover, TFE3-deficient
mast cells display defective functionalities including impaired
degranulation and cytokine releases in vitro and compro-
mised allergic responses in vivo (Yagil et al., 2012).

PERSPECTIVES

Since the first discovery of MITF almost 30 years ago, the
biological roles of the MiT family transcriptional factors and
their regulatory mechanisms have been studied by many cell
biologists. Thanks to their successful efforts, we now know
that MiT family proteins perform several important functions
in a variety of cellular processes such as proliferation, differ-
entiation, lysosome biogenesis, autophagy, metabolism, and
stress responses. However, despite the fact that MiT family
proteins perform essential and evolutionarily conserved host
defense responses in lower organisms, our understanding of
the roles of MiIT family transcriptional factors in mammalian
immune cell functions are still limited. Considering the grow-
ing attention on the roles of lysosomal functions and cellular
metabolism on immune cell regulation, we anticipate that far
more will soon be revealed on how MIT family proteins con-
trol the immune system and the homeostasis of organisms at
large.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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