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Lysosome biogenesis: Regulation and functions

Chonglin Yang'® and Xiaochen Wang%*®

Lysosomes are degradation centers and signaling hubs in cells and play important roles in cellular homeostasis, development,
and aging. Changes in lysosome function are essential to support cellular adaptation to multiple signals and stimuli. Therefore,
lysosome biogenesis and activity are regulated by a wide variety of intra- and extracellular cues. Here, we summarize current
knowledge of the regulatory mechanisms of lysosome biogenesis, including synthesis of lysosomal proteins and their delivery
via the endosome-lysosome pathway, reformation of lysosomes from degradative vesicles, and transcriptional regulation of
lysosomal genes. We survey the regulation of lysosome biogenesis in response to nutrient and nonnutrient signals, the cell
cycle, stem cell quiescence, and cell fate determination. Finally, we discuss lysosome biogenesis and functions in the context

of organismal development and aging.

Introduction
The Nobel Prize-winning discovery by de Duve in the 1950s
established lysosomes as central degradative and metabolic
organelles in cells (de Duve, 2005). Lysosomes are single
membrane-limited, dynamic, heterogeneous organelles, which
vary in their positioning, morphology, size, enzyme content, and
substrates. Lysosomal membranes contain hundreds of integral
and peripheral membrane proteins, including diverse trans-
porters and ion channels (Bagshaw et al., 2005; Chapel et al.,
2013). The acidic lysosomal lumen is maintained by the lyso-
somal multi-subunit V-ATPase. This low pH of 4.5-5.5 enables
the activation of >50 intralysosomal hydrolases, which digest
macromolecules including proteins, nucleic acids, lipids, and
carbohydrates. Lysosomes receive and digest materials gener-
ated by endocytosis of small molecules and cell surface proteins,
phagocytosis of large particles such as apoptotic cell corpses and
pathogenic bacteria, or autophagy of cytoplasmic contents in-
cluding damaged mitochondria, ER, and lysosomes (Bright et al.,
2016; Chen et al., 2010; Cinque et al., 2020; Khaminets et al.,
2015; Liu et al., 2012; Maejima et al., 2013; Pickles et al., 2018;
Xu et al., 2019; Fig. 1). The digestion products are exported and
reused as building blocks to maintain cellular homeostasis.
Consequently, lysosomes have long been regarded as the cell’s
recycling bins. Lysosome dysfunction causes a wide variety of
human disorders such as lysosomal storage diseases (LSDs) and
neurodegenerative diseases (Appelqvist et al., 2013; Bajaj et al.,
2019; Cox and Cachén-Gonzalez, 2012; Platt et al., 2012).
Lysosomes play important roles in numerous cellular pro-
cesses rather than functioning merely as recycling bins. They
serve as signaling hubs that are critical for energy and amino

acid sensing, signal transduction, and autophagy regulation
(Perera and Zoncu, 2016). In addition, lysosomes interact with
other intracellular organelles (e.g., mitochondria, ER) for mutual
homeostatic regulation (Bonifacino and Neefjes, 2017; Wong
et al., 2019). Lysosomes are involved in secretion and plasma
membrane repair (Andrews et al., 2014). They also play im-
portant roles in tumorigenesis, immune responses, and many
other physiological or pathological processes (Hipolito et al.,
2018; Perera et al., 2019). Because of their essential roles in
cellular homeostasis, lysosomes must adapt to extra- and in-
tracellular cues to maintain their own homeostasis. Lysosome
biogenesis is one of the most important mechanisms for lyso-
somal adaptation. It increases lysosome numbers to meet dif-
ferent cellular demands such as starvation-induced autophagy
and the dispensation of lysosomes to daughter cells during cell
division. In this review, we summarize our current under-
standing of lysosome biogenesis, including synthesis of lyso-
somal proteins and their endosomal-lysosomal delivery,
transcriptional regulation, and the role of lysosome biogenesis
in the context of cellular and organismal development and
aging, particularly in mammals and the model organism Cae-
norhabditis elegans.

Lysosomal protein delivery and lysosomal fusion

Lysosome biogenesis requires the coordination of lysosomal
protein biosynthesis and endosome-lysosome trafficking (Fig. 1).
Lysosomal hydrolases are first synthesized and modified by
linkage with oligosaccharides in the ER. They are then trans-
ported to the Golgi apparatus, where mannose residues in the
oligosaccharide chain on most lysosomal hydrolases are
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Figure 1.

Lysosomes receive proteins and cargos from multiple pathways. Lysosomal hydrolases are synthesized and modified by linkage with oligo-

saccharides in the ER and transported to the Golgi apparatus. Following recognition of the mannose residues in the oligosaccharide chain by MPR, the
hydrolase-MPR complexes are delivered to early endosomes. Newly synthesized lysosomal membrane proteins are either sorted at the TGN and delivered to
endosomes (direct pathway) or first delivered to the plasma membrane and then endocytosed to reach early endosomes (indirect pathway). Receptors not
destined for lysosomes are recycled back to the plasma membrane or Golgi. Early endosomes undergo a conversion to late endosomes, which then fuse with
lysosomes. Phagocytosed cargos are enclosed in phagosomes, which undergo a maturation process and fuse with lysosomes. Autophagic cargos are delivered
to lysosomes by fusion of autophagosomes with lysosomes. Lysosomes reform from digestive lysosomes (endo-, phago-, and autolysosomes) by tubulation and

scission to form protolysosomes, which mature into functional lysosomes.

phosphorylated and recognized by the mannose 6-P receptor
(MPR). The hydrolase-MPR complex is then enclosed in
clathrin-coated vesicles at the TGN and delivered to early en-
dosomes. Some hydrolases are sent to endosomes in an MPR-
independent manner (Braulke and Bonifacino, 2009; Luzio
et al., 2014). Lysosomal delivery of newly synthesized lyso-
somal membrane proteins occurs through both direct and in-
direct pathways. In the direct pathway, lysosomal membrane
proteins are sorted at the TGN and delivered directly to endo-
somes, while the indirect pathway involves delivery to the
plasma membrane before undergoing endocytosis to reach
early endosomes (Braulke and Bonifacino, 2009; Luzio et al.,
2014; Saftig and Klumperman, 2009). To deliver endosomal
proteins to lysosomes, early endosomes undergo conversion to
late endosomes, which is marked by switching of the early
endosome-specific Rab5 and phosphatidylinositol 3-phosphate
(PtdIns3P) to late endosome-specific Rab7 and phosphatidyl-
inositol 3,5-bisphosphate (PtdIns(3,5)Py; Gillooly et al., 2000;
Huotari and Helenius, 2011; Schink et al., 2016). Proteins not
destined for lysosomes are recycled back to the plasma
membrane or Golgi via retromer-dependent and -independent
pathways (McNally and Cullen, 2018). The Rab switch involves
Rab5 inactivation by TBC-2 and Rab7 activation by the Sandl-
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Cczl complex (Chotard et al., 2010; Li et al., 2009; Nordmann
etal., 2010; Poteryaev et al., 2010; Rink et al., 2005). Endosomal
PtdIns3P synthesis is suppressed by the interaction of WDR91/
WDRS81 with the Vps34 complex, allowing the production of
PtdIns(3,5)P, from PtdIns3P accompanied by degradation of
PtdIns3P (Liu et al., 2016; Liu et al., 2017; Rapiteanu et al., 2016).
WDRO1 serves as a Rab7 effector to couple the endosomal Rab
switch with PtdIns3P down-regulation during endosome con-
version (Liu et al., 2017). For late endosome-lysosome fusion,
the Rab7 small GTPase, homotypic fusion and protein sorting
(HOPS) multi-subunit tethering complex, and SNARE proteins
are generally required, and sometimes the kiss-and-run
mechanism is also involved (Liirick et al., 2018; Luzio et al.,
2010).

Phagosomes containing apoptotic cell corpses or other par-
ticles undergo a maturation process, in which phagocytic re-
ceptors are recycled and phagosomal lipids and proteins are
changed, so as to fuse with lysosomes for degradation of phag-
osomal contents (Wang and Yang, 2016; Fig. 1). Autophago-
somes similarly undergo maturation for fusion with late
endosomes/lysosomes, essentially using similar sets of pro-
teins (Rab7/HOPS/SNARES) as in endosome-lysosome fusion
(Fig. 1). Autophagosome-specific proteins are also involved,
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including LC3/Atg8, ATGl4, and autophagosome-related
SNARE proteins (Zhao and Zhang, 2019). Notably, fusion of
autophagosomes with endosomes/lysosomes is regulated by
nutrients. In C. elegans and mammalian cells, O-linked B-N-
acetylglucosamine (O-GlcNAc) transferase senses nutrient
signals and mediates O-GlcNAcylation of SNAP29 (Guo et al.,
2014; Hanover et al., 2010). This modification reduces the in-
teraction of SNAP29 with Stx17 and VAMPS, thus inhibiting
SNARE complex assembly and autolysosome formation.

Lysosome reformation

Cargo degradation rapidly consumes the pool of lysosomes in the
cell. Thus, lysosomal regeneration after degradation is a critical
homeostatic mechanism for maintaining the lysosome pool
(Fig. 1). Defective lysosome reformation is observed in cells from
patients with LSDs (Bright et al., 1997; Durchfort et al., 2012;
Lloyd-Evans et al., 2008; Luzio et al., 2014; Schmid et al., 1999)
and is implicated in Parkinson’s disease (Magalhaes et al., 2016).

Endocytic lysosome reformation (ELR)

Earlier work indicated that ELR is an ATP-dependent process
(Bright et al., 2005; Pryor et al., 2000). The requirement for ATP
is likely to support the maintenance of a proton gradient, as
inhibition of lysosomal acidification blocked lysosome refor-
mation. Intralysosomal Ca?* is also essential (Pryor et al., 2000).
Later, it was found that the PtdIns3P 5-kinase PIKfyve and the
lysosomal calcium channel TRPMLI are both required for ELR
(Treusch et al., 2004; Nicot et al., 2006; Miller et al., 2015; Bissig
et al,, 2017). PIKfyve generates PtdIns(3,5)P,, which activates
TRPMLLI to control lysosomal Ca?* efflux (Dong et al., 2010;
McCartney et al., 2014; Fig. 2 A). PIKfyve, TRPMLI, and mech-
anistic target of rapamycin (mTOR) also regulate phagosome and
entotic vacuole shrinkage (Krajcovic et al., 2013; Krishna et al.,
2016), which suggests that these factors are generally required
for lysosome regeneration.

Autophagic lysosome reformation (ALR)
Lysosome reformation from autolysosomes, also referred to as
ALR, was initially identified in starvation-induced autophagy (Yu
et al., 2010). In the early stage of starvation-induced autophagy,
mTOR, a major kinase regulating cell growth, is inhibited, and all
lysosomes are essentially converted into autolysosomes. With
prolonged starvation, mTOR is reactivated by lysosomal degra-
dation of macromolecules. This allows autolysosomes to generate
lysosomal tubules and form protolysosomes devoid of lysosomal
contents. Protolysosomes subsequently mature into functional
lysosomes, but the mechanisms remain to be elucidated. ALR is
thus important for restoring the lysosome pool during autophagy
(Yu et al.,, 2010). Fibroblasts derived from patients with several
different LSDs were defective in mTOR reactivation and ALR.
Mechanistically, ALR is achieved by the coordinated actions
of phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,), clath-
rin, and the adaptor protein complexes AP2 and AP4 (Rongetal.,
2012; Fig. 2 B). On certain microdomains of the autolysosome,
PtdIns(4,5)P, is produced from the membrane-ubiquitous phos-
phatidylinositol 4-phosphate (PtdIns4P) by PtdIns4P 5-kinase 1B.
PtdIns(4,5)P, further recruits clathrin through the AP2 complex.
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On these microdomains, lysosomal membrane proteins (e.g.,
LAMPI) are enriched by interacting with AP4. Clathrin recruit-
ment then facilitates the formation of PtdIns(4,5)P,-enriched
microdomains, where protolysosomal tubulation initiates (Du
et al., 2016; Rong et al., 2012). The kinesin heavy chain KIF5B is
recruited to the microdomains by interacting with PtdIns(4,5)
P, and drives protolysosomal tubule extension along micro-
tubules (Du et al., 2016). PtdIns(4,5)P, also binds to WHAMM, a
WASP family member that activates Arp2/3 for actin nuclea-
tion. WHAMM promotes branched actin network formation on
autolysosomes, facilitating protolysosome tubulation (Dai et al.,
2019). On the protolysosomal tubules, another PtdIns4P 5-
kinase, PIP5KIA, generates PtdIns(4,5)P, to trigger another
round of clathrin recruitment, leading to dynamin 2-dependent
protolysosome scission (Rong et al., 2012; Fig. 2 B). The balance
between PtdIns4P and PtdIns(4,5)P, on autolysosomal micro-
domains is critical for ALR. Loss of inositol polyphosphate-5-
phosphatase K, an inositol polyphosphate 5-phosphatase that
hydrolyses PtdIns(4,5)P, to PtdIns4P, suppresses lysosome re-
population by impairing ALR, leading to muscular dystrophy
(McGrath et al., 2021). ALR probably involves additional fac-
tors. For example, spastizin/SPG15 and spatacsin/SPG1l, the
gene products responsible for two common autosomal-
recessive hereditary forms of spastic paraplegia, form a com-
plex and localize to lysosomes through the spastizin FYVE do-
main, which promotes tubule initiation on the autolysosome
(Chang et al., 2014; Fig. 2 B). How the spastizin-spatacsin
complex cooperates with the PtdIns(4,5)P,-clathrin axis to
regulate ALR remains unclear.

Phagocytic lysosome reformation (PLR)

Phagocytosis of apoptotic or living cells leads to formation of
phagosomes that ultimately fuse with lysosomes (Wang and
Yang, 2016). In bone marrow-derived macrophages, it was
observed that degradation of phagocytosed contents (e.g.,
erythrocytes) permitted the shrinkage of phagolysosomes
concomitant with reformation of the tubuloreticular network
of lysosomes, while nondegradable contents (e.g., latex beads)
prevented reformation of the tubular network (Knapp and
Swanson, 1990). Studies in mammalian cells and C. elegans re-
vealed that PIKfyve, TRPMLI, and SLC-36.1 are essential regu-
lators of PLR (Fig. 2 C). In mammalian cells, inactivation of
PIKfyve impairs the shrinkage of phagolysosomes and entotic
vacuoles but does not affect events upstream of phagolysosome
formation (Krishna et al., 2016). Inhibiting the lysosomal Ca®*
channel TRPMLI has a similar effect on phagolysosome shrink-
age. TRPML1 overexpression bypasses the defective phagoly-
sosome shrinkage induced by loss of PIKfyve. Thus, PIKfyve
likely functions in part through TRPMLI to regulate phagoly-
sosome shrinkage (Krishna et al., 2016). In C. elegans, genetic
screening identified PPK-3, the worm orthologue of PIKfyve,
and SLC-36.1, the homologue of the mammalian neutral amino
acid transporters SLC36A1-4/PAT1-4, as essential regulators of
PLR (Gan et al., 2019). In wild-type embryos, tubulation occurs
on cell corpse-containing phagolysosomes. However, ppk-3 and
slc-36.1 mutants accumulate phagolysosomal vacuoles that fail
to generate lysosomal tubules. SLC-36.1 localizes to lysosomes
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Figure 2. Graphic summary of lysosome reformation. (A) ELR is regulated by PIKfyve, TRPMLI, and Ca2*. PIKfyve converts PtdIns3P to Ptdins(3,5)P,, which
activates TRPMLL to regulate lysosomal Ca?* efflux required for lysosomal tubulation. (B) ALR is achieved by Ptdins(4,5)P,-, clathrin-, and AP2-mediated
membrane budding on autolysosomes; KIF5B-driven elongation of membrane tubules along microtubules; dynamin 2-dependent protolysosome scission; and
finally protolysosome maturation. AP4 enriches lysosomal membrane proteins for tubulation. WHAMM promotes lysosome tubulation by binding to PtdIns(4,5)
P,. The sugar transporter Spinster is also involved in ALR. The generation of PtdIns(4,5)P, from PtdIns4P is controlled by PtdIns4P 5-kinase 1B on autolysosome
membranes and PtdIns4P 5-kinase 1A on protolysosomal tubules. The balance between PtdIns4P and PtdIns(4,5)P; is also regulated by inositol polyphosphate-
5-phosphatase K. Spastizin and spatacsin form a complex to promote tubule initiation on the autolysosome. (C) PLR is regulated by PIKfyve, TRPMLI, and
amino acid transporters (e.g.,, SLC-36.1/SLC36A1-4 and LAAT-1/PQLC2). PIKfyve probably regulates the activity of these lysosomal transporters through

PtdIns(3,5)P, to promote lysosome tubulation from phagolysosomes.

and forms a complex with PPK-3 to regulate PLR. In ppk-3 and
slc-36.1 mutant embryos, there are fewer free lysosomes in the
engulfing cells, which suggests that PLR is important for
maintaining the regular number of lysosomes. In addition,
PIKfyve/PPK-3 and SLC-36.1 are required for ALR in C. elegans
adult hypodermis, as their loss leads to accumulation of many
enlarged autolysosomes that fail to generate lysosome refor-
mation tubules (Gan et al., 2019).

The identification of PIKfyve, TRMPL1, and SLC-36.1/
SLC30A1-4 suggests that the mechanisms of lysosome reforma-
tion from different types of digestive lysosomes likely share
common regulators (Figs. 1 and 2). Notably, export of amino
acids from phago- and autolysosomes is not only important for
lysosome reformation but also essential for embryonic devel-
opment and cell survival (Gan et al., 2019; Krishna et al., 2016;
Liu et al,, 2012). The promotion of nutrient export by PIKfyve
from phagolysosomes concomitant with lysosome reformation is
likely achieved through lysosomal transporters, such as the
neutral amino acid transporter SLC-36.1/SLC30A1-4, the basic
amino acid exporter LAAT-1/PQLC2 (Liu et al., 2012), and the
lysosomal sugar transporter Spinster (Rong et al., 2011; Fig. 2, B
and C). It remains to be investigated whether PIKfyve regulates
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these lysosomal transporters through PtdIns(3,5)P, and
whether additional lysosomal exporters are involved in
lysosome reformation.

Transcriptional regulation of lysosome biogenesis

To meet the need for cellular degradation, lysosomes increase
their numbers and sizes by transcriptional activation of lyso-
somal and autophagy genes. This is mainly achieved by coordi-
nated actions of transcription factors, transcription repressors,
and epigenetic regulators.

TFEB/TFE3 and coordinated expression and regulation of
lysosomal genes

In mammalian cells, the promoter regions of many lysosomal
and autophagic genes share one or more 10-base pair sequence
(5'-GTCACGTGAC-3'), which was named the CLEAR (coordi-
nated lysosomal expression and regulation) element (Sardiello
etal., 2009). The CLEAR consensus sequence contains the E-box
sequence (5'-CACGTG-3') that is targeted by members of the
MiT/TFE (microphthalmia/transcription factor E) family of ba-
sic helix-loop-helix transcription factors. This family comprises
microphthalmia-associated transcription factor, TFEB, TFE3,
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Figure 3. TFEB/TFE3-dependent lysosome
biogenesis. (A) Regulatory modifications of
TFEB/TFE3. TFEB/TFE3 are phosphorylated (or-
ange arrows), acetylated (green arrow), and ubiq-
uitinated (gray arrow) by the indicated enzymes.
Direct oxidation by reactive oxygen species can
also occur (red arrow). (B) mTOR-dependent and
PKC-dependent lysosome biogenesis pathways.
Under nutrient-rich conditions, TFEB/TFE3 is
phosphorylated by lysosome-localized mTOR.
Phosphorylated TFEB/TFE3 bind to 14-3-3 pro-
teins and are sequestered in the cytoplasm. With
starvation, mTOR is inactivated and unable to
phosphorylate TFEB/TFE3, leading to their
nuclear translocation and activation. Activa-
tion of PKC leads to phosphorylation and in-
activation of GSK3B, which then fails to

Lysosomal and Autophagic genes

Nucleus

Plasma Membrane

TORC
(inactive)

phosphorylate TFEB, thereby inducing nuclear
translocation of TFEB. Activated PKC induces
JNK2/p38 activation, which phosphorylates
ZKSCAN3 and leads to its cytoplasmic trans-
location and de-repression of lysosomal genes.
Nuclear TFEB/TFE3 are rephosphorylated by
CDK4/6 (and probably also by mTOR and
GSK3B) and relocate back to the cytoplasmin a
CRM1-dependent manner.

and TFEC (Hemesath et al., 1994). Among them, TFEB and TFE3
bind to CLEAR elements to activate lysosomal gene expression,
thus promoting lysosome biogenesis (Martina et al., 2014;
Palmieri et al., 2011; Sardiello et al.,, 2009). Microphthalmia-
associated transcription factor was also reported to promote
endolysosome biogenesis in melanoma cells (Ploper et al., 2015).
Importantly, TFEB/TFE3 transcriptionally activate genes involved
in autophagosome biogenesis and autophagosome-lysosome fusion,
thereby coupling autophagy with lysosome biogenesis (Martina
et al., 2014; Settembre et al., 2011). Reinforced expression of
TFEB/TFE3 enhances the degradation of long-lived proteins
(Settembre et al., 2011), lipid droplets, and damaged mito-
chondria (Nezich et al., 2015; Settembre et al., 2013). TFEB/
TFE3 also facilitate lysosome exocytosis (Martina et al., 2014;
Medina et al., 2011), which mediates plasma membrane repair
during cell injury.

TFEB/TFE3 activity is regulated by their nuclear-cytoplasmic
shuttling (Fig. 3). Under normal conditions, TFEB/TFE3 are
phosphorylated by multiple kinases, including mTOR, ERK,
GSK3, Akt, and PKC, which likely mediate different extra- or
intracellular signals (Puertollano et al.,, 2018; Fig. 3 A). Phos-
phorylated TFEB/TFE3 can be dephosphorylated by the calci-
neurin phosphatase or protein phosphatase 2A (Chen et al., 2017;
Martina and Puertollano, 2018; Medina et al., 2015). Dephos-
phorylated TFEB/TFE3 translocate into the nucleus and activate
expression of autophagy and lysosomal genes (Fig. 3 B). GSK3f
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specifically phosphorylates TFEB but not TFE3 in the PKC-
GSK3p signaling cascade, which distinguishes the role of TFEB
from TFE3 in lysosome biogenesis (Li et al., 2016). Nuclear
TFEB/TFE3 can be rephosphorylated and exported to the cyto-
plasm in a manner dependent on the exportin CRM1 (Li et al.,
2018; Napolitano et al., 2018; Yin et al., 2020; Fig. 3 B). Thus, the
phosphorylation-dephosphorylation balance regulates TFEB/
TFE3 activities by controlling their subcellular localizations.
TFEB is also regulated by ubiquitination and acetylation (Fig. 3
A). STUBL, a chaperone-dependent E3 ubiquitin ligase, targets
phosphorylated TFEB for degradation through the ubiquitin-
proteasome pathway, thereby regulating the steady state of
phosphorylated TFEB (Sha et al., 2017). The histone acetyl-
transferase GCN5 acetylates TFEB at Lys274 and Lys279, dis-
rupting TFEB dimerization and binding to target genes (Wang
et al., 2020b). TFEB/TFE3 also undergo oxidation at Cys212
(TFEB) or Cys322 (TFE3) in their 14-3-3-binding motifs in re-
sponse to changes in redox balance (Martina et al., 2021; Wang
et al., 2020a). More recently, TFEB was found to act through
liquid-liquid phase separation (LLPS) in the nucleus, forming
transcriptional condensates containing the Mediator complex
and TFEB target gene mRNAs (Chen et al, 2020). IPMKI, an
inositol polyphosphate multikinase, negatively regulates lyso-
somal biogenesis and autophagy by interacting with and inhibit-
ing LLPS of TFEB, leading to dissolution of TFEB condensates.
TFE3 similarly undergoes LLPS but is not regulated by IMPK1
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(Chen et al., 2020). Thus, like GSK3pB, IMPK1 regulation of ly-
sosome biogenesis is specific to TFEB, which suggests that TFEB
and TFE3 can be regulated differently despite their highly
similar amino acid sequences.

STAT3 and lysosomal hydrolases

Lysosomes contain three major types of proteolytic hydrolases:
papain-like cysteine proteases (e.g., cathepsin B and L), pepsin-
related aspartyl proteases (e.g., cathepsin D and E), and asparaginyl
endopeptidase. Deficiency in these key lysosomal proteases or lyso-
somal protein overload leads to generation of lysosomal re-
active oxygen species and oxidative stress, which activates STAT3
rather than TFEB. Activated STAT3, which is phosphorylated,
binds to the promoters of the genes encoding these three families
of lysosomal proteases to trigger their expression (Martinez-
Fabregas et al, 2018). Oxidative stress-induced activation of
STAT3 does not trigger expression of autophagy genes, which
suggests that autophagy is not involved when elevated lysosomal
capacity is required for digesting accumulated substrates received
from endocytosis (micropinocytosis) or resulting from deficiency
of key lysosomal proteases. STAT3-dependent activation of lyso-
somal proteases also contributes to lysosome-mediated and
caspase-independent cell death. In postlactational regression of the
mammary gland, STAT3 up-regulates cathepsins B and L but
down-regulates their inhibitor Spi2A. This probably increases ly-
sosomal membrane permeability, which, together with the de-
creased expression of LAMP1 and LAMP2, leads to lysosomal cell
death (Kreuzaler et al., 2011). Thus, STAT3-mediated transcription
of lysosomal proteases regulates lysosomal functions in a manner
that is subject to stress or developmental context. Intriguingly,
STAT3 was reported to interact with V-ATPase to enhance its
activity upon cytosolic acidification, which suggests that STAT3
regulates intracellular and lysosomal pH independently of its
transcriptional activity (Liu et al., 2018).

MYC and ZKSCAN3 are transcriptional repressors of

lysosomal genes

The fact that the CLEAR element contains the E-box consensus
sequence suggests the possibility that E-box-binding transcrip-
tion factors might be involved in TFEB/TFE3-mediated lysosome
biogenesis. Indeed, MYC, a basic helix-loop-helix transcription
factor important for cell proliferation and many other cellular
processes, antagonizes TFEB/TFE3 transcriptional activities
(Annunziata et al., 2019). MYC represses lysosome biogenesis by
occupying the promoters of lysosomal genes, including TFEB and
TFE3. Down-regulating MYC allows TFEB/TFE3 to bind to lyso-
somal gene promoters. MYC also interacts with histone deace-
tylases (HDACs) on the promoters of lysosomal genes, which
epigenetically regulates lysosomal gene expression. The antag-
onistic effect of MYC-HDACs on TFEB/TFE3 likely contributes to
cell fate determination. In neoplastic cells expressing nuclear
MYC and HDAC2, TFE3 is more frequently cytoplasmic. In hu-
man induced pluripotent stem cells (iPSCs), MYC and HDAC2
levels are increased, whereas TFEB levels are reduced. In con-
trast, TFEB/TFE3-activated lysosome biogenesis is essential for
maintenance of the differentiated state of cells (Annunziata
et al.,, 2019). Thus, MYC probably helps to maintain lysosome
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activity within a given range that favors a context-specific cell
state. ZKSCAN3 (ZNF306) is a DNA-binding protein with tan-
dem zinc fingers, a KRAB domain that represses gene expres-
sion, and a SCAN3 domain. ZKSCAN3 is normally nuclear, and
its inactivation increases the transcription of a subset of au-
tophagy and lysosome genes. The promoters of many of these
genes contain multiple ZKSCAN3-binding sites (KRDGGG, K:
G/T,R: A/G, D: A/G/T; Yang et al., 2008). Furthermore, silencing
ZKSCAN3 enhances TFEB-dependent lysosomal gene expres-
sion. Thus, ZKSCAN3 probably acts in conjunction with TFEB to
negatively regulate the expression of lysosomal and autophagy
genes (Chauhan et al., 2013).

Epigenetic regulation of lysosomal genes

The expression of lysosomal and autophagy genes involves other
epigenetic regulators in addition to the aforementioned MYC-
HDAC complexes. Nuclear TFEB activity is enhanced by elevated
levels of CARMI, a protein arginine methyltransferase that
catalyzes dimethylation of histone H3 at Argl7 (Shin et al., 2016).
Glucose starvation leads to an increase in genome-wide H3 Argl7
dimethylation associated with the nuclear translocation of
CARM1. CARM1 interacts with TFEB and serves as a coactivator
(Shin et al., 2016). Glucose starvation also activates ACSS2 by
AMPK-mediated phosphorylation. Phosphorylated ACSS2
translocates into the nucleus and interacts with TFEB at the
promoter regions of lysosomal and autophagy genes, where
ACSS2 locally produces acetyl-CoA for histone acetylation (Li
et al.,, 2017). In contrast to CARMI1 and ACSS2, BRD4 nega-
tively regulates lysosomal and autophagy genes independently
of TFEB/TFE3 (Sakamaki et al., 2017). BRD4 binds to acetylated
histones at the promoters of autophagy and lysosome genes and
recruits the histone methyltransferase G9a to catalyze mono-
and dimethylation of histone H3 at Lys9 (H3K9), thereby re-
pressing lysosomal and autophagy gene expression.

mTOR-dependent nutrient sensing and regulation of lysosome
biogenesis

The lysosomal surface is a residential site of mTOR, which
suggests that lysosomes are important signaling hubs in cells
(Perera and Zoncu, 2016; Sancak et al., 2010; Sancak et al.,
2008). mTORCI1 is recruited to lysosomes by a heterodimeric
complex consisting of GTP-bound RagA/B and GDP-bound RagC/
D, where it is activated by the Rheb GTPase (Angarola and
Ferguson, 2019; Kim et al., 2008; Menon et al., 2014; Sancak
et al., 2010; Sancak et al., 2008). The multi-subunit complex
Ragulator and GATORI were respectively identified as the gua-
nine exchange factor and GTPase activating protein (GAP) of
RagA/B (Bar-Peled et al., 2013; Bar-Peled et al., 2012). While the
guanine exchange factor of RagC/D is not known, the Folliculin-
FNIP1/2 complex functions as the GAP of RagC/D (Petit et al.,
2013; Tsun et al., 2013). Current studies revealed that formation
of the active mTORCl-recruiting RagA/B-RagC/D complex is
regulated by amino acids, allowing mTOR to sense changes in
cytoplasmic or lysosomal amino acid levels. Sensing of cyto-
plasmic amino acids is achieved by a negative protein interac-
tion cascade that directs GAP activity toward RagA/B. In the
absence of nutrients, Sestrin2 and CASTOR1/2 inhibit GATOR2.
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GATOR? is an inhibitor of GATORI1, and therefore nutrient
deprivation activates the GAP function of GATORI, which in turn
inactivates RagA/B and blocks mTORCI recruitment to the lyso-
some. Thus, mTOR is inactivated. In nutrient-rich cells, the in-
hibitory role of Sestrin2 and CASTOR1/2 on GATOR?2 is abolished
by leucine and arginine, respectively. GATOR2 then inhibits
the GAP activity of GATORI, allowing RagA/B in the GTP-
loaded active form to interact with GDP-loaded RagC/D, thus re-
cruiting and activating mTORCI on the lysosome (Chantranupong
et al., 2016; Wolfson et al, 2016). The lysosome transporter
SLC38A9 functions as a lysosomal arginine sensor. It interacts
with the V-ATPase complex and Ragulator, allowing RagA/B ac-
tivation and consequently mTOR recruitment and activation on
lysosomes (Rebsamen et al., 2015; Wang et al., 2015a; Zoncu et al.,
2011).

When amino acids are available, TFEB/TFE3 are recruited to
lysosomes by interacting with active Rag GTPase complexes
(Martina and Puertollano, 2013). On lysosomes in nutrient-rich
cells, mTOR phosphorylates TFEB at Serl42 and Ser211 and TFE3
at Ser321 (Fig. 3). Phosphorylated TFEB/TFE3 are released into
the cytosol and bind to 14-3-3 proteins. TFEB/TFE3 are thus
sequestered from the nucleus and are inactive (Martina et al.,
2012; Martina et al., 2014; Roczniak-Ferguson et al., 2012;
Settembre et al., 2012). In addition, MAP4K3 phosphorylates
TFEB at Ser3 to promote its interaction with the mTORCl-
Ragulator complex and its subsequent phosphorylation at Ser211
(Hsu et al., 2018). mTOR may also phosphorylate TFEB at Ser122
(Vega-Rubin-de-Celis et al., 2017). In nutrient-deficient cells, the
Rag GTPase complex is inactivated and fails to recruit either
mTORCI or TFEB/TFE3 onto the lysosomal surface. Thus, mTOR
is inactive and unable to phosphorylate TFEB/TFE3. Dephos-
phorylated TFEB/TFE3 translocate into the nucleus and activate
the expression of lysosomal and autophagy genes (Fig. 3 B). This
“lysosome-to-nucleus” signaling thus regulates lysosome bio-
genesis and autophagy in response to nutrient signals. Addi-
tionally, nutrient deprivation induces lysosomal Ca%* release
through TRPML1/MCOLN]1, which activates the Ca?*-dependent
phosphatase calcineurin. Calcineurin then dephosphorylates
TFEB and induces its nuclear translocation (Medina et al., 2015;
Wang et al., 2015b).

mTOR-independent regulation of lysosome biogenesis

In many cases, lysosome biogenesis occurs even when mTORC1
is active. A PKC-dependent and mTOR-independent mechanism
for lysosome biogenesis was identified by screening lysosome-
inducing compounds (Li et al., 2016). PKC-activating diterpenes
act through PKCa and PKC8 to induce phosphorylation and in-
activation of GSK3p, leading to dephosphorylation and nuclear
translocation of TFEB (Fig. 3). GSK3pB phosphorylates TFEB, but
not TFE3, on Serl38 and Serl34. Thus, PKC activation dis-
tinguishes TFEB from TFE3 for lysosome biogenesis. In parallel
to GSK3 inactivation and TFEB nuclear translocation, PKC ac-
tivation leads to phosphorylation and activation of the MAPKs
JNK2 and p38, which in turn phosphorylate ZKSCAN3 on Thr153
in a putative nuclear export signal. This induces cytoplasmic
relocation of ZKSCAN3 and consequently alleviates the tran-
scriptional repression of lysosomal genes. Thus, PKC switches
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on two parallel signaling pathways to activate lysosome bio-
genesis (Li et al., 2016; Fig. 3 B). Because of the central roles of
PKC in signal transduction across the plasma membrane, this
PKC-dependent and mTOR-independent mechanism probably
regulates lysosome biogenesis in response to many extracellular
signals. In addition, AKT was found to phosphorylate TFEB at
Ser467 to repress its nuclear translocation, while trehalose de-
creases AKT activity to activate TFEB in an mTORCI-independent
manner (Palmieri et al., 2017).

In melanoma with the most prevalent BRAF(V600E) muta-
tion, TFEB, but not TFE3, is phosphorylated and inactivated by
ERK independently of mTOR. Inhibition of BRAF leads to TFEB
activation via ERK inhibition. This synergizes with phospho-
rylation and inactivation of ZKSCAN3 by JNK2/p38 to induce
lysosome biogenesis (Li et al., 2019). In osteoclasts, PKCB di-
rectly phosphorylates TFEB at three serine residues in the C
terminus, thus stabilizing TFEB to promote its activity (Ferron
et al., 2013). The cellular response to ER stress involves TFEB/
TFE3 translocation to the nucleus in a manner that depends on
protein kinase RNA-like ER kinase and calcineurin, but not
mTORC], to up-regulate ATF4 and other unfolded protein re-
sponse genes (Martina et al., 2016). During mitophagy, trans-
location of TFEB/TFE3 into the nucleus depends on Parkin and
Pinkl but not mTORCI. In this case, nuclear translocation of
TFEB/TFE3 requires the autophagy regulators Atg5 and Atg9,
but the molecular mechanisms remain elusive (Nezich et al.,
2015). More recently, it was found that defective endocytosis
or osmotic stress activates TFEB-dependent lysosome biogenesis
without perturbing mTORCI activity. Inhibition of endocytosis
leads to accumulation of NHE7, a Na*/H* exchanger, on the cell
surface, which causes influx of Na* and elevation of cytosolic
pH. This in turn leads to elevation of Ca2* levels, mediated by the
Na*/Ca2?* exchanger NCX1, and consequently activation of cal-
cineurin, which dephosphorylates TFEB and promotes TFEB
nuclear translocation and activation (Lépez-Herndndez et al.,
2020).

mTOR-independent regulation of TFEB/TFE3 also occurs in
cancers. In translocation-renal cell carcinoma and alveolar soft
part sarcoma, the TFE3 gene is translocated to other chromo-
somal loci, resulting in fusion gene products that retain the
transcriptional activity of TFE3 (Perera et al., 2019). These TFE3
fusion proteins usually have much higher expression levels than
wild-type TFE3 and constitutively localize in the nucleus. In an
alveolar soft part sarcoma mouse model, fusion of TFE3 with
ASPSCRI up-regulated lysosomal and autophagy genes, which
increased lysosomal abundance (Tanaka et al., 2017). In pan-
creatic ductal adenocarcinoma cells, MiT/TFE proteins consti-
tutively localize to the nucleus regardless of nutrient availability,
leading to a strong increase in lysosomes (Perera et al., 2015).
Constitutively active MiT/TFE factors promote mTORCI signal-
ing by enhancing the expression of RagD (Di Malta et al., 2017;
Napolitano et al., 2020).

Lysosome biogenesis and function in the cell cycle

Mitotic cells increase their numbers through the cell cycle, a
process involving accurate DNA replication followed by di-
vision of the nucleus and partitioning of cytoplasmic contents
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including lysosomes. In budding yeast, vacuoles/lysosomes are
transmitted from mother to daughter cells during cell division.
If this fails, new vacuoles can be generated in daughter cells;
indeed, a functional vacuole is required for the new daughter
cell to initiate cell cycle progression through the TORC1-SCH9
pathway (Jin and Weisman, 2015). In mammals, the require-
ment for lysosomes in cell cycle progression is not clear.
Moreover, it is poorly understood how lysosomes increase their
numbers in mother cells before dispensation to daughter cells.
A recent study revealed that CDK4 and 6, the cyclin D-
dependent kinases that drive G1-S transition, regulate lysosome
biogenesis in the cell cycle (Yin et al., 2020). Chemical inhibi-
tion and genetic inactivation of CDK4/6, but not other major
cyclin-dependent kinases, leads to nuclear retention and acti-
vation of TFEB and TFE3, which enhance lysosome biogenesis
and autophagy. The cyclin D-CDK4/6 complexes interact
with and phosphorylate TFEB (at Serl42) and TFE3 (at
Ser246) in the nucleus, promoting their CRM1-dependent
nuclear export and inactivation (Fig. 3). In S, G2, and M
phases, Serl42 phosphorylation of TFEB is markedly re-
duced, and nuclear retention of TFEB and lysosome bio-
genesis are greatly increased. Thus, the high activities of
CDK4/6 suppress lysosome biogenesis at the G1 phase, while
their low activities enhance lysosome biogenesis in the S-M
phases by relieving the inhibition of TFEB and TFE3 (Yin
et al., 2020). This allows the cell to coordinate DNA repli-
cation with an increased abundance of lysosomes, which
can then be distributed to daughter cells by cell division.
The findings that CDK4/6 inhibition induces lysosome bi-
ogenesis and autophagy have implications for the use of
CDK4/6 inhibitors in cancer therapy. For example, simul-
taneous inhibition of CDK4/6 and autophagy/lysosome
functions has synergistic effects in treatment of breast cancer
and other solid tumors (Fassl et al., 2020; Vijayaraghavan et al.,
2017).

Lysosome biogenesis and function in stem cell quiescence

Quiescence is an important strategy to maintain somatic stem
cell pools. In mouse brain, quiescent and active neural stem cells
(NSCs) derived from the subventricular zone of the lateral
ventricle exhibit high expression of lysosome- and proteosome-
associated genes, respectively (Leeman et al., 2018). In quiescent
NSCs (qNSCs), lysosomes are larger and more abundant and ac-
cumulate more protein aggregates. Impairing lysosome function
causes further accumulation of protein aggregates and decreases
gNSC activation in response to growth factors. In contrast, en-
hancing lysosome function reduces protein aggregates and en-
hances qNSC activation. Moreover, qNSCs exhibit age-dependent
lysosomal decrease, protein aggregate increase, and decline in
activation (Fig. 4 A). Reinforced TFEB expression reduces protein
aggregates and promotes the activation of old gNSCs. Thus,
lysosomal degradation of protein aggregates is restricted and
declines with age in gNSCs, which can be triggered to pro-
mote qNSC activation (Leeman et al., 2018; Fig. 4 A). Like
gNSCs, quiescent hematopoietic stem cells (qHSCs) display
increased lysosomal gene expression and contain abundant
enlarged lysosomes. Reducing lysosomal activity enhances
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the quiescence of HSCs and the in vivo potency of primed
HSCs (Liang et al., 2020; Fig. 4 A).

It is currently unclear why lysosomes exhibit reduced cargo
degradation in qNSCs and qHSCs and whether this leads to a
feedback increase in lysosomal gene expression. In another
study, however, higher lysosome protease activity was observed
in different types of qNSCs in vitro (Kobayashi et al., 2019).
TFEB activation decreases NSC proliferation in vitro and induces
quiescence of NSCs in the hippocampal dentate gyrus of adult
mouse brain. Tfeb knockout enhances the levels of activated
EGFR and NotchR and increases the number of active NSCs in
the dentate gyrus (Kobayashi et al., 2019). In this case, higher
lysosome activity is important for adaptation and maintenance
of NSC quiescence, probably by removing unwanted cellular
signals. It seems paradoxical that lysosome function is re-
quired for both maintenance and exit of NSC quiescence. This
may reflect the complex regulation and function of lysosomes
in these processes. Accordingly, a study performed in rat
embryonic fibroblasts suggests that lysosome function mod-
ulates quiescence depth as a “dimmer switch” (Fujimaki
et al., 2019). Lysosomal gene expression is significantly up-
regulated as quiescence deepens, whereas lysosomal degra-
dation declines. Reducing lysosome function drives cells
progressively deeper into quiescence, while increasing ly-
sosome function pushes cells into shallower quiescence. In-
terestingly, expression of Mitf and Tfe3 but not Tfeb increases
significantly in deep quiescence, while Mitf but not Tfe3 or
Tfeb shows a high degree of coexpression with lysosomal
genes in quiescence. This suggests a unique role of Mitf in
regulating lysosome biogenesis in quiescent rat embryonic
fibroblasts (Fujimaki et al., 2019).

Lysosome biogenesis and activity in cell fate determination

Lysosome biogenesis and activity are linked to stem cell fate
determination and transition. Hyperactivation of mTORCI
drives aberrant lineage differentiation, while reprogramming of
mouse and human somatic cells to iPSCs requires repression of
the mTORCI pathway (Julian and Stanford, 2020). In HSCs, ly-
sosomes are asymmetrically distributed to daughter cells, which
affects the fate of the recipient cells (Loeffler et al., 2019). The
daughter cells with low levels of lysosomes are metabolically
active and induced to differentiate (Fig. 4 B). The asymmetric
inheritance of lysosomes may regulate mitochondrial
clearance, autophagy, and Notch signaling, thus contrib-
uting to HSC fate determination (Loeffler et al., 2019). A
lysosome-based signaling pathway has also been identified
as a driver of mouse embryonic stem cell differentiation.
Mechanistically, Ragulator and Folliculin recruit and activate
RagC/D on the lysosomal surface, leading to cytoplasmic re-
tention and inactivation of TFE3 (Villegas et al., 2019). TFE3
activation drives expression of genes related to lysosome bio-
genesis and metabolic signaling and represses transcriptional
programs associated with periimplantation development and
neural lineage differentiation. Consistent with this, perturbing
delivery and maturation of lysosomal enzymes induces nuclear
translocation of TFE3 and impairs cell exit from the self-
renewal circuitry (Villegas et al., 2019). Together with the
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Figure 4. Role of lysosome biogenesis and function in development and aging. (A) The correlation between lysosomes and the different states of NSCs or
HSCs. qNSCs and qHSCs have larger and more abundant lysosomes with lower degradation activity (indicated in pink). gNSCs exhibit an age-dependent
decrease in lysosome levels (indicated in blue). (B) The correlation between lysosomes and the asymmetric division and differentiation of HSCs. Lysosomes are
asymmetrically distributed to daughter cells, and the daughter cells with low levels of lysosomes are metabolically active and induced to differentiate. (C) STA-
2- and ELT-3-dependent lysosome biogenesis in ECM remodeling during C. elegans molt. During molt, the cuticle-epidermis attachments are damaged and
detected by STA-2. STA-2 translocates to the nucleus and functions together with ELT-3 to activate the expression of lysosomal V-ATPase genes. This ac-
celerates lysosome maturation at molt and facilitates the ECM remodeling required for larval development. (D) The correlation between lysosome biogenesis
and lifespan in C. elegans. In aging C. elegans, lysosomes show reduced vesicular morphology; increased tubular morphology; increased mean and total volume;
and decreased acidity, motility, and degradation activity. In long-lived mutants from three different longevity pathways, lysosomal gene expression is up-

regulated, which requires DAF-16/FOX0 and SKN-1/NRF2. Lysosome morphology and activity are well maintained during aging.

aforementioned antagonistic effect of MYC on TFE3 in neo-
plastic cells and human iPSCs (Annunziata et al., 2019), these
findings suggest that regulation of lysosome biogenesis is im-
portant for the self-renewal of stem cells or neoplastic cells. In
addition, lysosome-related metabolic signaling pathways are
found to regulate cell-type specification in adipocytes and during
embryoid body formation (Wada et al., 2016; Young et al., 2016).
In the latter case, TFEB and proper lysosome function are re-
quired for endodermal specification, probably by regulating ca-
nonical Wnt signaling (Young et al., 2016). These studies suggest
that lysosomes affect cell fate determination by serving as both
metabolic signaling hubs and degradative compartments.
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Lysosome biogenesis and animal development

It is largely unknown how lysosome biogenesis contributes to
development. Recently, lysosome biogenesis and activity were
reported to be up-regulated during C. elegans molt, to promote
ECM remodeling for larval development (Miao et al., 2020). C.
elegans larvae undergo four molts to reach adulthood. In each
molt, the larva sheds and resynthesizes apical ECM/cuticle to
accommodate growth. At molt, lysosomal properties alter sig-
nificantly in the big multinuclear epidermal syncytium, in-
cluding formation of tubular lysosomal structures and increases
in lysosome abundance, motility, and degradation activity.
When worms exit from molt, lysosome morphology and
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properties return to the typical intermolt pattern. Impairing
lysosome function affects endocytic cargo degradation and cu-
ticle collagen turnover, blunts the increase in protein synthesis
at molt, and causes molting defects. Thus, lysosomes are acti-
vated specifically at molt in the epidermis to maintain tissue
homeostasis by degrading old cuticle and recycling the resulting
catabolites for new cuticle synthesis. Interestingly, lysosome
activation is triggered when the cuticle-epidermis attachments
are disrupted, and this structural damage is detected by STA-2, a
signal-activated STAT family transcription factor (Zhang et al.,
2015), and ELT-3, a tissue-specific generic GATA transcription
factor. At molt, STA-2 and ELT-3 become more enriched in the
nuclei to enhance the expression of V-ATPase genes. This ac-
celerates lysosome maturation at molt. Thus, STA-2 and ELT-3
cooperate to provide temporal (molt) and spatial (epidermis)
lysosomal activation, which facilitates the ECM remodeling re-
quired for larval development (Fig. 4 C).

The C. elegans anchor cell is a specialized uterine cell that
invades the vulval tissue to initiate uterine-vulval connection
during hermaphrodite development (Hagedorn and Sherwood,
2011). It is reported that lysosomes are modulated to promote
basement membrane breach during anchor cell invasion. In
this process, UNC-6/netrin, the guidance factor secreted by
the vulval tissue, interacts with the receptor UNC-40/DCC
at the basement membrane breach site to direct the for-
mation of a transient lysosome-derived membranous pro-
trusion for cell invasion (Naegeli et al., 2017). During
meiotic maturation, sperm signaling triggers degradation of
the major translational repressor GLD-1 and releases its
repression of V-ATPase synthesis, leading to lysosome
acidification and activation in proximal oocytes (Bohnert
and Kenyon, 2017). Lysosome activation promotes clear-
ance of protein aggregates before fertilization, thus pre-
venting transmission of damaged materials to the next
generation and providing raw materials to developing oo-
cytes. Similar lysosome acidification is observed during
Xenopus laevis oocyte maturation, suggestive of an evolu-
tionarily conserved process that enhances oocyte proteo-
stasis in multiple species (Bohnert and Kenyon, 2017).

Regulation of lysosome biogenesis and function in
maintenance of longevity

In C. elegans, the TFEB homologue HLH-30 promotes lifespan by
enhancing lysosomal lipolysis (O'Rourke and Ruvkun, 2013).
HLH-30 is required for lifespan extension in C. elegans defective
in multiple pathways that depend on autophagy-lysosome
functions, including food intake, mitochondrial respiration, in-
sulin/IGF-1 signaling (IIS), TOR signaling, and germline signal-
ing (Lapierre et al., 2013; Nakamura et al., 2016). Nevertheless,
further investigation is required to determine whether C. elegans
HLH-30 functions similarly to TFEB/TFE3. Interestingly, HLH-
30 acts in complex with the DAF-16/FOXO transcription factor to
extend the lifespan under oxidative stress conditions (Lin et al.,
2018). In addition, a recent study suggests that HLH-30 regulates
adult reproductive diapause, a long-lived quiescent state that
enables survival without food (Gerisch et al., 2020). HLH-30 is
essential for the entry, survival, and recovery of adult
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reproductive diapause, but it is unclear whether and how ly-
sosome biogenesis plays a role in these processes.

While lysosome activity declines with age, age-related in-
creases in the number and size of lysosomes have been observed
in various species such as Paramecium, nematodes, and different
human cell lines (Brandes et al., 1972; Lipetz and Cristofalo, 1972;
Sundararaman and Cummings, 1976). In C. elegans aging, lyso-
somes undergo a series of age-associated changes, including
reduced vesicular but increased tubular morphology, increased
mean and total volume, and decreased acidity, motility, and
degradation activity (Sun et al., 2020). Moreover, 43 lysosomal
genes exhibited reduced expression with age. Among them were
genes encoding the two main classes of lysosomal proteins im-
portant for lysosomal acidity and degradation, i.e., the cathepsin
proteases (17 genes) and V-ATPase subunits (15 genes). In long-
lived mutants representing three different longevity pathways
(IS, caloric restriction, and impaired mitochondria function),
lysosome gene expression is up-regulated, and this requires
DAF-16/FOXO and SKN-1/NRF2 transcription factors (Fig. 4 D).
Notably, the IIS and caloric restriction pathways seem to target
lysosomal hydrolases and V-ATPase components, respec-
tively. The genes up-regulated in the isp-1 mutant, which has
dysfunctional mitochondria, are mostly shared with the IIS
pathway.

Removing germ cells significantly increases lifespan in both
C. elegans and Drosophila melanogaster (Kenyon, 2010). It was
reported recently that lysosome activity in the C. elegans intes-
tine is regulated by steroid signaling from the gonad. The DAF-
12/DAF-9 steroid hormone signaling pathway potentiates the
nuclear localization of DAF-16/FOXO in the intestine, which
leads to increased expression of the V-ATPase for maintenance
of lysosome acidity in reproductive worms. Moreover, neuronal
expression of XBP-1s, the spliced and active form of the UPRER
transcription factor, increases expression of lysosomal genes in
the intestine. This enhances lysosome acidity and activity re-
quired for XBP-Is to increase proteostasis and longevity
(Imanikia et al., 2019). It remains unclear how lysosomal tran-
scripts are selectively regulated by different pathways and how
this contributes to lysosome functionality in different long-lived
animals.

Lysosomes can release signaling molecules to modulate lon-
gevity. Overexpression of the lysosomal acid lipase LIPA-4 pro-
motes C. elegans longevity. LIPA-4 induces nuclear translocation of
the fatty acid-binding protein LBP-8 from the lysosomal surface.
Nuclear LBP-8 in turn presents oleoylethanolamine to its nuclear
receptor NHR-80, which cooperates with NHR-49 to induce target
gene expression and thus extend the lifespan (Folick et al., 2015).
Thus, lysosomal lipid metabolism may signal to nuclear tran-
scription to modulate longevity.

Conclusion and perspective

As reviewed here, the biogenesis of lysosomes requires inte-
gration of multiple pathways involving biosynthesis, endosome-
lysosome trafficking, lysosomal degradation and reformation,
and transcription regulation. Our knowledge of lysosomes and
their critical roles in cellular homeostasis, development, and
aging has greatly advanced in recent years. Nonetheless, many
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outstanding questions remain to be addressed. These include,
but are not limited to, the following: (1) Although stress-
responsive lysosome biogenesis is mainly regulated through
TFEB/TFES3, it is unclear how lysosomal genes are regulated at
the basal level. Are additional transcriptional regulators engaged
in context-specific lysosome biogenesis? (2) How does the in-
teraction of lysosomes with other intracellular organelles affect
lysosome biogenesis and activity? How do the signals from or-
ganelles such as the ER, mitochondria, or nucleus affect lyso-
some biogenesis? (3) How do lysosome biogenesis and function
contribute to animal development, especially in stem cell self-
renewal and differentiation and in tissue and organ develop-
ment? (4) How are lysosome biogenesis and function regulated
in animal aging?

Answering these questions will provide a deeper and more
thorough view of lysosome biogenesis and functions under di-
verse physiological and pathological conditions. In particular,
the application of model animals (e.g., C. elegans and rodents) is
anticipated to contribute enormously to dissecting the regula-
tion of lysosome homeostasis at an organismal level in normal
and diseased states.
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