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Lysosomal–nuclear communication
coordinates lysosomal positioning,
metabolism, and signaling with nuclear
transcription to support fundamental cel-
lular activities.

Lysosomal positioning between periph-
eral and perinuclear regions is subject
to cooperative regulation in response to
metabolic stimuli and contributes to lyso-
somal functions and signaling.

Retrograde transport of chaperone pro-
teins and transcription factors from the
Lysosomes transcend the role of degradation stations, acting as key nodes for
interorganelle crosstalk and signal transduction. Lysosomes communicate with
the nucleus through physical proximity and functional interaction. In response
to external and internal stimuli, lysosomes actively adjust their distribution
between peripheral and perinuclear regions and modulate lysosome–nucleus
signaling pathways; in turn, the nucleus fine-tunes lysosomal biogenesis and
functions through transcriptional controls. Changes in coordination between
these two essential organelles are associated with metabolic disorders, neuro-
degenerative diseases, and aging. In this review, we address recent advances
in lysosome–nucleus communication by multi-tiered regulatory mechanisms
and discuss how these regulations couple metabolic inputs with organellar
motility, cellular signaling, and transcriptional network.
lysosome to the nucleus is actively regu-
lated by metabolic signaling.

Nuclear transcriptional networks com-
prise a variety of different transcription
factors that act independently or coordi-
nately to fine tune lysosomal-autophagic
gene expression.
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Lysosomes as Degradation and Signaling Hubs
Lysosomes were first discovered by the Nobel laureate Christian de Duve in 1955 as a
‘scientific serendipity’ [1], were later found in nearly all eukaryotic cells (vacuoles in plants
and yeasts; lysosomes in animals), and have the reputation of being ‘waste-to-energy’ inciner-
ators inside the cell. Enclosed in a single phospholipid bilayer membrane, lysosomes maintain
an acidic interior (pH 4.5~5.5) by pumping cytosolic protons into the internal lumen via vacuolar
H+-ATPase, which is aided by other lysosomal ion channels [2]. The acidic lumen of lysosomes
accommodates ~60 acidic hydrolases and provides them with an optimal environment in
which to break down various biological macromolecules [3,4]. These biological macromolecules
are delivered into lysosomes from the extracellular or intracellular space through endocytosis
(see Glossary) or autophagy (Box 1), respectively [5–7], and their degradation products, such
as amino acids, fatty acids (FAs), monosaccharides, and nucleosides, are exported to the
cytosol for reuse via lysosomal transporters and/or vesicle trafficking [8–10]. In several
specialized cell types, lysosomes are a critical part of the secretory pathway known as
lysosomal exocytosis, which is essential for plasma membrane repair and cholesterol
homeostasis [11–14].

In addition to their well-appreciated housekeeping function as cellular degradative compart-
ments, lysosomes are now emerging as crucial signaling hubs that relay external and internal
stimuli, such as growth factors, nutrient availability, and amino acid, glucose, and lipid metabo-
lism, to signaling complexes, such as mammalian/mechanistic target of rapamycin (mTOR) and
AMP-activated protein kinase (AMPK), and undergo adaptation to meet cellular needs [15–17].
The adaption of lysosomes occurs at multiple layers, and the communication between the lyso-
some and the nucleus has a crucial role in this process. Here, we overview three regulatory layers
of lysosome–nucleus communication, including the peripheral–perinuclear positioning of lyso-
somes, nuclear translocation of signaling factors from lysosomes, and transcriptional control of
lysosomal adaptation by nuclear factors. We highlight the molecular players that are involved
in these regulations, how these regulations couple with metabolic and environmental changes,
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Glossary
14-3-3: a family of structurally similar
intracellular phosphor-serine/threonine
binding proteins found in all eukaryotes.
ADP ribosylation factor-like 8 (Arl8):
a small G protein and regulator of
lysosomal anterograde trafficking.
AKT: also known as protein kinase B; a
serine/threonine kinase and main
regulator of metabolism.
BLOC-1-related complex (BORC): a
multisubunit complex that regulates
lysosome positioning.
cAMP response element-binding
protein (CREB): a transcription factor.
Endocytosis: process by which cells
internalize materials surrounding the cell
membrane through membrane
invagination and formation of vesicles.
Epidermal growth factor receptor
substrate 15 (EPS15): an endocytic
adaptor protein interacting with RNF26/
SQSTM1.
Exocytosis: an energy-dependent
secretory process that transports
cellular materials confined within vesicles
out of the cell membrane into the
extracellular space.
Exportin 1 (XPO1): a eukaryotic
nuclear export protein.
Extracellular signal regulated
protein kinase (ERK): member of the
mitogen-activated protein kinase family.

Box 1. Lysosomes in Autophagy

In response to nutrient deprivation, autophagy is a highly regulated catabolic process that captures unwanted intracellular
components, including macromolecules and even entire organelles, and delivers them to lysosomes for bulk degradation
and recycling. Three major types of autophagy have been identified in eukaryotes: (i) chaperone-mediated autophagy
(CMA); (ii) microautophagy; and (iii) macroautophagy. CMA and microautophagy both take place directly on lysosomes.
In CMA, protein substrates with KFERQ-like motifs are recognized by HSC70 and co-chaperones and internalized into
the lysosome with the aid of lysosome-associated membrane protein type 2A(LAMP2A) [108–110]. In microautophagy,
cytosolic materials are directly captured into the lysosome via the invagination of lysosomal membrane [111].

By contrast, macroautophagy, a major type of autophagy, requires extensive membrane remodeling and the formation of
an autophagosome, a specialized double membrane-bound vesicle that engulfs cytoplasmic contents and delivers these
cargos to the lysosome through direct fusion (autolysosome) [112,113]. Upon fusion, the cargos are degraded inside the
acidic lumen of the autolysosome by various hydrolases for recycling. All three forms of autophagy depend on the proper
function of lysosomes.
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and how these discoveries have broadened our view of lysosomal contributions to health,
disease, and aging (Box 2).

Peripheral–Perinuclear Positioning of Lysosomes
Lysosomes are broadly distributed in the cytoplasm and can change positioning in response to
different metabolic and signaling inputs [18]. In particular, movement from the cell periphery to-
ward the perinuclear region (retrograde) and from the perinuclear region toward the cell periphery
(anterograde) contributes to lysosome-related cellular processes, including cell migration, au-
tophagy, and immune responses, as well as to the regulation of lysosomal signaling pathways
[19]. The intracellular movement of lysosomes is governed by two families of microtubule-
based motors: kinesins and dynein. Generally, in an unpolarized cell, kinesins move toward
the microtubule plus end (toward the cell periphery), while dynein moves toward the minus end
(toward the nucleus or microtubule-organizing center) [20,21]. Perinuclear movement of
FYVE and coiled-coil domain-
containing protein 1 (FYCO1): a
regulator of lysosomal retrograde
transportation.
Glycogen synthase kinase 3 (GSK3):
a serine/threonine protein kinase.
Lipolysis: biochemical pathway
through which ester bonds in neutral
lipids and triglycerides are hydrolyzed,
resulting in the generation of fatty acids
and glycerol.
Lysosome adaptation: lysosomes
actively adjust their biosynthesis and
activities in response to intracellular and
environmental inputs, which is
transcriptionally coordinated by multiple
factors.
Microphthalmia-associated
transcription factor (MITF): member
of a family of basic helix-loop-helix
leucine zipper transcription factors.
Mitochondria fission 1 protein
(FIS1): is a regulator of mitochondrial
fragmentation.
Oxysterol-binding protein (OSBP): a
receptor for a variety of oxysterols.
Oxysterol-binding protein-related
protein 1 (ORP1L): member of the
human OSBP family.

Box 2. Lysosome Dysfunction and Disease

Dysfunction of lysosomes has been associated with multiple human diseases. Mutations in lysosomal hydrolase and/or
transporter genes result in aberrant accumulation of a variety of metabolites within the lysosomal lumen, leading to meta-
bolic diseases collectively called lysosomal storage diseases (LSDs) [107,114,115]. Dysfunction of lysosomal-autophagic
pathways is detected in neurodegenerative diseases, such as Parkinson’s, Alzheimer’s, and Huntington’s diseases, and
amyotrophic lateral sclerosis (ALS), which share a common feature in the form of neuronal disposition of protein aggre-
gates [116–119]. Defects in lysosome trafficking machinery are also involved in LSDs and neurodegenerative diseases,
as reviewed in [120]. Overexpression of transcription factor (TF)EB/TFE3 stimulates lysosomal exocytosis and promotes
the clearance of undigested materials in several cell models of LSDs [64,121,122]. Overexpression of TFEB or pharmaco-
logical stimulation of its activity also offers protection against the pathology of Parkinson’s, Alzheimer's, and Huntington’s
diseases in mouse models [62,123–126]. In invertebrate model organisms, the nuclear retention of TFEB caused by the
mutation of a nuclear export protein exportin 1 (XPO1) enhances autophagy and protects ALS-afflicted fruit flies from de-
veloping neurodegeneration [127].

Despite the protection against LSDs and neurodegenerative diseases, the enhanced lysosomal-autophagic process
caused by TEFB/TFE3 overexpression can drive tumor progression by recycling internal cellular constituents in cancer
cells and compensating for the shortage of external nutrients due to insufficient vascularization [128,129]. For instance,
pancreatic ductal adenocarcinoma (PDA) exhibits constitutive activation of microphthalmia-associated transcription factor
(MITF) TFs to maintain the amino acid pool derived from autophagy [130] and, consequently, the pathogenesis of PDA
requires a high level of autophagy [131]. TFE-fusion renal cell carcinomas (TFE-fusion RCCs) result from chromosomal
translocation and MITF gene fusion that lead to the overexpression of the TFEB and TFE3-encoding genes [132,133].
By contrast, Forkhead box O1 (FOXO1) was shown to activate the autophagic process, which leads to cell death and
protection against human colon cancer [84,133].

Moreover, lysosomal-autophagic activity decreases with age. FOXO and TFEB can coregulate lysosome biogenesis and
autophagy genes [85,86]; their increased activities contribute to lifespan extension in diverse organisms [76,134,135] and
protection against age-associated diseases, such as osteoarthritis [85].
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Peroxisome proliferator-activated
receptor gamma coactivator
1-alpha (PGC1α): is a transcriptional
co-activator for several nuclear
receptors.
Ring finger protein 26 (RNF26): an
ER-associated E3 ubiquitin ligase.
SifA-kinesin interacting protein
(SKIP): also known as PLEKHM2; an
adaptor protein between kinesin motor
protein and ARL-8.
Tax1-binding protein 1 (TAX1BP1):
an autophagy receptor and vesicle
adaptor protein interacting with RNF26/
SQSTM1.
TBC1 domain family member 15
(TBCF1D15): a GTPase activation
protein for Rab7.
Toll-interacting protein (TOLLIP):
negative regulator of Toll-like receptor-
mediated signaling as well as a vesicle
adaptor protein interacting with RNF26/
SQSTM1.
Transient receptor potential,
mucolipin subfamily, member 1
(TRPML1): a cation-permeable channel
that is localized on both late endosomes
and lysosomes.
Ubiquitin carboxyl-terminal
hydrolase 15 (USP15): a
deubiquitinating enzyme.
Vacuolar protein sorting 34 (VPS34):
a class 3 phosphatidylinositol (PtdIns)
3-kinase and an endosomal trafficking
regulator.
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lysosomes has been observed in a variety of lysosomal storage diseases (LSDs) (Table 1) and can
be triggered upon nutrient deprivation, which is the key input modulating lysosomal signaling.
This movement is governed by multiple cooperative mechanisms, including the enhancement
of coupling with dynein and its activator dynactin, the promotion of tethering between lysosomes
and the perinuclear endoplasmic reticulum (ER)/Golgi complex, and the inhibition of anterograde
transport involving coupling lysosomes to kinesins (Figure 1).

Perinuclear Retrograde Movement Associated with Dynein–Dynactin
Three independent mechanisms have been reported to couple lysosomes with the dynein–
dynactin retrograde motor. First, the lysosome-associated small GTPase Rab7 can interact
with a homodimeric effector protein Rab7-interacting lysosomal protein (RILP), which subse-
quently recruits the p150Glued subunit of the dynein–dynactin complex and drives lysosomal dis-
tribution toward the perinuclear region [22] (Figure 1, pathway A2). RILP is also in association with
oxysterol-binding protein-related protein 1 (ORP1L), which can adopt different conforma-
tions in response to the cholesterol level of the lysosome and, in turn, modulates the formation
of lysosome–ER contact sites. In normal conditions, the ER protein VAP interacts with the
Rab7-RILP complex at those contact sites and competes with p150Glued and dynein–dynactin
[23]. Upon cholesterol accumulation induced by chemical or genetic intervention, ORP1L adopts
a conformation that prevents the formation of the lysosome–ER contact and, consequently, the
interaction between VAP and the Rab7-RILP complex, leading to the perinuclear movement of
lysosomes [23].

Second, the lysosomal calcium channel transient receptor potential, mucolipin subfamily,
member 1 (TRPML1) can bind with the calcium senor ALG2 [24], which physically associates
with dynein–dynactin and mediates the retrograde transport and perinuclear accumulation of ly-
sosomes [25] (Figure 1, pathway A3). TRPML1 is the predominant calcium channel that controls
calcium release in the lysosome [26] and can be activated by lysosome-specific phos-
phatidylinositol 3,5-bisphosphate [PI(3,5)P2] [27], the biosynthesis of which is regulated by both
nutrient and growth factors [28]. In response to starvation, autophagy induction, or cytosolic
alkalization, lysosomes undergo perinuclear redistribution, which is blocked by acute TRPML1 in-
hibition or PI(3,5)P2 depletion [25]. Conversely, the activation of TRPML1 sufficiently induces
perinuclear accumulation of lysosomes in a PI(3,5)P2 and ALG-2 dependent manner [25]. Nota-
bly, althoughmutations of human TRPML1 are linked with mucolipidosis type IV (ML-IV) LSD [26],
the TRPML1-ALG-2 mechanism does not contribute to the perinuclear accumulation of lyso-
somes in ML-IV; neither does it contribute to the perinuclear accumulation of lysosomes in
Niemann–Pick disease type C1, another LSD characterized by cholesterol accumulation [25].
Table 1. Lysosome Positioning Changes in Human Disease Models

Disease Lysosome positioninga Model system Refs

Mucolipidosis type IV Perinuclear Primary mouse fibroblasts [25]

Niemann–Pick type C Perinuclear Primary mouse cell isolations [136]

Patient-derived fibroblasts [137]

Juvenile CLN3 Perinuclear HeLa cells [138]

Huntington’s Perinuclear Mouse striatal-derived cell line [139]

Axonal/Peripheralb Mouse primary dorsal root ganglion neurons [140]

Alzheimer’s Axonal/Peripheralc Mouse hippocampus [141,142]

aA broad definition of lysosomes, including lysosomes, autophagosomesb and amphisomesc (fusion between
autophagosomes and endosomes), is applied.
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Figure 1. Molecular Mechanism of Lysosome Positioning. The perinuclear clustering of lysosomes (marked in blue) is driven by the following machineries:
(A1) TMEM55B binding with the dynein adaptor JIP4 to recruit the dynein–dynactin complex; (A2) oxysterol-binding protein-related protein 1 (ORP1L) adopting a
conformation to facilitate the detachment of lysosomes from the endoplasmic reticulum (ER) and the recruitment of dynein–dynactin by the Rab7-Rab7-interacting
lysosomal protein (RILP) complex; (A3) lysosomal lipid phosphatidylinositol 3,5-bisphosphate [PI(3,5)P2] activating the transient receptor potential, mucolipin subfamily,
member 1 (TRPML1) calcium channel to allow the recruitment of dynein–dynactin by the calcium sensor ALG2; (A4) ER-located ring finger protein 26 (RNF26)
ubiquitinating p62/SQSTM1 and recruiting various vesicle adaptors through their ubiquitin-binding domains; and (A5) lysosome-associated folliculin (FLCN) promoting
the interaction between lysosomal Rab7 and RILP and Golgi-localized Rab34. By contrast, periphery positioning of lysosomes (marked in pink) is mediated by (B1)
vacuolar protein sorting 34 (VPS34)-induced phosphatidylinositol 3-phosphate (PtdIns3P) to promote the transfer of kinesin-1 from ER protrudin to lysosomal FYVE

(Figure legend continued at the bottom of the next page.)
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Third, lysosomal transmembrane protein TMEM55B can directly bind with the dynein scaffold
protein JIP4 and recruit dynein–dynactin to lysosomes through JIP4, inducing lysosomal retro-
grade transport and perinuclear positioning [29] (Figure 1, pathway A1). TMEM55B overexpres-
sion causes the clustering of lysosomes around the nucleus, while its knockdown increases the
concentration of lysosomes in the cell periphery [29]. Interestingly, starvation upregulates the ex-
pression of TMEM55B through the transcription factor EB (TF)EB/TFE3, the master regulator of
lysosomal biogenesis [29,30] (see ‘Transcriptional Control of Lysosomal Adaptation’). The tran-
scription of TMEM55B also responds to cholesterol levels, mediated by SREBF2 and TFEB/
TFE3 [29]. As a result, the TMEM55B-JIP4 mechanism contributes to the perinuclear redistribu-
tion of lysosomes caused by chemical and genetic induction of lysosomal cholesterol accumula-
tion [29]. In addition to the transcriptional control, the TMEM55B-JIP4 mechanism is also subject
to post-transcriptional regulation by extracellular signal regulated protein kinase (ERK)
[29,30].

Perinuclear Retrograde Movement via ER/Golgi Interaction
Additionally, lysosomal positioning close to the perinuclear region is mediated by the interaction of
lysosomes with ER and Golgi. Rab34, a small GTPase primarily localized to the perinuclear Golgi
complex, can interact with RILP [31] and Rab7 to promote lysosome–Golgi tethering and
perinuclear retention of lysosomes [32] (Figure 1, pathway A5). Rab34 is required for
starvation-induced perinuclear accumulation of lysosomes and is sufficient to promote lysosome
movement toward the nucleus upon overexpression [32]. Lysosome-associated folliculin (FLCN)
facilitates this regulatory mechanism by interacting with RILP and promoting the loading of active
Rab34 onto RILP upon starvation [32].

At the same time, an ER-located ubiquitin ligase ring finger protein 26 (RNF26) can recruit and
ubiquitinate p62/SQSTM1 (the ubiquitin-binding protein involved in autophagosome cargo re-
cruitment), which further attracts ubiquitin-binding domains of various vesicle adaptors, including
epidermal growth factor receptor substrate 15 (EPS15), Tax1-binding protein 1
(TAX1BP1), and Toll-interacting protein (TOLLIP), and restricts their cognate vesicles in the
perinuclear region [33] (Figure 1, pathway A4). This anchoring process is terminated upon
deubiquitination of p62/SQSTM1 by the RNF26-associated deubiquitinating enzyme ubiquitin
carboxyl-terminal hydrolase 15 (USP15), which facilitates vesicle release toward the periphery
[33]. Depletion of RNF26, or knocking down of p62/SQSTM1, EPS15, TAX1BP1, or TOLLIP,
leads to the redistribution of lysosomes toward the peripheral region, while depletion of USP15
decreases the number of periphery-located lysosomes and overall endosome mobility [33]. It is
currently unclear whether the activity of RNF-16 and/or UPS15 is modulated by the nutrient sta-
tus of the cell.

Peripheral Anterograde Transport with Kinesins
Starvation also inhibits anterograde transport of lysosomes toward the periphery. Anterograde
transport can be mediated by a lysosomal eight-unit complex BLOC-1-related complex
(BORC), which recruits a small GTPase, ADP ribosylation factor-like 8 (Arl8), to the lysosomal
membrane [20] (Figure 1, pathway B2). Arl8 in turn interacts with different kinesins to drive the pe-
ripheral movement of lysosomes [34]. Arl8 requires an effector protein SifA-kinesin interacting
protein (SKIP) to establish the connection with kinesin-1 [35] but directly binds to kinesin-3 [20].
Knocking down of Arl8, SKIP, BORC, kinesin-1, or kinesin-3 causes perinuclear redistribution of
and coiled-coil domain-containing protein 1 (FYCO1) and (B2) BLOC-1-related complex (BORC) recruitment of ADP ribosylation factor-like 8 (Arl8) to interact with different
kinesins, which is blocked by its interaction with Ragulator. Each of these pathways can be regulated by different stimuli, as indicated by the light-blue boxes, and lysosomal
positioning regulates lysosomal acidity and mammalian target of rapamycin (mTOR) activation. These pathways are shown as independent for presentation clarity, but
multiple machineries can be present in a single lysosome.
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lysosomes without starvation [20,34,35]. During starvation, BORC interaction with the Ragulator
complex is enhanced, which prevents BORC-Arl8b binding and consequently leads to lysosomal
accumulation around the nucleus [21]. However, overexpression of Arl8 or kinesin-1 can block
this starvation-induced perinuclear accumulation [36].

At the same time, anterograde movement can be regulated by phosphatidylinositol 3-phosphate
(PtdIns3P), which promotes lysosome–ER contact and the translocation of lysosomes to the cell
periphery [37] (Figure 1, pathway B1). PtdIns3P on the lysosome recruits a PtdIns3P-binding pro-
tein, FYVE and coiled-coil domain-containing protein 1 (FYCO1), to the lysosome mem-
brane and another PtdIns3P-binding protein, Protrudin, to the ER membrane, which facilitates
the transfer of kinesin-1 from protrudin to FYCO1 to initiate anterograde transportation [37,38].
The production of PtdIns3P on the lysosome is catalyzed by the lipid kinase vacuolar protein
sorting 34 (VPS34), which is stimulated by an increased level of amino acids [39]. Thus, upon
starvation, this PtdIns3P-dependent anterograde transportation mechanism is comprised due
to inactive VPS34.

Collectively, the emerging research on lysosome positioning starts to reveal the tip of the iceberg
for this delicately balanced system with high dynamics. Positioning changes have been reported
to affect lysosomal acidity and autophagic flux [36,40,41] as well as signal transduction (see
‘Lysosomal Positioning and Signaling Activation’). Further understanding of its regulatory
mechanismswill advance our current understanding of the roles of lysosomes in cellular signaling,
organismal development, pathogenesis, and aging.

Lysosome–Nucleus Interactions in Signaling Transduction
Importantly, the interactions between lysosomes and the nucleus do not just occur at the mor-
phological level. Dependent on their abilities to cluster at the perinuclear region, produce various
metabolites, and anchor signaling factors, lysosomes can communicate with the nucleus to reg-
ulate signal transduction and transcription responses. Three examples of such regulations are
highlighted here.

Lysosomal Positioning and Signaling Activation
As amaster regulator of cellular growth andmetabolism, mTOR complex 1 (mTORC1) has crucial
roles in cancer, neurodegeneration, metabolic disorders, and aging. Recent studies revealed
mTORC1 activation at the lysosomal surface, which is regulated by Ragulator, GATOR1, and
FLCN in complex with FNIP (reviewed in [42–44]), and also the interesting link between
mTORC1 activation and lysosomal positioning [36]. On the one hand, mTORC1 influences lyso-
somal positioning in response to nutrient and growth factors (see earlier and Figure 1, pathways
B2 and A5). More specifically, Ragulator physically interacts with BORC and, in turn, comprises
its ability to recruit kinesins, which is enhanced upon starvation or weakened by growth factors
to drive the perinuclear or peripheral movement of lysosomes, respectively [21,45]. Meanwhile,
direct binding of FLCN with RILP, in response to starvation, promotes the loading of active
Rab34, the tethering of lysosomes to the perinuclear Golgi complex, and the retaining of lyso-
somes around the nucleus [32]. On the other hand, lysosomal positioning can in turn influence
mTORC1 activation. Overexpression of proteins mediating the anterograde transport of
lysosomes, such as BORC, Arl8, Protrudin, and FYCO1, enhances mTORC1 activity [36,38].
Conversely, genetic knockdown or knockout of those anterograde transport mediators attenuate
mTORC1 activation in response to nutrient and growth factors [36,38,46].

However, there are also studies that associate peripheral positioning of lysosomes with a reduc-
tion in mTORC1 activity [47,48]. For example, cytosolic acidification resulting from hypoxia leads
Trends in Biochemical Sciences, November 2020, Vol. 45, No. 11 983
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to a peripheral distribution of lysosomes and mTORC1 inhibition [48]. This controversy might be
related to specific mechanisms activating mTORC1 under different conditions. In response to
growth factors, perinuclear clustering of lysosomes attenuates the activation of mTORC2 and
AKT, which can augment mTORC1 activation [46]; while, in response to cytosolic acidification,
peripheral redistribution of lysosomes drives lysosome-bound mTOR away from the perinuclear
pool of RHEB that activates it [48].

Nuclear Translocation of Lysosomal FABPs
As a metabolic active site, lysosomes are responsible for the digestion and degradation of mac-
romolecules and the production of various metabolites. A crucial group of bioactive metabolites
comprise FAs and FA derivatives that are sources of energy fuel, membrane building, and signal
transduction [49]. Within the lysosomal lumen, acidic lipases and phospholipases can de-esterify
neutral lipids and phospholipids, respectively, to generate FAs and FA derivatives, which may be
exported via vesicular routes and/or lipid-binding proteins and transporters [50].

In the cytoplasm, hydrophobic FAs and FA derivatives rely on FA-binding proteins (FABPs) to facil-
itate their transportation between organelles [51]. Therefore, this family of proteins acts as lipid
chaperones to mediate the metabolic and signaling effects of FAs and FA derivatives [51]. In par-
ticular, specific FABPs can selectively carry FAs to the nucleus and activate a family of nuclear hor-
mone receptors known as peroxisome proliferator-activated receptors (PPARs) [52]. FABP
proteins are conserved from Caenorhabditis elegans to humans, with nine homologs in each or-
ganism. One of the C. elegans FABPs, LBP-8, is reported to be translocated from the lysosome
to the nucleus upon lysosomal lipolysis induced by overexpression of a lysosomal acid lipase
LIPL-4 [53]. The LBP-8 protein is able to bind a variety of FAs and FA derivatives [53,54], and
carries a structurally conserved nuclear localization signal [54]. Overexpression of LIPL-4 also
leads to an increase in oleoylethanolamide (OEA), a FA derivative that directly binds to LBP-8
and requires its nuclear translocation to activate the nuclear hormone receptor complex NHR-80
and NHR-49 (Figure 2) [53,54]. This complex in turn upregulates lbp-8 to form a positive feedback
loop [53] and mitochondrial genes to induce lysosome–mitochondria crosstalk [55]. The activation
of this lysosome–nucleus retrograde lipid signaling pathway by overexpressing lipl-4 or lbp-8 or by
supplementing OEA promotes longevity, lipid catabolism, and redox homeostasis [53,55].

Lysosome–Nucleus Shuttling of TFEB and MITF-1
Unlike nuclear hormone receptors mostly residing in the nucleus, numerous TFs shuttle between
the cytoplasm and the nucleus in response to different stimuli. A common mechanism is the se-
questration of TFs in the cytoplasm until specific cues trigger their translocation to the nucleus
and regulate the expression of their target genes accordingly. In particular, the TFs, TFEB and
Microphthalmia-associated transcription factor (MITF)-1, can be recruited to the lysosome
by interacting with active Rag GTPase heterodimers, leading to mTORC1-dependent inhibition of
their activities (Figure 2) [56]. TFEB and MITF-1 both belong to the MITF subfamily of helix-loop-
helix leucine zipper TFs that also includes TFE3 [57]. When nutrients are abundant, TFEB and
MITF-1 are constantly cycling between the lysosome and the cytosol, and the lysosome-
associated fraction can be phosphorylated by mTORC1, released back to the cytosol, and teth-
ered with the 14-3-3 protein [56,58–60]. TFEB-14-3-3 tethering blocks the nuclear translocation
of TFEB and, consequently, its activity.

Upon starvation or mTORC1 inactivation, dephosphorylated TFEB fails to tether with 14-3-3,
translocates into the nucleus, and shows a stronger association with lysosomes [61–64]. Simi-
larly, inactivation of mTORC1 can also lead to the accumulation of MITF-1 into the nucleus and at
the lysosome [56]. In the nucleus, TFEB activates a series of target genes that control lysosomal
984 Trends in Biochemical Sciences, November 2020, Vol. 45, No. 11
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Figure 2. Lysosome and Nucleus Interaction in Signaling and Transcription. For the nucleus–lysosome interaction, the lysosomal-autophagic pathway is
transcriptionally regulated in response to the nutrient status. Upon starvation, the transcription factors (TF)EB/TFE3 (shown as TFEB), Forkhead box O3 (FOXO3),
cAMP response element-binding protein (CREB)-CRTC2 peroxisome proliferator-activated receptor (PPAR)α, and p53 bind to the promoter region of lysosomal-
autophagic genes and activate their expression. Meanwhile, ZKSCAN3 represses the expression of lysosomal-autophagic genes, as does farnesoid X receptor (FXR)
by competing with PPARα and dissociating the CREB-CRTC2 complex in well-fed conditions. For the lysosome–nucleus interaction, starvation can induce the nuclear
translocation of fatty acid binding protein LBP-8, which binds oleoylethanolamine (OEA) and delivers it to the nuclear hormone receptor (NHR) complex NHR-49-NHR-
80 to induce mitochondrial metabolic genes. By contrast, nutrient repletion results in lysosomal docking of mammalian target of rapamycin complex 1 (mTORC1),
which phosphorylates TFEB/TFE3. The binding of phosphorylated TFEB/TFE3 with cytosolic 14-3-3 proteins prevents its nuclear translocation.

Trends in Biochemical Sciences
An official publication of the INTERNATIONAL UNION OF BIOCHEMISTRY ANDMOLECULAR BIOLOGY
biogenesis and autophagy [15,65] (see ‘TFEB/TFE3 Transcription Factors’). BesidesmTORC1, the
phosphorylation and nuclear localization of TFEB can be regulated by several other kinases and
phosphatases, including ERK2, protein phosphatase 2A (PP2A), and calcineurin, a Ca2+-triggered
serine-threonine phosphatase [61,66,67]. Interestingly, calcineurin is activated by Ca2+ release
through the ion channel TRPML1, which is required for promoting Ca2+- dependent lysosomal
movement toward the perinuclear region upon nutrient deprivation [25]. Thus, lysosomal positioning
might also couple with the modulation of TFEB activity.

Nucleus–Lysosome Interaction in the Control of Lysosomal Adaptation
In supporting cellular homeostasis, not only do lysosomal signals actively influence nuclear tran-
scription by altering lysosomal positioning and promoting nuclear translocation of chaperone pro-
teins and TFs, but nuclear transcription also dynamically regulates genes involved in lysosomal
biogenesis and functions and autophagy. Several TFs are implicated in this nuclear control of ly-
sosomal adaptation to ensure that lysosomes can adjust their values and activities in the context
of environment fluctuation (Figure 2).
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TFEB/TFE3 Transcription Factors
The discovery of the coordinated lysosomal expression and regulation (CLEAR) gene network and
its responsible TF TFEB suggests that the lysosomal-autophagic pathway is under a transcriptional
control [15,16]. Genes in the CLEAR network carry a CLEARmotif (TCACG) that is recognized and
positively regulated by TFEB [15], and are extensively implicated in the lysosomal-autophagic pro-
cess, such as autophagosome biogenesis, lysosome acidification, hydrolysis, ion homeostasis,
and exocytosis [29,62,63]. In addition to TFEB, TFE3 also induces the expression of lysosomal bio-
genesis and autophagy genes via binding with the CLEAR motif [64].

TFEB and TFE3 act independently to some extent, and are both regulated by mTORC1, which
phosphorylates them at critical serine residues, leading to 14-3-3 tethering and cytoplasmic reten-
tion [64,68,69]. Nutrient deprivation inhibits the mTORC1-dependent phosphorylation, promotes
calcineurin-mediated dephosphorylation following lysosomal Ca2+ release through TRPML1, and
drives the translocation of TFEB/TFE3 into the nucleus [61]. Transcriptional induction of TFEB/
TFE3 target genes enhances lysosome biogenesis and autophagic flux, which enable cells and or-
ganisms to meet the catabolic need required for survival under starvation. Other kinases respon-
sive to metabolic cues and growth factors, such as MAP4K3, ERK, and glycogen synthase
kinase 3 (GSK3), can also phosphorylate TFEB/TFE3 and inhibit their nuclear localization
[65,70–73].

As a counterpart of TFEB, a zinc-finger TF harboring KRAB and SCAN domains (ZKSCAN3) has
been reported to translocate into the nucleus when nutrients are available and represses a large
set of genes related to the lysosomal-autophagic pathway [74]. Knockdown of ZKSCAN3 in-
creases lysosome biogenesis and promotes autophagy in cells [74]. However, studies from
ZKSCAN3-knockout mice showed the dispensable role of this TF in regulating lysosomal or au-
tophagic gene expression [75]. It remains unclear what might cause this discrepancy, although
one possible explanation is that ZKSCAN3 knockout over a long time leads to transcriptional ad-
aptation that hinders its effects.

FOXO Transcription Factors and p53
The class O of forkhead transcription factors (FOXO) are involved in regulating numerous cellular
processes, including cell metabolism, cell cycle and proliferation, oxidative stress response, and
longevity [76–78].C. elegans andDrosophila melanogaster each have one FOXO, whereasmam-
mals have four members, FOXO1, FOXO3, FOXO4, and FOXO6 [76,79,80]. AKT is the primary
regulator of FOXO, phosphorylating it and causing its tethering with 14-3-3 and retention in the
cytoplasm [81]. In muscle cells, FOXO3 is required for the transcriptional induction of
autophagy-related genes [82]. More recently, analysis of ChIP-seq data showed that FOXO3 di-
rectly binds to, and regulates, a network of autophagy-related genes in adult neural stem and pro-
genitor cells, where its activation promotes autophagic flux [83]. In addition to FOXO3, FOXO1
has been shown to induce autophagy upon oxidative stress or serum starvation in the human
colon cancer cell line HCT116 and human cervical carcinoma cell line HeLa, although this was in-
dependent of its transcription activity [84]. Moreover, the expression of autophagy-related genes
is reduced in the cartilage-specific triple-knockout mice of FOXO1, 3, and 4, but induced in
chondrocytes overexpressing the constitutively active form of FOXO1 [85].

For FOXO3, although ChIP-seq analysis reveals its binding to many autophagy-related genes,
several of those genes are not transcriptionally regulated by FOXO3, suggesting a co-factor
function of FOXO3. In supporting this idea, a more recent study in C. elegans showed that
TFEB/HLH-30 directly interacts with FOXO/DAF-16 by forming a combinatorial TF complex
[86]. Further transcriptomic analysis indicated that these two TFs jointly regulate many target
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Outstanding Questions
Other than nutrient deprivation, are there
environmental cues that modulate
lysosome motility and positioning?

Howdoes lysosomal positioning regulate
lysosomal signaling in addition to mTOR,
and do lysosomes recruit different
proteins to the surface at peripheral and
perinuclear regions for these regulations?

What is the inter-relationship between
lysosomal positioning, functional het-
erogeneity, and signaling transduction,
and how can we apply our knowledge
of lysosomal positioning from cell cul-
ture systems to in vivo organisms?

Does the retrograde movement of
lysosomes facilitate lysosome–nucleus
signaling communication and the tran-
scriptional activation of lysosomal
functions?

Do changes in lysosomal positioning
associated with diseases contribute to
alternations in lysosome–nucleus com-
munication and the transcriptional con-
trol of lysosomal adaptation?

How can we improve current imaging
methods for better in vivo visualization
of lysosomal heterogeneity, dynamics,
and interactions with other organelles?

How do different TFs coordinate to
regulate lysosomal adaptation in
response to different external and
internal stimuli?

Is the lysosome–nucleus communica-
tion mechanism mediated by FABPs
conserved in mammals? What factors
recruit FABPs to the lysosome and fa-
cilitate its translocation to the nucleus?
What lysosome transporters coordi-
nate with FABPs to export signaling
lipids, and specific nuclear hormone
receptors act downstream of lyso-
somal FABPs?

Are there other lipid chaperone proteins
and lipid signals mediating lysosome–
nucleus retrograde signaling? Are
there lipid chaperone proteins mediat-
ing lipid-related interorganelle commu-
nication beyond the lysosome and the
nucleus?

Is there a variety of TFs that can
be shuttled between the cytosol,
lysosome, and nucleus in response to

Trends in Biochemical Sciences
An official publication of the INTERNATIONAL UNION OF BIOCHEMISTRY ANDMOLECULAR BIOLOGY
genes involved in the longevity pathway [86]. Given the vital function of FOXO in multiple stress
and metabolic processes, its coordination with TFEB adds another layer to the regulation of
lysosomal adaption.

In addition, FOXO3a itself is subject to transcriptional activation by p53, a key tumor suppressor
[87,88]. p53 family members also upregulate the expression of other genes involved the
lysosomal-autophagic process, from upstream factors mediating AMPK activation andmTOR in-
hibition, core autophagy components, to lysosomal proteins [88–91]. By contrast, basal cyto-
plasmic p53 has been shown to repress autophagy in different cellular contexts, likely through
transcription-independent mechanisms [90]. Thus, p53 regulates the lysosomal-autophagic pro-
cess in a dual fashion, acting as both an inducer and a suppressor, which demands further
investigation.

Nuclear Hormone Receptors
Nuclear hormone receptors are a family of ligand-inducible TFs that are commonly activated by
various lipid signals, and some have been linked with the transcriptional regulation of the
lysosomal-autophagic process. In hepatic cells, farnesoid X receptor (FXR), a well-known bile
acid receptor, is activated by feeding-associated increase in bile acids and transcriptionally re-
press lysosomal and autophagic genes. In one way, this repression is mediated through the inter-
action between FXR and cAMP response element-binding protein (CREB), which hinders the
binding of CREB with its coactivator CRTC2. Upon starvation, FXR-mediated inhibition of the
CREB-CRTC2 complex is removed, allowing the transcriptional induction of lysosomal and au-
tophagic genes [92].

In another way, this repression is mediated through competition between FXR and PPARα on the
same binding motif in the promoter regions of lysosomal and autophagic genes. Fasting activates
PPARα to induce the transcription of lysosomal and autophagic gene in the liver, while feeding
activates FXR to repress the transcription of the same group of genes [93]. Interestingly, TFEB it-
self is a transcription target of FXR and CREB [92], which in turn transcriptionally regulates PPARα
and its coactivator PPAR gamma coactivator 1-alpha (PGC1α) [65]. Thus, these two mecha-
nismsmight coordinate to enhance lysosomal adaption in response to metabolic changes. At the
same time, specific FABP can directly bind with PPARα and regulate its transcriptional activity
[94]. In addition, OEA is a well-known endogenous agonist of PPARα [95], which suggests the
role of lysosomal FABP and lipid signals in the transcriptional regulation of lysosomal adaptation.

Concluding Remarks
Traditionally viewed as terminal degradative organelles in catabolic processes, the fundamental
roles of lysosomes in nutrient sensing and metabolic signal transduction have been revealed
over the past decade. A variety of sensors and transducers within the cell refine metabolic cues
from lysosomes and launch signaling cascades to promote appropriate cellular responses. The
crosstalk between the lysosome and the nucleus is a crucial part of this signaling orchestra and oc-
curs at multiple layers, including modulation of lysosomal motility and positioning, shuttling of sig-
naling factors between the two compartments, and transcriptional control of lysosomal adaption,
as reviewed in this article.

Moreover, accumulating evidence suggests that lysosomes widely interact and cooperate with
other organelles in addition to the nucleus. For example, lysosome–ER contact has crucial
roles in regulating lysosomal positioning, Ca2+ homeostasis, and mTOR signaling [38,96,97].
Both ER and lysosomes are intracellular Ca2+ stores. The release of lysosomal Ca2+ is implicated
in endocytic membrane trafficking and fusion, autophagy, lysosome exocytosis, and plasma
Trends in Biochemical Sciences, November 2020, Vol. 45, No. 11 987



different stimuli, and what are the
molecular mechanisms underlying this
dynamic regulation?

What are the roles of epigenetic factors
in the fine-tuning of lysosomal adapta-
tion to various environmental cues,
and how do they cooperate with the
various TFs involved?

At the organismal level, how
heterogenous are lysosomes across
different cell types and tissues?
What is the physiological and
functional relevance of lysosomal
heterogeneity, and how is it related
to different pathologies of organs
associated with lysosomal storage
disorders, neurodegenerative diseases,
and aging?
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membrane repair [98,99]. A recent study showed that the inositol 1,4,5-trisphosphate (IP3) re-
ceptor is activated by IP3 populated at the contact site between ER and lysosomes and regulates
Ca2+ exchange between them [100]. In addition, lysosome–ER contact is vital to monitor and reg-
ulate cholesterol levels, and oxysterol-binding protein (OSBP) can function at lysosome–ER
contact sites and transport cholesterol across the contact to activate mTORC1 [97]. Physical
contact between lysosomes and mitochondria is also reported in healthy untreated Hela cells,
mediated by Rab7 [101]. Upon recruitment of the Rab7 GTPase-activating protein TBC1
domain family member 15 (TBCF1D15) to mitochondria by mitochondria fission 1 protein
(FIS1), increased GTP hydrolysis releases the contact between lysosomes and mitochondria
[101]. Unraveling how lysosomes are able to coordinately interact with different organelles and
the physiological relevance underlying these interactions will be a challenging and promising di-
rection for future research. Cutting-edge imaging techniques, such as lattice light-sheet micros-
copy, cryogenic super-resolution fluorescence microscopy coupled with focused ion beam
scanning electron microscopy [102–106], are shedding new light on this area.

Most of our knowledge regarding the signaling role of lysosomes comes from studies in cell culture
systems. In an organism, LSDs usually show a range of cell and organ specificity [107]. Although
this specificity may be due to different cellular and/or metabolic demands in different cells and or-
gans, the heterogeneity of lysosomes across different cell types could contribute to different pa-
thologies of distinct organs associated with LSDs [36,40,41]. Therefore, it will be crucial to
harness the power of tissue and/or cell type-specific proteomics and metabolomics of lysosomes
and high-resolution, high-dynamics microscopic analyses of lysosomes to investigate their hetero-
geneity, complex interaction with other organelles, and cell-autonomous and nonautonomous reg-
ulatory mechanisms at the organism level. These systemic studies will provide new ways for
improving lysosomal functions in various tissues and deepen our current understanding of the
functional roles of lysosomes in health and diseases (see Outstanding Questions).
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