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Abstract

The lysosomes have definitely polished their status inside the cell. Being discovered as the last
resort of discarded cellular biomass, the steady rising of this versatile signaling organelle is
currently ongoing. This review discusses the recent data on the unconventional functions of
lysosomes, focusing mainly on the less studied lysosomes residing in the cellular periphery. We
emphasize our discussion on the emerging paths the lysosomes have taken in promoting cancer
progression to metastatic disease. Finally, we address how the altered cancerous lysosomes in
metastatic cancers may be specifically targeted and what are the pending questions awaiting for
elucidation.

Introduction

Originally described by Christian de Duve in 1950s as membrane-enclosed hydrolase-
containing vesicles, lysosomes are known today as the major recycling stations of most
eukaryotic cells [1]. Within lysosomes, at least 60 hydrolases are responsible for recycling
the majority of cellular macromolecules, which are delivered to them by autophagy,
endocytosis and phagocytosis [2,3]. The maturation to acidic lysosomes starts in early
endosomes (EE), which change their lipid and protein composition during maturation to late
endosomes (LE) and lysosomes that reside mainly in the perinuclear area of the cell. The
vacuolar H*-adenosine triphosphatase (V-ATPase) at the limiting membrane gradually
acidifies the maturing endosomes, ultimately resulting in a pH of 4.5-5 in lysosomes, an
environment where most of the lysosomal hydrolases work best [2,4,5]. The homeostasis of
the cells’ nutrient balance and timely degradation of worn-out organelles by lysosomal
activities is essential for maintaining cellular integrity. Accordingly, the lysosomal
biogenesis is tightly controlled by the metabolic status of the cell, and the lysosomal
membrane serves as a platform for signaling molecules that regulate not only lysosome’s
own function but also the metabolism of the entire cell [6,7]. When cells are fed and
lysosomes produce high amounts of amino acids, a central regulator of cellular and
organismal growth, mTORC1 kinase complex, is activated at the lysosomal membrane via a
recently discovered mechanism involving lysosomal amino acid transporter SLC38A9, Rag
GTPase and Ragulator [8-10] (for detailed review on mTORC1 see [11]. Activated
mMTORC1 then attenuates lysosomal biogenesis by keeping TFEB (transcription factor EB),
the master regulator of lysosomal genes, inactive at the lysosomal membrane [12,13]. Vice
versa, when nutrients are sparse and lysosomal amino acid flux reduced, mMTORC1 is
inhibited and TFEB released to enter the nucleus to activate the transcription of lysosomal
genes [7]. Moreover, various stresses that trigger lysosomal calcium release through multiple
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channels, e.g. Mucolipin 1, can reverse the inhibitory effect of MTORC1 on TFEB and
lysosomal biogenesis [6]. Thus, lysosomes are emerging as the major signaling hubs that
gather information on cellular nutrient status and forward it to signaling networks that
dictate cellular metabolism.

Misrouting the lysosomes from their normal intracellular paths may contribute to various
pathologies, such as cancer progression and neuropathologies [5,14-16], and the peripheral
positioning of lysosomes is emerging as a critical factor in determining their targeted
functions [10,17,18]. Here we discuss the recent data supporting the idea that lysosomal
subpopulations at the cancer cell edges have special functions in the regulation of cell
adhesion dynamics [17,19], exocytosis, invasion [20-22], signaling and possibly cell death
(Figure 1).

The positioning of lysosomes to the cellular periphery

All cells, except for mature erythrocytes, contain lysosomes/LE (from here onward referred
to as lysosomes) of sizes ranging from 100 to at least 500 nm [3]. They can be divided into
two spatially distinct pools: the main one concentrated juxtanuclearly around the
microtubule-organizing center (MTOC) and the other peripherally delineating the plasma
membrane [23]. Especially the peripheral population of lysosomes has recently attracted the
attention of cancer researchers due to its dramatic increase upon malignant transformation
and emerging involvement in migration and invasion ([2,24] and see below). Lysosomes of
the juxtanuclear and peripheral pools interchange by travelling along the fast two-way
microtubule (MT) tracks or by low-speed diffusion [23]. Microtubules emanating from the
MTOC grow at their p/us-end towards the cellular periphery (anterograde movement), and
lysosomal anterograde traffic is regulated by several MT-associated kinesin motor proteins,
e.g. kinesin-1 (KIF-1), as well as Arf GTPase Arl8b and its effector SKIP [25-27]. Also
RhoA, PI3Ks and protein complex FYCO are implicated to assist in anterograde lysosomal
traffic [28,29]. A multisubunit protein complex BORC (consisting of myrlysin, lyspersin,
diaskedin, snapin, BLOS1, BLOS2 and KXD1) recruits Arl8b to the lysosomal membrane
and drives KIF-1-dependent motility towards cell periphery [17,27]. In contrast, dynein-
dynactin motor complex directs the traffic towards the MT minus-ends (retrograde
movement). GTPase Rab7 that is specifically associated with the lysosomes, recruits dynein
motors via its effector RILP and Rabip4’ and AP-3 [30-32]. Additionally, Huntingtin (Htt)
and GTPases Rab34 and Rab36 assist in the retrograde motility [33-35]. Interestingly,
inhibition of BORC complex causes dissociation of Arl8b from lysosomes, prevents KIF-1-
dependent lysosomal trafficking to the cell periphery and attenuates cell spreading and
motility but has no profound effect on degradative functions in the remaining juxtanuclear
pool. This indicates that a subset of peripheral lysosomes may be allocated to specifically
control adhesion formation and metastatic processes in migratory cells.

How malignant transformation interferes with lysosomal trafficking is as yet largely
unknown. One explanation may be the increased acidity of tumor environment, a known
trigger of peripheral distribution and exocytosis of lysosomes [2]. On the other hand, studies
in ErbB2-transformed cancer cells suggest that the transformation-associated increase in the
activity of luminal proteases, especially cysteine cathepsins B and L, promotes the
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peripheral localization of lysosomes [21,22]. Supporting this hypothesis, increased cathepsin
expression in response to overexpression of TFEB has a similar effect on lysosomal
localization [36]. How the intraluminal protease activity connects to lysosomal trafficking is
unclear, but one possibility is that luminal proteases degrade lysosomal transmembrane
proteins from the inside thereby altering their association with trafficking proteins (Table 1).

Lysosomal exocytosis and extracellular matrix degradation

During cancer invasion, the cells in the tumor mass pave their way through the
microenvironment by forming actin-rich adhesions (invadopodia) to connect the cells to their
surroundings and to create the forces needed for the invasion. During invasion, the
extracellular matrix (ECM) components need to be degraded efficiently, which can occur
both outside and inside of the cells [37]. The extracellular degradation is brought about by a
hierarchic activation of proteolytic enzymes (e.g. matrix metalloproteins and plasminogen)
secreted by both cancer and stromal cells. The cathepsins trafficked to plasma membrane
lipid rafts or secreted via exocytosis of peripheral lysosomes augments this process
[20,37,38]. A possible explanation to the ability of lysosomal cathepsins to degrade ECM in
the non-favorable extralysosomal pH can be drawn from the biology of the osteoclast-
mediated bone resorption (see review [39]). To efficiently resorb bone minerals, osteoclasts
use their invadopodia-like, actin- and avp3-integrin-containing structures, podosomes, to
adhere tightly to the collagen-rich bone surface. To create an acidic enclosed environment
for the resorption, a ruffled membrane is formed by fusion of lysosome-related organelles to
the plasma membrane. V-ATPase and the CIC-7 chloride channel ensure that sufficient H*
and ClI- ions and low pH can be created in the sealed zone to potentiate the matrix-degrading
activities of bone-degrading hydrolases such as cathepsin K. It seems reasonable to envision
that the targeted delivery of lysosomes via microtubules enables exocytosis and the required
acidic local hub, inside which the ECM degradation is efficiently executed [40]. To support
this, the acidifying action of V-ATPase is instrumental in cancer cell invasion [41].
Additionally, cells have specific surface receptors dedicated to internalization of ECM
components. Endo180, dystroglycan and integrin a5p1 reroute collagens, laminin and
fibronectin, respectively, to lysosomal degradation thus facilitating cell invasion into the
ECM [42-44]. Invasive potential is further facilitated by lysosomal targeting of cell-cell
adhesion components E-cadherin and junctional adhesion molecule (JAM) [24].
Lysosomally degraded proteins provide essential nutrients and energy for the invading cell
and proinvasive endosomal trafficking may be linked to cells’ nutrient status and mTORC1
activation [45,46]. In this context, it is also interesting to note that invadopodia are especially
rich in lysosomes [21,22]. Thus, the local activation of mMTORCL1 in response to the
production of amino acids in these lysosomes may initiate signaling cascades that facilitate
the function of invadopodia. This hypothesis is supported by the reported increase in
mTORC1 activity upon peripheral localization [10], as well as the dependence of invasion
on peripheral lysosomal localization [21].

Lysosomes in adhesions

In addition to their role in extracellular matrix degradation, peripheral lysosomes have
recently emerged as cytoplasmic regulators of actin-based cell adhesion structures such as
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focal adhesions, the sites of ECM degradation [17,19,47]. The continuous formation and
dissolution of cellular adhesions is needed to allow efficient cell motility [48]. Some
indication to lysosomal function related to cellular adhesions can be drawn from a recent
study showing that a subpopulation of LAMTOR?2/3-expressing lysosomes move in Arl8b-
and KIF-1-dependent manner to cell periphery where they target focal adhesions [19]. More
specifically, this lysosome population facilitates the disassociation of the adhesion-
stabilizing protein IQGAP1 from mature focal adhesions thereby promoting cell motility
[19]. Lysosomes can regulate invasion also by controlling the traffic of integrins [49]. For
example, the lysosome-targeted active integrin a5B1 is not necessarily degraded in
lysosomes but can be recycled back to the plasma membrane at the rear end of the invading
cell where it facilitates the release of the cell from the matrix and promotes invasion [49].
This recycling pathway depends on lysosomal chloride channel CLIC3 whose expression
correlates with lymph node metastasis and poor prognosis in pancreatic carcinoma.
Lysosomal cysteine cathepsins can also modulate focal adhesion molecules, e.g. focal
adhesion kinase (FAK), Src and integrin activator talin, thereby promoting tumor growth and
invasiveness [50-53]. It is as yet unclear whether these substrates enter the lysosomes to be
degraded or whether cathepsins are released from the lysosomes to modulate adhesions
intracellularly [24] (Figure2).

As discussed above, microtubule dynamics can promote focal adhesion turnover [54] by
serving as highways that deliver lysosomes and proteins essential for focal adhesion
disassembly to the areas close to the plasma membrane. It is, however, unclear how the
cargo hop off the tubulin tracks to reach the actin-based adhesions? Although some
molecules connecting actin and tubulin networks have been discovered [54], only a few
clues regarding the trafficking of lysosomes from tubulin to actin are available [33,55]. Once
the lysosomes have reached the cellular periphery, local Ca2+ fluxes and F-actin formation,
however, influence their localization and movement [26,56]. Furthermore, in the absence of
tropomyosin 2 (TPM2), which can link actin with focal adhesions, lysosomes cluster in the
periphery and lose their membrane integrity [57]. Thus, correct connection to cytoskeleton
may in addition to trafficking regulate lysosomal function and stability.

Lysosomal membrane permeabilization

Cancer cell lysosomes tend to get hyperactive when fulfilling the needs of the demanding
cancer microenvironment. They need to upregulate exocytosis, ingest excessive amounts of
engulfed ECM and adhesion molecules, repair damaged membranes and move around the
crowded cell [2,3]. This busy lysosomal behavior is associated with an increased
vulnerability of the lysosomal membrane, a frailty that can be targeted by several cationic
amphiphilic drugs (CADs) that induce lysosomal damage preferentially in cancer cells [58].
CAD:s include hundreds of pharmacologic agents used to treat a plethora of common
diseases [59]. Due to their chemical structure, they accumulate up to 1000-fold inside acidic
lysosomes, where their incorporation into lumenal membranes interferes with the function of
several lysosomal lipases, especially acid sphingomyelinase [60]. Cancer cells are especially
sensitive to the subsequent accumulation of sphingomyelin, which may explain why CADs
that are effective acid sphingomyelinase inhibitors are especially potent in killing cancer
cells. In addition to the altered sphingolipid metabolism, increased cathepsin activity,

Curr Opin Cell Biol. Author manuscript; available in PMC 2021 July 17.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hamalistd and Jaattela Page 5

misregulated cholesterol and free fatty acid metabolism, increased size, high lysosomal iron
content and reduced pH also contribute to reduced lysosomal membrane stability in cancer
cells [5,61-63].

Upon lysosomal membrane rupture, the exposed beta-galactoside attracts the diffusely
localized sugar-binding galectins to the damaged membrane [64,65]. This biology of
galectin recruitment can be used as a sensitive antibody- or fluorescent protein-based
detection tool to study the early enzymatic leakage from lysosomes [65]. Due to its extreme
sensitivity, this method has revealed that minor lysosomal leakage is not necessarily lethal
and opened the intriguing possibility that the intracellular release of lysosomal enzymes may
serve yet unknown physiological functions, for example in dissolving the focal adhesions
from the cytosolic side [24,65]. Indeed, we have detected galectin-positive “leaky”
lysosomes in protrusions of invasive breast carcinoma cells in optimal growth conditions
(unpublished observations). And, in neuronal cells, the depletion of lysosomal
transmembrane protein TMEM106B causes lysosomes to disperse in the distal periphery,
which sensitizes them to oxidative stress in contrast to the more resistant juxtanuclearly
positioned TMEM106B-expressing lysosomes [16]. These observations together with the
findings where depletion of cytoskeleton-associated molecules alters lysosomal localization
and membrane integrity [57] raise intriguing questions regarding the membrane stability in
peripherally localized lysosomes.

Targeting the peripherally localized lysosomes

The finding that lysosomes travel to invasive protrusions of cancer cells is fascinating,
especially considering the observed altered lysosomal membrane stability in these structures
([57] and our unpublished observations). By identifying the alterations in these “invasive
tips” it is intriguing to envision the scenario that the peripherally localized subpopulation of
lysosomes could be specifically targeted. Thus, combined targeting of MTs and lysosomes
in cancer cells might be beneficial as exemplified by the ability of MT-stabilizing
chemotherapeutic drugs (vinca alkaloids and taxanes) as well as siRNAs targeting MT
motors to sensitize cells to the lysosomal cell death induced by a lysosome-destabilizing
siramesine [57,66].

Conclusion and perspectives

Here we have highlighted the recent evidence that places lysosomes in key position to
regulate cell adhesion and motility, the fundamental phenomena in cancer invasion. From the
cancer progression point of view, the peripheral localization of lysosomes might serve to
build local acidic environment for the ingestion and/or modulation of components of the
adhesion machinery. What is still an open question is the way MTs and actin filaments
cooperate in this process and the signaling hubs they serve at their tips. It also remains
unclear whether the subcellular localization and association to cytoskeleton alters the
lysosomal membrane stability, and whether the peripheral pool of lysosomes differs from
that in the juxtanuclear region what comes to membrane composition and hydrolytic
capacity. Answers to these questions will hopefully open new possibilities in targeting the
invasion-associated lysosomes specifically.
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Figure 1.
Lysosomal functions in cancer cells. Endocytosis targets extracellular matrix (ECM)

components, cell surface receptors and cell-cell adhesion components to lysosomal
degradation and/or recycling back to plasma membrane (PM). The worn-out cellular
macromolecules and damaged organelles are targeted to autophagosomes (AP). When
nutrients are available, mTORCI kinase is activated at the lysosomal membrane in the cell
periphery; during low nutrient conditions, kinase activity is lowered and lysosomes
accumulate in juxtanuclear compartment. Lysosomal calcium release via MCOLNZ1 activates
TFEB via calcineurin phosphatase activity and induces TFEB translocation to nucleus to
activate transcription. Bone resorption by enzymes in osteoclasts involves polarized
accumulation of lysosomes and lysosomal acidification of facilitate bone resorption. In
lysosomal exocytosis Involving calcium flux, lysosomes fuse with the plasma membrane and
release hydrolases to the cell exterior. Oncogenic activation leads to lysosomal localization
to the cellular periphery, increased release of hydrolases to the extracellular compartment
which enables ECM degradation and invasion; oncogenic activation can lead to lysosomal
membrane destabilization and to altered cell death responses.
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Plasma membrane

Figure 2.
Lysosomes in cellular adhesions and In invasion. Lysosomes/late endosomes (L/LE) reach

the periphery via MT plus —end mediated traffic and with the help of kinesins, Arl8b, BORC
and other effector molecules (RhoA, PI3Ks, FYCO, not shown in figure). BORC regulates
Arl8b recruitment to lysosomal membranes and drives KIF-1-dependent motility. At focal
adhesions (FA), the LAMTOR2/3 in late endosomes facilitates the removal of 1Q.GAP from
the adhesions thus promoting cell motility. Cathepsins Z, H, B and G activate focal adhesion
molecules FAK, Src and integrin-binding protein talin: Cathepsin Z and H promote thereby
tumor invasion into extracellular matrix (ECM) whereas cathepsin B promotes invasion in
rheumatoid arthtritis and neutrophil cathepsin G affects myocyte survival. In osteoclasts, the
Racl-assisted traffic of lysosomes to actin-rich integrin adhesions creates an acidic
microenvironment, involving V-ATPase and chloride channels, inside which cathepsin K and
matrix metalloproteinases degrade the bone matrix. Cathepsin B localization to and release
from lipid rafts promotes cancer progression. Lysosomal traffic towards MTOC is driven by
dynein-dynactin complex, Rab7 GTPase and several other molecules (RILP, Rabip4’, AP-3,
Huntingtin (Htt) and GTPases Rab34 and Rab36, not shown in figure). Additionally, integrin
uptake and release from lysosomes back to the plasma membrane, with the help of Rab25
GTPase and CLIC3, contributes to carcinoma invasion.
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Genes and phar macological agentsthat alter the subcellular localization of lysosomes

Treatment Lysosomal LMP Physiological effect References
localization
ErbB1/2 inhibition (Lapatinib) ERBBZ2RNAI | Perinuclear ND Attenuated invasion [21,22]
CTSB/CTSL RNAI
Cationic amphiphilic drugs Siramesine Perinuclear ND + | Expansion of lysosomal [67]; Unpublished
compartment observations
BORCS5 (BORC complex protein) KO, Perinuclear ND Reduced cell adhesion and motility, [17,27]
ARL8EBRNAI Lysosome traffic
KIF2A, KIFIBRNAI, Starvation Perinuclear ND mTORC activation, autophagy [10]
modulation
KIF20A, KIF25RNAI, KIF5B RNAI Peripheral/ iz Accumulation of autophagosomes [57,68]
protrusions
DHC, HttRNAI, RUFY1, 6-adaptin RNAI Peripheral/ ND Exaggerated protrusions, Lysosomal | [32,33]
protrusions detachment from MTs
RAB7shRNA ND ND Hydrolase secretion, increased [69]
invasion
TPM2, MYHI RNAI Peripheral/ + Cell death [57]
protrusions
TMEMI106b shRNA Peripheral i Increased lysosomal axonal motility | [16]
Cambinol (HDAC inhibitor), Troglizatone Perinuclear ND | Attenuated invasion [28,31], Dykes et al,
(PPARYy agonist), EIPA, (sodium-proton 2015
exchanger inhibitor)
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