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Preface

This book includes scholarly contributions by various experts in the field of lysosomal
diseases. Each contribution comes as a separate chapter complete in itself but directly re-
lated to the book's topics and objectives. The target audience comprises scholars and spe-
cialists in the field.

The book is divided into two sections: “Lysosomes and Diseases” and “Techniques - Lysoso-
mal Function.”

The first section includes five chapters: “Lipofuscin Accumulation into and Clearance from
Retinal Pigment Epithelium Lysosomes: Physiopathology and Emerging Therapeutics,”
“Lysosomal Dysfunctions in Hereditary Spastic,” “Lysosomes: How Plasma Membrane Re-
pair Route Can Be Hijacked by Parasites?,” “Autophagy-Lysosomal Dysfunction in Amyo-
trophic Lateral Sclerosis and Frontotemporal Lobar Degeneration,” and “Lysosomal
Degradation of Junctional Proteins.”

The second section includes two chapters: “Cellular Screening Methods for the Study of
Nanoparticle-Induced Lysosomal Damage” and “Diagnostic Application of Lysosomal Exo-
glycosidases.”

We hope that the book will be a useful tool for all those interested in this field.

Pooja Dhiman Sharma
Department of Biochemistry
JIPMER

Dhanvantri Nagar
Gorimedu, Puducherry
India
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Chapter 1

Lipofuscin Accumulation into and Clearance from
Retinal Pigment Epithelium Lysosomes:
Physiopathology and Emerging Therapeutics

Marcelo M. Nociari, Szilard Kiss and
Enrique Rodriguez-Boulan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69304

Abstract

Photoreceptors undergo a constant renewal of their light sensitive outer segments
(POSs). In the renewal process, 10% of the POS mass is daily phagocytized by the adja-
cent retinal pigment epithelium (RPE). POS contain vast amounts of 11-cis retinal and all-
trans-retinal, two highly reactive vitamin A aldehydes that spontaneously dimerize into
lipid bisretinoids (LBs) and accumulate into RPE lysosomes during phagocytosis. As LBs
are refractory to lysosomal hydrolases and RPE cells do not divide, this accumulation
is irreversible and results in the formation of lipofuscin granules. Lipofuscin accumula-
tion is toxic for RPE cells through a variety of light-dependent and light-independent
mechanisms. Beyond a threshold, RPE cells die resulting in secondary loss of overlying
photoreceptors. Currently, there are no effective treatments for retinal disorders asso-
ciated with genetic or age-associated LB accumulation, such as Stargardt disease and
age-related macular degeneration (AMD). Thus, there is a great need for medical inter-
ventions. Here, we discuss the current understanding of lipofuscin's pathogenicity and
the status of different strategies under development to promote LB elimination from RPE
lysosomes.

Keywords: lipofuscin, Stargardt, age-related macular degeneration (AMD), bisretinoids,
retinal pigment epithelium (RPE), cyclodextrins, cellular clearance, TFEB, lysosome

1. Introduction

To understand the origin and consequences of the lysosomal accumulation of lipofuscin in the
eye, a basic knowledge of retinal function and organization is required.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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1.1. The retinal pigment epithelium (RPE) in vertebrate's eyes

Light entering the eye gets refracted by the cornea and lens on the neural retina, where photo-
receptors (PR) convert photons into a cascade of chemical and electrical events that propagate
to second-order (horizontal, bipolar, and amacrine cells) and third-order (ganglion cells) reti-
nal neurons, which distribute this information to various visual centers of the brain through
the fibers of the optic nerve. The bodies of PR cells, rods and cones, display three sectors
(Figure 1): the outer segment, filled with stacks of disks densely packed with light-sensitive
photopigment; the inner segment, filled with genetic, biosynthetic, and metabolic organelles
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Figure 1. Basic structure of retina's inverted architecture. Light travels through ganglion cells (GC) as well as second-
order neurons comprising bipolar (Bi), amacrine (A), horizontal (H), and Muller (M) cells, the retina. RPE localizes
between the choroid capillaries and the cone (C) and rod (R) photoreceptors. Photoreceptors outer segments (OS), inner

segments (IN), and synaptic terminals (ST).
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(nucleus, endoplasmic reticulum, Golgi complex, ribosomes, mitochondria); and the synaptic
terminal that connects with bipolar neurons of the retina. In vertebrates, the retina is inverted
in the sense that light passes through secondary and tertiary neuronal layers in the inner retina
before reaching the rods and cones in the outer retina (Figure 1). Photoreceptors are metaboli-
cally very active cells that require large amounts of nutrients and generate massive amounts
of waste. Provision of nutrients and removal of waste are critical support tasks performed by
the retinal pigment epithelium (RPE), a monolayer of cuboidal cells tightly opposed to the
photoreceptors through a narrow subretinal space. The multifunctional RPE cells constitute
the blood-outer retina barrier that controls the movement of nutrients, ions, water, gases,
and wastes between the photoreceptors and underlying choroidal blood vessels [1], absorbs
excess light through their melanin granules, performs segments of the visual cycle that regen-
erates the visual pigment, performs daily phagocytosis of photoreceptor outer segments, and
produces trophic factors necessary for photoreceptor survival [2]. It may be rationalized that a
fundamental objective of the inverted retina design is to bring photoreceptors in close contact
with RPE, a key relationship for the integrity of the retina.

1.2. Role of RPE in visual-pigment regeneration

In 1967, George Wald was awarded the Nobel Prize for revealing the essential role of Vitamin
A for vision [3]. Vitamin A entirely is derived from the diet. A critical function of RPE cells is
to supply the vitamin A-derived chromophore, 11-cis retinal, required for the light-sensing
function of visual pigments to photoreceptor cells. Visual pigments are G-protein receptors
(opsins) covalently linked to 11-cis-retinal. Opsins cannot respond to light by themselves but
need their prosthetic group, 11-cis-retinal that undergoes cis-trans isomerization upon illu-
mination. The absorption characteristics of 11-cis retinals, in different pigments, are deter-
mined by the opsins. Humans have four types of visual pigments: rhodopsin, expressed by rod
photoreceptors, which is sensitive to dim light and provides black-and-white vision; L-opsin,
M-opsin, and S-opsin expressed by cone photoreceptors sensitive to red, green, and blue color
lights, respectively [4]. When light strikes the visual pigments, it promotes isomerization of
11-cis retinal into all-trans retinal (ATR), which in turn promotes the structural rearrangement
of opsin into an active conformation that initiates phototransduction (Figure 2).

To recover photosensitivity, opsin must be regenerated by releasing all-trans retinal and bind-
ing new 11-cis retinal. Released all-trans retinal is pumped out of the disks into the cytosol by
a photoreceptor specific ATP-binding transporter (ABCA4) and reduced to all-trans-retinol
by all-trans-retinal dehydrogenases (RDH8 and RDH12). All-trans-retinol diffuses into the
RPE where it is esterified by lecithin:retinol acyltransferase (LRAT) to all-trans-retinyl esters,
which are stored in retinosomes. All-trans-retinyl esters are isomerized by 65-kDa RPE-
specific protein (RPE65) to 11-cis retinol, which is oxidized to 11-cis retinal before traveling
back to the photoreceptors outer segment where it is again conjugated to an opsin to form
new, functional visual pigment. These series of metabolic steps, by which all-trans-retinal
is converted to regenerate the visual pigments, constitute the classical visual cycle [5]. As
described above, the RPE performs a number of critical steps in the classical visual cycle that
provides 11-cis retinal to rods and cones. There is also a cone-specific visual cycle [6], which
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Figure 2. Classical visual cycle. Light induces cis-trans isomerization of retinal in visual pigments. All-trans retinal is
released from opsins and pumped to the cytosol by ABCA4 where is reduced to all-trans-retinol by dehydrogenases
(RDHS). All-trans-retinol diffuses into RPE via a series of Interphotoreceptor (IRBP) and cellular (CRBP and CRALBP)
retinoid-binding proteins. In RPE all-trans-retinol is esterified by lecithin:retinol acyltransferase (LRAT) and is sored as
retinyl esterin lipid droplets called retinosomes. When mobilized, all-trans-retinyl esters are isomerized to 11-cis-retinol
by RPE65 and oxidized to 11-cis retinal by RDH5 before traveling back to the photoreceptor disks where it is again
conjugated to an opsin to form new, functional visual pigment. Circulating retinol-binding protein 4 (RBP4) and its
membrane receptor STRA6 coordinate 11-cis-retinol uptake into cells with high demand of Vitamin-A.

is RPE independent, that will not be discussed here. The RPE can also generate 11-cis retinal
from vitamin A captured via its transmembrane transporter Stra6 from the choroidal circu-
lation. Another important source of 11-cis retinal is the retinosomes, i.e., intracellular lipid
droplet deposits of all-trans-retinyl esters in the cytoplasm of RPE cells (Figure 2).

1.3. Lipid-bisretinoid (LB) biogenesis

Vitamin A aldehydes (retinaldehydes) are highly reactive molecules capable of forming
adducts with biological amines without the need for a catalyst [7]. In the disks of photore-
ceptor outer segments (POSs), retinaldehyde concentrations are relatively high, due to the
all-trans-retinal released by photo-transduction and the 11-cis-retinal conveyed for the regener-
ation of visual pigments (Figure 2). Not surprisingly, POS' retinaldehydes tend to covalently
react with the amine group of phosphatidyl-ethanolamine (PE) to form N-retinylidene-PE
(NRPE), which reacts with the second molecule of retinal to produce lipid-bisretinoids (LBs).
Thus, LBs are a family of adducts, all structurally related, that derive from the condensation
of two retinaldehydes with one PE molecule [8, 9].
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1.4. Photoreceptor renewal

Because of their task in vision and proximity to the fast flowing choroidal capillaries, photo-
receptors are continually exposed to high doses of radiant energy and oxygen, which makes
them prone to photo-oxidative damage. To secure long (decades) of useful life, under these
demanding conditions, photoreceptors undergo a daily renewal process wherein the most
distal tips of their POS, comprising the ~100 oldest disks, are removed and equivalent number
are basally produced to maintain constant outer segment length [10]. This cellular renewal
process has a circadian rhythm. The rods shed POS most vigorously in the morning, whereas
cones shed more vigorously at the onset of darkness [11]. The enormous amount of waste
daily generated by this process is cleared by the adjacent RPE cells. In the mammalian eye,
one RPE cell serves approximately 40 photoreceptor cells, each of which sheds ~7% of its
mass per day. RPE engulfs and degrades POS fragments via a receptor-mediated phagocytic
process similar to that involved in macrophage-mediated removal of apoptotic cells [12, 13].
This is an impressive metabolic task for RPE, since each cell must ingest and digest ~4000
disks before the next phagocytic load. Thus, RPE is one of the most active phagocytic cells in
the body. Because RPE cells do not divide, they must completely dispose this daily material
to avoid POS components buildup in their lysosomes.

1.5. RPE lipofuscin accumulation

“Lipofuscin” is the generic name given to subcellular material that accumulates with age
within the lysosomal compartment of a variety of postmitotic cells and is characterized by
its golden-orange autofluorescent emission. Very few compounds of animal origin exhibit
fluorescent emissions in the lipofuscin's region of the spectrum [14]. A fairly rigid structure
with highly conjugated double bond system is necessary for such fluorescence because, accu-
mulation of lipofuscin is considered an universal biomarker of aging, as it is also referred to as
“age pigment”. Lipofuscins are resistant to degradation by lysosomes, proteasomes, and are
not evidently exocytosed. Hence, their accumulation appears irreversible in cells that do not
divide. Most lipofuscins stain positive for proteins, lipids, and carbohydrates [15]. Their exact
composition varies among tissues but most commonly contains a large proportion of incom-
pletely degraded proteins [16]. The RPE is one of the tissues with the largest buildups of lipo-
fuscin. RPE lipofuscin increases with age in all healthy eyes [17, 18]. It localizes in lysosomal
bodies of the RPE [19] and can occupy ~ 20% of the cytoplasmic space by 80 years of age [20].

In order to illuminate the cellular processes responsible for the formation of RPE lipofuscin,
several groups attempted to analyze RPE-lipofuscin's chemical composition. Eldred and Katz
[21] were the first to isolate the fluorescent pigments of the RPE lipofuscin. Spectroscopy
and mass spectroscopy analyses of lyophilized chloroform extracts of RPE cells from healthy
donors of different ages revealed that the most common fluorophore was a lipid-bisretinoid
[22], N-retinylidene-N-retinylethanolamine also called A2E [23]. Protocols for in vitro syn-
thesis of A2E as well as its incorporation into lysosomes of cultured RPE were developed,
allowing to model RPE lipofuscin accumulation in vitro [24, 25]. Further efforts to isolate and
characterize the remaining chromophores in the chloroform extracts from RPE lipofuscin
granules, yielded additional LBs, including A2-GPE (A2-glycero-phospho-ethanolamine),
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A2-DHP-PE (A2-dihydropyridine-phosphatidyl-ethanolamine), all-trans-retinal dimer
(ATRD), and all-trans-retinal dimer phosphatidyl-ethanolamine (ATRD-PE) (Figure 3) as well
as several higher molecular weight hydrophobic polymers derived from the reaction between
A2E and its oxidation products [26-29].

Of note, the chloroform-insoluble fraction of the RPE lipofuscin, which represents 70% of its
dry weight, was not analyzed in these studies. Thus, to fully characterize this fraction, Schutt
et al. performed a proteome analysis of sucrose-purified RPE granules [30]. They identified 65
abundant cellular proteins, which included structural, metabolic, mitochondrial, chaperone,
transmembrane, and signaling transduction proteins. Many of these proteins were modified
by reactive carbonyl compounds (4-hydroxynonenol and malonyldialdehyde) and exhibited
advanced glycation end products (AGEs) [31]. A second study by Warburton et al. [32] identi-
fied 41 proteins, most of which included phagosomal, lysosomal, and photoreceptor proteins
(including rhodopsin) in agreement with the notion that RPE lipofuscin was mainly a buildup
of undigested POS material. Surprisingly, only 12 proteins (11%) of Warburton's list were
common with the 65 proteins identified by Schutt et al. This discrepancy probably results
from variations in the purity of sucrose-isolated granules [33] and from the fact that lipofus-
cin proteins are microheterogeneous in size due to abundant oxidative modifications while
contaminant proteins are intact and therefore, run as well-focused spots. In a third study,
Ng et al. [34] analyzed the composition of highly purified RPE-lipofuscin granules devoid of

S
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Figure 3. LBs found in RPE lipofuscin. R1, R2 are fatty acids with 14 to 22 carbons and 0 to 6 double bonds.
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membranes and reported that the luminal material was 98% lipids, mostly LBs [35]. Taking all
this information into account, the current concept is that RPE lipofuscin originates from LBs
in photoreceptors and is transferred to RPE lysosomes during POS phagocytosis. This model
is supported by animal studies that show that accumulation of lipofuscin in the RPE only
occurs if (i) there is a supply of 11-cis-retinal to synthesize visual pigments, as RPE657 mice
display no lipofuscin [36] and (ii) there is phagocytosis of POS, since no accumulation of lipo-
fuscin is detectable in phagocytosis-defective animals. In healthy individuals, LB formation
occurs slowly because the concentrations of retinaldehydes are relatively low, thereby, taking
many years to generate significant amounts of LBs. In contrast, in individuals with mutations
in ABCA4, the formation of LBs is dramatically accelerated [37].

1.6. Cellular toxicity caused by RPE lipofuscin accumulation

In retinal diseases associated with the accumulation of LBs in RPE lysosomes, vision loss is
the result of the death of photoreceptor cells secondary to the functional impairment of RPE.
Cell culture experiments have shown that lysosomal accumulation of LBs can cause RPE cell
death [38]. However, how exactly lipofuscin accumulation disrupts RPE performance and
viability is not fully understood. The variety of LB-elicited toxic mechanisms proposed so far
(Figure 4) and their investigation as potential pharmacological targets are discussed below.

1.6.1. Phototoxicity

In vitro data with both, whole lipofuscin granules [39] or individual bisretinoids (A2E [40],
all-trans-retinal dimer [27] and A2-GPE [41]) loaded into lysosomes have shown that LBs

POS
Phragooylosis

dnrre—
LIPOFUSCIN
Lysosnmal
LEx

RPE Ll
| Dysfunction ==

Figure 4. Modeling the effect of LB accumulation on RPE's lysosomal function. LBs cause loss of lysosomal function by
inhibition of v-ATPase, oxidative damage, and/or LMP leading to buildup of undigested POS, autophagy material and
TFEB-mediated lysosomal stress. TFEB induced activation helps RPE to transitorily cope with the LB burden.
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sensitize RPE cells to light exposure. Cellular photosensitivity is proportional to the amount
of LBs accumulated [42] and the wavelength, with a maximum at 430 nm (blue light), which
coincides with the excitation spectrum of the LBs [43]. The absorption of blue photons by
the LBs' extended double bond conjugated system, in the presence of oxygen, leads to the
formation of oxidized LB species [44, 45] that after repetitive oxidative attacks become frag-
mented into far reaching, highly reactive, carbonyl bearing small molecules [43, 44, 46-48].
These fragments promote cell damage by forming Schiff base adducts with free amine groups
in lysosomal hydrolases, nucleotides, phospholipids, lipids, proteins [49], DNA [50], protea-
somes [51], and molecules in extracellular retinal deposits (drusen), which could trigger local
innate and adaptive immune responses [52, 53]. Interestingly, healthy mice immunized with
Schiff base adducts found in the AMD lesions, developed AMD-like retinal pathology [54].
There is also in vivo evidence indicating that RPE lipofuscin undergoes photodegradation in
the eye. Ueda et al [55] showed that ABCA4” animals were more susceptible to light damage
than WT animals and that in both groups, older animals carrying larger amounts of LBs were
also more susceptible. More recently Ref. [56] showed that RPE-lipofuscin photodegradation
takes place in mouse eyes under standard ambient illumination. Specifically, they found
that WT and ABCA4”~ mice reared in constant darkness contained 45 and 62% more LBs in
the RPE than their respective 12-h cyclic light-reared controls. In addition, ABCA47 mice
who received vitamin E, a potent inhibitor of LB oxidation [44], displayed 54% more LBs
than controls. Studies in humans, using fluorescence microscopy for quantifying lipofuscin,
and MALDI-IMS (high-resolution matrix assisted laser desorption-ionization imaging mass
spectrometry) for detecting A2E showed that lipofuscin fluorescence colocalized with A2E
only in the darkest zones of the retina [57]. When the same technology was applied to the
eyes of ABCA47 mice, lipofuscin fluorescence, and A2E colocalized 100% [58]. Since RPE is
exposed to higher levels of illumination in eyes from diurnal than nocturnal species, these
data suggest that A2E is much more photooxidized into MALDI-IMS unidentifiable fluores-
cent derivatives in human eyes than in mice eyes. However, how much LB photooxidation
contributes to retinal pathology is an open question. There is a large amount of clinical trial
data on the use of antioxidants (lutein, zeaxanthin, and vitamins C and E) supplementation
(alone or in combination) to prevent or delay retinal degeneration. A Cochrane meta-analysis
performed on four large, high-quality-randomized clinical trials involving a total of 65,250
participants, without signs of AMD at baseline showed no effect of antioxidant therapy for
preventing the onset of retinal degeneration per se [59]. Another Cochrane review meta-anal-
ysis [60] involving data from 13 randomized clinical trials, including two large trials, the
AREDS1/2 and the Vitamin E Intervention in Cataract and Age-Related Maculopathy study,
and 11 smaller (20400 participants) randomized trials were performed to decide whether
antioxidants can slow progression of retinal damage in patients with established AMD. The
AREDS1/2 shows that long-term, high-dose supplementation with vitamin E (400 IU), vita-
min C (500 mg), beta-carotene (15 mg), zinc (80 mg), and copper (2 mg) reduced the risk of
progression to geographic atrophy AMD by 8% in only a subgroup of patients with interme-
diate AMD at baseline. The other 11 trials demonstrate little evidence for the effectiveness
of antioxidant therapy for preventing either visual loss or AMD progression. In summary,
treatments with antioxidants have shown very modest efficacy at preventing or stopping the
progression of lypofuscin-associated retinal degenerations. Indeed, patients with mutations
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in ABCA4 (Stargardt-1, CRD, and RP) gene are not cured by high-doses of antioxidants [61].
This may indicate that scavenging reactive oxygen species is not the best approach to halt
LB-driven damage. Alternatively, LB-photooxidation could be damaging through its pro-
pensity to activate the complement system [62]. In support of this idea, there is a histologic
evidence of complement deposition in drusen of retinas with AMD [63] and animal studies
show that overexpression of inhibitors of complement protects retinas of mice with elevated
LB content [64]. Furthermore, genetic polymorphism in genes encoding complement fac-
tor H (CFH), CFB component C2, CFI, and complement components 2, 3 and 7 has been
associated with elevated risk for LB-driven retina disease. Initially, there was a tremendous
excitement to test complement inhibitors in the eye. Out of a dozen tested, only 1 molecule,
Lampalizumab (Genentech), has made it into phase 3 clinical trials. In the phase 2 clini-
cal test, Lampalizumab decreased the rate of growth of the geographic atrophy area, espe-
cially those with CFI polymorphisms [65]. Two world-wide multi-center prospective phase
3 clinical trials, which are enriched with CFI subjects, are now fully enrolled and results are
expected in early 2018.

1.6.2. Inactivation of lysosome-dependent degradative processes

Because RPE cells are the most active postmitotic phagocytes in the body, they heavily rely
on the fitness of their degradative machinery to operate. Indeed, a high baseline of autoph-
agic activity level has been detected in the RPE and photoreceptors [66, 67], which were
further enhanced during periods of POS phagocytosis [68]. Digestion of rhodopsin is also
necessary for adaptation of rods to changes in light intensity [69]. Chemical or genetic inhibi-
tion of autophagy in RPE cells increased accumulation of undigested material and reduced
cell viability [70]. Deletion of the autophagy inducer gene RB1CC1 in rodent RPE caused
severe retinal degeneration, underlining the importance of basal autophagy [71]. Histological
examination of retinas from Stargardt and AMD subjects revealed massive accumulation of
lysosomal material similar to lipofuscin in the apical regions of RPE cells and of extruded
extracellular deposits (drusen and pseudo-drusen) that support the idea of a defect in the
recycling of endocytic and autophagic cargoes [72, 73]. In vitro experiments in which exog-
enous A2E was loaded in the lysosomes of cultured RPE cells, as surrogate of lipofuscin accu-
mulation, show also a significant impairment in the digestion of phagocytized POS [74, 75]
and autophagocytized proteins [76], implying lysosome-dependent degradative pathways
are a primary point of attack by LB accumulation. The mechanism by which LBs mediate
these inhibitions is not fully understood yet. Measurements of lysosomal protease, lipidase,
glycosidase, nucleases, sulfatase, and phosphatase activities in homogenates of RPE revealed
that A2E does not inhibit lysosomal activity by direct interaction with the hydrolases [77].
Lysosomes-containing A2E seems to have increased pH [74]. Bergmann et al. [76], work-
ing with purified lysosomes, provided evidence that A2E inhibits the vacuolar H(+)-ATPase
(v-ATPase). v-ATPase is a transmembrane lysosomal protein in charge of maintaining the
acidic environment within the lysosomes. Because acidic conditions are a prerequisite for
the activity of lysosomal hydrolases, A2E-induced increase of lysosomal pH would explain,
in part, its effect on lysosomal functions and autophagy [78]. Consistently, restoration of
acidic pH in RPE lysosomes has shown promising results at improving lysosomal dependent
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degradative processes [79]. Furthermore, v-ATPase, together with mTORC1 complex, Rag
GTPases, Ragulator, and Rheb, is an essential component of the lysosome nutrient-sensing
(LYNUS) complex [80]. Under conditions of plenty of food, the v-ATPase complex senses lumi-
nal amino acids [81] and recruits mTORC]1 to the lysosomal surface where it gets activated
by phosphorylation [82]. Active mMTORC1 complex is the main kinase negatively controlling
autophagy and lysosomal biogenesis. When v-ATPase is inhibited by starvation, mTORC1 is
released from the lysosome, becomes immediately inactive by dephosphorylation, and can
no longer inhibit autophagy or TFEB nuclear translocation [83, 84]. The latter, by increasing
lysosomal number, trafficking, hydrolase content, initiation of autophagy [85, 86], and lipid
catabolism [87], facilitates the rapid degradation of a variety of substrates. How A2E inhibi-
tion of v-ATPase affects these cascades is not yet understood. Few studies have character-
ized the status of endogenous mTORC1 and TFEB in the RPE [88-90] and no enough data
are available for LB-loaded RPE. A likely scenario is that TFEB activation by LBs provides a
first line of defense that is insufficient to address accumulating autophagosomes containing
partially degraded POS. However, in the absence of such lysosomal stress response, the RPE
might succumb even faster. This model would explain experimental data showing that A2E
induced a concentration- and time-dependent protective autophagic response in RPE cell
cultures. [91]. Clinical trials using rapamycin, a mTORC1 specific inhibitor, to treat advanced
stages of AMD showed no positive results [92, 93].

1.6.3. Lysosomal membrane permeabilization (LMP)

The A2E molecule contains a central pyridinium ring that houses permanently positive amine
nitrogen and two long hydrophobic polyene arms. A similar structure is shared by other LBs,
including A2-GPE, A2PE, and their isomers. Instead, A2-DHP-PE, all-trans-retinal (ATRD),
all-trans-retinal dimer-E (ATRD-E), and all-trans-retinal dimer-PE (ATRD-PE) have non-
charged ring cores, although ATRD-E and ATRD-PE have protonable nitrogens that confer
them with amphipathic character at low pH. Amphiphatic LBs have the potential to interca-
late into membranes [22, 94]. Schutt et al [95] investigated the destabilizing effects of A2E on
purified lysosomes by measuring the release of luminal -hexosaminidase to the supernatant.
Concentrations as low as 2 um induced leakage, whereas plasma membranes were insensitive
to much higher concentrations. In support of the idea that amphipathic LBs cause lysosomal
membrane permeabilization (LMP) is the observation that RPE cells loaded with lipofuscin
granules or A2E into their lysosomes undergo significant LMP [40]. Multiple mechanisms can
be responsible for A2E mediating LMP. A2E can act as a surfactant and cause direct mem-
brane damage. De and Sakmar [94] found that A2E-induced leakage of liposomes at concen-
trations of 200-300 pm. LMP could also be the result of A2E crystallization within lysosomes,
which might cause inflammation by activating a multimolecular signaling complex of the
innate immune system, the NLRP3 inflammasome, resulting in a caspase-1-mediated activa-
tion and secretion of mature IL1{ family cytokines [96, 97]. Relevantly, A2E accumulation
induces NALP3-mediated secretion of mature IL1B [98]. Fluorescence staining of lipofuscin
revealed a membrane bound autofluorescent granule with the bulk of A2E in the lumen rather
than in the membrane. Atomic force microscopy shows the core of the granule comprises of
solid mini aggregates [99]. Accordingly, we observed A2E (MW 592 Da) in aqueous media
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cannot cross 0.10 micron pore size filters with molecular weight cutoff of 300,000 Da. This
retention was due to size exclusion as A2E passed through 3 micron filters of the same mate-
rial (Figure 5).

Toxicity of lipofuscin could also involve other less-studied mechanisms, including mito-
chondrial poisoning, as it has been shown that lysosomal A2E progressively leaks into the
mitochondrial compartment [100], where it destabilizes the membrane [101] and inhibits oxi-
dative phosphorylation [102], derail of cholesterol trafficking [103], activation of Retinoid
Acid Receptor (RAR)-dependent VEGF secretion in RPE [104, 105], and inhibition of RPE-65
isomerohydrolase activity, which limits the RPE supply of 11-cis retinal [106]. In summary,
although numerous mechanisms of toxicity elicited by pathologic accumulation of LBs in RPE
lysosomes have been proposed, no viable therapeutic options have resulted yet from targeting
them. Hence, strategies to reduce LB accumulation from RPE have been further investigated.

2. Strategies to reduce lipofuscin accumulation in RPE cells

Alternative strategies to mitigate the cytotoxic effects of LBs involve preventing their accumu-
lation. Two approaches have been pursued (1) to prevent de novo formation of LB and (2) to
remove previously accumulated LB.

2.1. Strategies that prevent de novo formation of LBs

Long-term restriction of vitamin A intake has been shown to reduce retinaldehyde levels in
RPE but is not a therapeutic option, since it causes night blindness and systemic hypovita-
minosis [107]. In 2005, Radu et al. [108] showed that oral administration of a synthetic form
of vitamin A (fenretinide), already in use against cancer, acne, cystic fibrosis, rheumatoid
arthritis, and psoriasis, could competitively block RBP4 transport of vitamin A from the
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Figure 5. LBs form crystal-like aggregates in aqueous environment. (A) Turbidity of A2E dilutions in water versus 0.1 M
BCD. (B) Passage through 0.10 micron pore filters (MW cutoff of 300,000 Da) of LBs in water or BCD solutions. (C)
Autofluorescent detection of A2E (MW 592 Da) and ATRD (600 Da) in pre and post filtrates. Retention was due to size
exclusion since they crossed 3 micron filters of identical material (not shown).
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blood to the RPE. Oral fenretinide produced mild reversible skin dryness and night blind-
ness. However, in 2011, a phase-2 study on 225 AMD patients failed to show beneficial effects.
Oral emixustat hydrochloride is a synthetic nonretinoid reversible inhibitor of the RPE65
enzyme, which converts all-trans-retinyl to 11-cis-retinal, a rate-limiting reaction of the visual
cycle. This drug showed minimal toxicity in phase-1 trials and effectively reduced photo-
receptor response to light, consistent with its mechanism of action. However, in May 2016,
the results from the phase 2b/3 SEATTLE study did not show any significant difference in
retinal degenerative rate or visual acuity changes. Oral deuterated vitamin A (ALK-001), is
vitamin A modified by replacing hydrogen with deuterium, a safe, nonradioactive isotope.
Deuterated vitamin A has lower tendency to spontaneously dimerize into LBs. Long-term,
oral administration of ALK-001 to ABCA4”7 reduced the accumulation of lipofuscin and
A2E by 70 and 80%, respectively [109]. Assessment of the retina electric response to light
signals (electroretinogram) revealed that ALK-001 treatment prevented the gradual loss of
visual function observed in the ABCA47 mouse. Safety phase-1 clinical trials have been com-
pleted but phase-2 is ongoing. It is too early to know whether ALK-001 will be beneficial for
Stargardt or AMD patients.

Oral aldehyde traps (VM200, Vision Medicines) constitute of new drugs that react with reti-
naldehydes forming reversible Schiff bases and thus, reducing the available levels of free
aldehydes with cellular amine groups. In preclinical studies, VM200 preserved retinal struc-
ture and function of mice retinas in a dose-dependent manner [7]. Safety phase-1 is in prog-
ress but there is no effectiveness data in humans.

In summary, none of the visual cycle modulators have made it out of the nearly half a dozen
phase 1 and phase 2 clinical trials, so far. They all cause significant night blindness that limit
their use. Although they all seem very effective at slowing down the formation of new LBs in
animals, they lack effect on previously accumulated LB, which may explain why fenretinide
or emixustat did not benefit patients already diagnosed with AMD. Likewise in animal mod-
els, where these drugs are given preventively for long periods, humans may need to take
them early, i.e., much before the clinical manifestations appear, and for life.

2.2. Strategies for removing previously accumulated LB

Potentially, their main advantage over agents that prevent accumulation of LBs is that they
might be administered to patients with Stargardt or AMD who display large buildup of LBs.
Most of these strategies are in preclinical stage.

2.2.1. Oral soraprazan (Katairo GmbH)

In 2012, Schraermeyer's group reported successful elimination of lipofuscin from RPE cells
in monkey retinas after 1 year of oral administration of the drug. Researchers showed that
lipofuscin granules were expelled by RPE cells toward their basolateral side and were cleared
by macrophages recruited to the area [110]. Although soraprazan is known to reversibly block
the potassium binding site of the gastric H+/K+ ATPase proton pump, the precise mechanism
by which it causes clearance of LB deposits is unknown.
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2.2.2. Enzymatic degradation of LBs

Because LBs are refractory to degradation by lysosomal hydrolases, several groups searched
for exogenous enzymes with LB destroying activity. Horseradish peroxidase (HRP) was the
first one identified [111]. It catalyzes the oxidative cleavage of the polyene-arms of LBs. To
test the effectiveness of HRP, cultures of RPE cells preloaded with LBs underwent an enzyme
replacement therapy-like treatment with HRP. The efficiency of the clearance was low but
the major problem was the considerable amount of highly toxic reactive molecules released
as a by-product of the HRP-mediated oxidation of LBs [112]. It was more recently reported in
Ref. [113] that neutrophil myeloperoxidase (MPO) catalyzes the in vitro degradation of A2E.
The authors delivered MPO to lysosomes of RPE cells via mannose-6-phosphate (M6P) recep-
tor. M6P-MOP exhibited a half-life of 10 h in the lysosomes and degraded lysosomal A2E in,
but also disrupted lysosomal acidification and triggered lysosomal stress, manifested by the
nuclear translocation of TFEB that eventually led to cell death. Thus, the strategy of eliminat-
ing LBs with peroxidases seems to be limited by the inherent associated release of detrimental
reactive species, which would be equivalent to try to clear LBs by photooxidation.

2.2.3. Beta-cyclodextrins (f-CDs)

[BCDs are membrane-impermeant cyclic sugars made of seven glucose residues. They contain
anonpolar central cavity that is capable of accommodating hydrophobic ligands and a hydro-
philic outer surface that makes them soluble in water [114]. Several FDA-approved cyclo-
dextrins are currently used to improve the delivery of lipophilic drugs. We demonstrated
that BCDs form soluble complexes with LBs [115] (Figure 5). In silico modeling predicted
2:1 BCD-A2E complex, where one BCD accommodates per arm of LB. We also observed that
[BCDs reduced the content of A2E from polarized RPE monolayers on Transwell filter cultures
and from RPE in the eyes of mice that accumulate massive amounts of lysosomal LBs [116]
indicating that BCD treatment can eliminate not only A2E, but also the complex LB mixes
found in RPE lipofuscin. The mechanisms by which $CDs induce clearance of lysosomes'
content in RPE is yet to be determined but could potentially be optimized to develop a novel
therapeutic approach to clear LB-buildups. The mechanism of cholesterol removal by 3CDs
is one of the best characterized. Likewise LBs, cholesterol forms soluble inclusion complexes
with BCDs. In normal cells, cholesterol is more abundantly present in plasma membrane,
common recycling endosome and trans-Golgi complex [117]. Removal of cholesterol from
these membranes, requires high concentrations (5-10 mM) and prolonged times because
[pCDs, which have an ~8 A deep cavity, must form stacked dimers (improbable event) to
remove 18 A long cholesterols out of the lipid bilayer and shelter them from the water [118].
In cells with Niemann Pick Type-C defect, i.e., with inactivating mutations in either NPC1
or NPC2 genes, that code for two intra-lysosomal lipid transporter proteins, cholesterol is,
also, aberrantly accumulated within lysosomes. Removal of lysosomal cholesterol buildups
requires lower concentrations (0.1-1.0 mM) and shorter incubation times with CD [119].
Furthermore, sulfo-butyl-ether-3CD (Captisol®), a BCD derivative that cannot form stacked
dimers and that therefore cannot solubilize membrane cholesterol, can still reduce lysosomal
buildups [120]. The model for BCD-mediated removal of lysosomal cholesterol proposes that
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[BCD enters lysosomes by endocytosis, where it binds free cholesterol in the lumen and shuttle
it to the limiting lysosomal membrane [121, 122]. From there, cholesterol is transferred, by
a not fully characterized trafficking machinery, that probably involves points of membrane
contact between organelles and cholesterol binding proteins [123], to the ER, plasma mem-
brane, peroxisomes, and mitochondria [124, 125]. In the absence of extracellular cholesterol
acceptor molecules, the stoichiometric analysis of fCD clearance provides no evidence of
cholesterol release to the media but rather indicates a rapid metabolic processing within the
cytosolic compartment [126, 127]. In the case of LBs, if BCDs clearance works similarly, then
it would be important to see what putative LB-transport system acts thereafter to ship LBs for
degradation [85, 128] or to expel them from the cell. Confirmation of such operating traffick-
ing pathway could represent an important advance to identify pharmacological targets for the
elimination of lysosomal LBs.

In a mice model of atherosclerosis [129], BCDs have shown effective removal of cholesterol
crystals from macrophage foam cells. The mechanism in this case seems to be mostly medi-
ated by the execution of a LXR (liver-X-receptor) dependent transcriptional program response
that enhanced the efflux and degradation of cholesterol and reduced inflammation.

Administration of BCD also lowered the levels of amyloid-{ in an animal model of Alzheimer
Disease [130] and from drusen deposits in animal models of Stargardt disease [131]. The mech-
anism in these cases is less clear but it seems to be transcriptionally controlled. Accordingly,
it will be important to determine if BCDs trigger a transcriptional program that primes RPE
cells to eliminate its lysosomal content, independently on whether they form soluble com-
plex with the wasted material. Similarly, fibroblasts from patients with ceroid-lipofuscinosis,
the most common cause of neurodegeneration of children in the United States, and cellu-
lar or animal models with misfolded a-synuclein accumulation were cleared by 3CDs [132,
133]. The mechanism in these cases seemed to be mediated by TFEB [86, 134]. The pathway
responsible for BCD activation of TFEB is not defined and is induced by millimolar doses of
cyclodextrins. BCDs appear to induce autophagy [135] and exocytosis of lysosomes [136].
Finally, overexpression of activated TFEB has been demonstrated to ameliorate pathology in
late-onset neurodegenerative diseases such as Parkinson, Huntington and Alzheimer, as well
as in models of spinal and bulbar muscular atrophy and to clear deposits in lysosomal storage
disorders (LSDs) [83, 86, 137-139]. Thus, it will be important to determine whether TFEB is
necessary or if it can synergistically contribute to the clearance of RPE lipofuscin.

3. Conclusions

Buildup of lipofuscin in RPE lysosomes often evolves into irreversible damage of overlying
photoreceptors. This is a common event in individuals with mutations in ABCA4 gene and is
believed to underlie the progression of age-related lesions in AMD people, the most common
cause of blindness in the elderly population. Unfortunately, the great majority of patients
diagnosed with this problem have no therapeutic options available. Analysis of RPE lipofus-
cin, identified as major components lipid bisretinoids (LBs), sub-products of the spontaneous
dimerization of retinaldehydes produced during the visual cycle. Targeting LBs secondary



Lipofuscin Accumulation into and Clearance from Retinal Pigment Epithelium Lysosomes...
http://dx.doi.org/10.5772/intechopen.69304

complications with oral antioxidants, inhibitors of complement or autophagy inducers pro-
vided no or little beneficial effect. The recent failures in clinical trials with visual cycle modu-
lators, which prevent de novo formation of LBs may reflect the incapacity of these drugs to
stop degeneration once LB-accumulation has been established, which is probably the case
for most individuals with clinical symptoms. Hence, the development of novel strategies
to permanently remove previously accumulated lipofuscin is an urgent medical need. The
characterization of LBs as the core-components of RPE lipofuscin has permitted to rationally
develop strategies to remove them from RPE cells in the laboratory. This, combined with an
improved understanding of the molecular pathways that govern autophagy and stimulate
cellular clearance might allow in the near future, to develop improved therapies for retinal
degenerations resulting from genetic or age-related retinal lipofuscin accumulation.
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Abstract

Hereditary spastic paraplegias (HSPs) comprise a heterogeneous group of inherited neu-
rodegenerative diseases with the cardinal feature of a length-dependent degeneration of
corticospinal motor axons. They are classified by their mapped genetic loci, SPG1-SPG78.
Recently, lysosomal dysfunction is one of the pathomechanism for some autosomal-
recessive HSPs. SPGI1 is caused by loss-of-function mutations in the SPG11 gene. Its
gene product is called spatacsin, which is needed for the recycling of lysosomes from
autolysosomes. SPG15 is caused by loss-of-function mutation in the ZFYVE26 gene. The
ZFYVE26 gene encodes spastizin. Mutations in spastizin impair autophagosome mat-
uration and lead to an accumulation of immature autophagosomes. SPG48/KIAA0415
encodes AP5Z1, known to be a spatacsin and spastizin interactor. Its mutations lead to
loss of protein or mutated forms of protein with defective autophagy. The TECPR2 is a
human ATG8-binding protein and positive regulator of autophagy, which plays a key
role in major adult and pediatric neurodegenerative diseases. Mutations in the Iysosomal
trafficking regulator (LYST) gene have been reported to cause hereditary spastic paraple-
gia. The LYST protein is involved in control of the exocytosis of secretory lysosomes.
Recently, Drosophila with a gene mutation of an LYST homolog was revealed to exhibit
impaired autophagy.

Keywords: SPG11, SPG15, SPG48, SPG48, SPG49, Chediak-Higashi syndrome, lysosomal
trafficking regulator, autophagy

1. Introduction

Lysosomal dysfunction, especially disturbance of the autophagy-lysosomal system, sub-
stantially contributes to the pathodynamics of some major neurodegenerative disorders:
Alzheimer disease, Parkinson disease, Huntington disease, frontotemporal dementia,
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amyotrophic lateral sclerosis, bulbospinal muscular atrophy and spinocerebellar ataxia 3,
hereditary spastic paraplegias (HSPs), and so on [1].

Hereditary spastic paraplegias (HSPs) comprise a heterogeneous group of inherited neuro-
degenerative diseases with the cardinal feature of a length-dependent degeneration of corti-
cospinal motor axons [2]. They are classified by their mapped genetic loci, SPG1-SPG78. To
date, over 60 causative genes have been identified, transmitted by autosomal-dominant, auto-
somal-recessive (AR), X-linked recessive inheritances, with de novo mutations also described.

Several pathogenic mechanisms of HSPs were suggested by the studies in several causative
genes for HSP. HSP might result from disruption of the axonal transport of molecules, organ-
elles, and other cargos, which mainly affect the distal parts of motor neurons. Other mecha-
nisms for developing HSP are endoplasmic reticulum formation, membrane trafficking,
mitochondprial function [3], lipid metabolism, and myelination. Recently, lysosomal dysfunc-
tion is one of the pathomechanism for some autosomal-recessive HSPs: SPG11, SPG15, SPG49,
SPG78, and HSP with lysosomal trafficking regulator (LYST) gene mutation [4, 5].

2. SPG11

The most prevalent autosomal-recessive (AR) HSP is SPG11. SPG11 is characterized by early
onset spastic paraplegia with mental impairment and peripheral neuropathy. Brain MRI
shows thin corpus callosum (TCC) [6] (Figure 1).

Figure 1. Brain MRI findings of the SPG11 patient. (A) Sagittal T1 image showing a thin corpus callosum, especially the
anterior part. (B) Axial FLAIR image showed subtle ears of the lynx formation at the anterior periventricular portions
of the lateral ventricles.
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There may be upper limb involvement and nystagmus. Some patients additionally pres-
ent with parkinsonism or ataxia. Patients with an amyotrophic lateral sclerosis (ALS)-like
upper motor neuron-dominant phenotype but with atypically long disease duration and
absence of TCC or mental impairment (ALS5) had been reported [7]. Moreover, peripheral
neuropathy-dominant phenotype (Charcot-Marie-Tooth disease like) has been described
recently [8].

Pathological features of SPG11 in neurons are mainly intracytoplasmic granular lysosome-
like structures in supratentorial areas, and others in subtentorial areas are ubiquitin and p62
aggregates, observed in amyotrophic lateral sclerosis (ALS), except that they are never labeled
with anti-TDP-43 or anti-cystatin C [9].

SPG11 is caused by loss-of-function mutations in the KIAA1840 gene on chromosome 15q.
KIAA1840, encoding spatacsin, is expressed ubiquitously in the nervous system, but most
prominently in the cerebellum, cerebral cortex, hippocampus, and pineal gland. Its gene prod-
uct is called spatacsin, which is needed for the recycling of lysosomes from autolysosomes,
a process known as autophagic lysosome reformation (ALR). Loss of spatacsin (or spastizin)
resulted in the depletion of free lysosomes, which are competent to fuse with autophagosomes,
and an accumulation of autolysosomes, reflecting a failure in ALR. Moreover, spatacsin and
spastizin were essential components for the initiation of lysosomal tubulation [10]. Fibroblasts
prepared from patients with SPG11 have selective enlargement of LAMP1-positive structures,
though prominent abnormal lysosomal storage was not evident [11].

In spatacsin-null mice, lysosomes are diminished in cortical neurons and Purkinje cells in vivo.
The decreased number of lysosomes useful for fusion with autophagosomes damages autoly-
sosomal clearance, results in the accumulation of undegraded substances, and finally causes
death of particularly susceptible neurons like cortical motor neurons and Purkinje cells in
knockout mice [12].

3. SPG15

SPG15 is the second most common type of hereditary spastic paraplegia with thin corpus cal-
losum. SPG15 cases show similar symptoms to those observed in SPG11. Clinical manifesta-
tion in addition to spastic paraplegia includes intellectual disability, pigmentary retinopathy
(Kjellin syndrome), cerebellar ataxia, parkinsonism, and axonal neuropathy. Brain MRI often
shows thin corpus callosum.

SPG15, the second most autosomal-recessive HSP, is caused by loss-of-function mutation in
the ZFYVE26/SPG15 gene. The ZFYVE26 gene encodes a large protein of 2539 amino acid
residues termed spastizin.

In zebrafish, spastizin, together with spatacsin, is essential for proper establishment of the
motor neuron axonal network; these proteins are indeed necessary for outgrowth and proper
targeting of motor neuron axons [13].
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Spastizin interacts with the autophagy-related Beclin 1-UVRAG-Rubicon multiprotein com-
plex and is involved in autophagosome maturation. Mutations in spastizin disrupt its inter-
action with Beclin 1 and thus with the complex, damaging autophagosome maturation and
resulting in a retention of immature autophagosomes in patient’s fibroblasts. Similarly, a
deposition of autophagosomes was detected in SHSY5Y cells and in primary hippocampal
neurons after spastizin silencing, thus indicating that autophagy impairments by spastizin
deficiency give rise to both neuronal and non-neuronal cells [14].

Spastizin is expressed in the identical organs as spatacsin (SPG11) and partially coexists with
microtubules, mitochondria, and the nucleus. Spastizin is also observed at the midbody dur-
ing cytokinesis. The spastizin interacts with spatacsin and with KIAA0415 (SPG48), a member
of the AP5 complex. Mutations lead to loss of protein or mutated forms of protein with defec-
tive autophagy [14].

Zfyve26 knockout mice developed normally by 12 months of age acquire a spastic and ataxic
gait disorder accompanied by neuron loss in the motor cortex and the cerebellum, consistent
with the clinical phenotype of SPG15 patients [15]. High-density LAMP1-positive membrane-
bound vesicles and lipopigment accumulate in neurons of Zfyve26 knockout mice [15].

4. SPG48

Two siblings in the one French family have pure adult-onset spastic paraplegia and urinary
incontinence with hyperintensity of the cervical spinal cord (C3-4,7) in one sibling as the only
distinguishing magnetic resonance imaging (MRI) feature [16]. Thereafter, clinical features
included not only prominent spastic paraparesis but also sensory and motor neuropathy,
ataxia, dystonia, parkinsonism, and myoclonus. Skin fibroblasts from SPG48 patients tested
positive for periodic acid Schiff (PAS) and intrinsic fluorescence material, while electron
microscopic analysis indicated lamellar material concordant with abnormal storage of lyso-
somal material [17].

An insertion/deletion mutation has been identified in SPG48/KIAA0415 in two HSP families.
KIAA0415 encodes a presumptively helicase (AP5Z1), localized in both nucleus and cyto-
plasm, participated in DNA double-strand break repair processes, and interacted with spa-
tacsin and spastizin. Especially, spatacsin is phosphorylated upon DNA damage by protein
kinases ataxia telangiectasia mutated (ATM) or ATR (ATM and Rad3-related) [16]. A recent
study showed that the protein is a member of the adaptor protein 5 complex (AP5) that is
implicated in vesicle formation and sorting (as AP4) [18].

5. SPG49

A homozygous truncating mutation in SPG49/TECPR2 (tectonin beta-propeller repeat con-
taining 2) was identified in a new form of complicated HSP [19]. This HSP is characterized by
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early onset of spastic paraplegia, motor development delaying, mental retardation, dysmor-
phic features (short stature, round face, low anterior hairline, dental crowding, short broad
neck, mild brachycephalic microcephaly, a chubby appearance), cerebellar dysarthria, ataxia,
episodes of central apnea, and TCC on brain MRL

TECPR2 protein has been established to be a binding partner of the mammalian Atg8 pro-
tein family, including LC3, and a probable positive regulator of autophagosome formation
[20]. Using fibroblast of affected SPG49 patients and knockdown of TECPR2 using siRNA
in cultured cell lines, loss of TECPR2 was found to result in a decreased number of autopha-
gosomes and reduced delivery of LC3 and p62 for lysosomal degradation [19]. Recent study
showed that TECPR2 is involved in maintaining functional endoplasmic reticulum exit sites,
which may serve as scaffolds for the formation of autophagosomes [21].

6. SPG78

The disease presentation in SPG78 patients was dominated by an adult-onset lower-limb
predominant spastic paraparesis. Cognitive impairment was present in most of the cases
and ranged from very mild deficits to advanced dementia with frontotemporal character-
istics. Nerve conduction studies revealed involvement of the peripheral motor and sen-
sory nerves. Only one of five patients with hereditary spastic paraplegia showed clinical
indication of extrapyramidal involvement in the form of subtle bradykinesia and slight
resting tremor. Neuroimaging cranial investigations revealed pronounced vermian and
hemispheric cerebellar atrophy. Notably, reduced striatal dopamine was apparent in the
brain of one of the patients, who had no clinical signs or symptoms of extrapyramidal
involvement [22].

ATP13A2, which is causative protein of SPG78, is a lysosomal P5-type transport ATPase,
the activity of which critically depends on catalytic autophosphorylation. Biochemical and
immunocytochemical experiments in COS-1 and HeLa cells and SPG78 patient-derived
fibroblasts demonstrated that the hereditary spastic paraplegia-associated mutations, simi-
larly to the ones causing Kufor-Rakeb syndrome and neuronal ceroid lipofuscinosis, cause
loss of ATP13A2 function due to transcript or protein instability and abnormal intracellular
localization of the mutant proteins, ultimately impairing the lysosomal and mitochondrial
function [22]. They confirm in fibroblast of SPG78 patients that LAMP1-positive organelles
accumulate, correlating with a reduction in their proteolytic activity. These findings are simi-
lar to that of SPG11 and SPG15 [10, 11, 14]. ATP13A2 has been implicated in autophagy path-
way [23].

7. HSP due to LYST mutation

We encountered an autosomal-recessive (AR) HSP family with cerebellar ataxia and neuropathy
whose gene locus was not linked to previously reported AR-HSP loci. We have identified a novel
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homozygous missense mutation in the lysosomal trafficking regulator (LYST) gene, a nuclear gene
encoding for a protein involved in intracellular trafficking [24]. LYST is described as the caus-
ative gene for Chediak-Higashi syndrome (CHS, OMIM #214500), which is a rare autosomal-
recessive syndrome characterized by hypopigmentation, severe immune-deficiency, a bleeding
tendency, and progressive neurological dysfunction [25]. We describe a CHS family including
two patients who show variable degrees of spastic paraplegia, cerebellar ataxia, and neuropa-
thy, whereas they exhibit no apparent skin hypopigmentation and blood or immune system
abnormalities (Figure 2).

The study included two patients in a Japanese consanguineous family (Figure 2). Neurologic
examination was performed in two patients. Detailed clinical and laboratory findings of the
two patients were shown in Table 1 and Figures 3 and 4. Blood examinations revealed perox-
idase-positive giant granules in granulocytes in two cases (Figure 4).

DNA analysis was done in two patients and two normal family members. We performed a
genomewide linkage analysis employing SNP arrays with two patients” DNAs (Figure 5A)
and exome sequencing using one patient’s sample. We confirmed the mutation by Sanger
sequencing of the family members (Figure 5B).

We identified a homozygous missense mutation (c.4189T>G, p.F1397V) in the lysosomal traf-
ficking requlator (LYST) gene in the two patients. (Figure 5B). This mutation co-segregated
with the disease in the family and located at the well-conserved amino acid. (Figure 5C).
We also detected a heterozygous nonsense mutation (c. 823C>T, p.R275X) in the BSCL2 gene
in one patient (III-3), not in another one (III-1) (Figure 5C). BSCL2 is the causative gene for
SPG17. This mutation is deleterious [26], and we suggest that this nonsense mutation is impli-
cated in phenotype differences between two cases: leg spasticity of III-3 is stronger than that
of ITI-1.

Il

SR ELLT.

Figure 2. Family pedigree with LYST gene mutation. The proband (III-3) and his older brother (III-1) show the almost
same clinical phenotype. Other members are all healthy except for deceased elderly ones. The parents (II-1 and 2), who
were first cousins, were neurologically asymptomatic. Arrow indicates the proband, and dots indicate the persons who
permit analysis of their DNAs.
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III-1 II1-3
Age at examination 63 53
Onset 58 48
Leg spasticity - +
Limb ataxia + +
Thigh muscle atrophy + +
Patellar Tendon Reflex (PTR) - ++
Achilles Tendon Reflex (ATR) +- -
Babinski sign + +
Vibration sense Normal Normal
Sphincter involvement - -
Mini-Mental State Examination (MMSE)  16/30 25/30
Lower limb NCV FWCV decreased Decreased
Sural nerve biopsy Axonal swelling, myelin| (Not examined)
Brain MRI Cerebellar atrophy Cerebellar atrophy
Spinal MRI Normal Thoracic atrophy
Large granules in granulocytes + +
Phagocytic activity of leukocytes 98.7% (Not examined)
NK-cell activity (18-40) 11 14

Table 1. Clinical and laboratory presentation of the two patients.

Figure 3. Brain and spinal MRI of the patient III-3. The brain MRI showed mild cerebellar atrophy, and spinal MRI
disclosed mild thoracic cord atrophy.

The gene responsible for CHS was identified in 1996 and called lysosomal trafficking requlator
(LYST) [27, 28]. The LYST gene is a large gene that has 51 coding exons and an open reading
frame (ORF) of 11,403 kb [6]. The LYST protein, which is a large, putative cytosolic protein of
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Figure 4. Peripheral blood leukocyte of patient III-3 (peroxidase stain). We found peroxidase-positive large granules
in the patient’s granulocytes compared with normal control WBC. These patients had no symptoms according to
immunodeficiency or bleeding tendency.

425 kDa (3801 amino acids), is ubiquitously expressed and involved in control of the exocy-
tosis of secretory lysosomes [28, 29]. The LYST protein has a BEACH (named after BEige And
Chediak-Higashi) domain (amino acid numbers 3132-3422) [28], Trp-Asp (WD) 40 repeats
(amino acid numbers 3477-3778), and a concanavalin (Con)A-like lectin domain (amino acid
numbers 1390-1691) [30]. The LYST protein has been proposed to act as a scaffold protein
in the mediation of fusion or a fission event of vesicles [31]. The mutation in this family
(p-F1397V) is located within the ConA-like lectin domain. This domain could be involved
in oligosaccharide binding associated with protein traffic and sorting along the secretory
pathway [30].

Dysfunctional secretion of enlarged lysosome-related organelles, including lysosomes, mela-
nosomes, and cytolytic granules, has been observed in cells with mutations in LYST. Small
interfering RNA knockdown of LYST in human cell lines replicates the LYST-mutant phe-
notype of large lysosomes [32]. They found no evidence that autophagy or endocytic deg-
radation was affected by LYST depletion. Autophagosomes are formed in normal size and
volume and are able to form the large fused lysosomes, resulting in normal degradation rates.
The large lysosomes are fully functioned in degrading endogenous proteins. LYST did not
affect retrograde trafficking of toxins as well as the localization of transporters of lysosomal
proteins, adaptor protein-3 (AP-3), and cation-independent mannose-6-phosphate recep-
tor (CI-MPR). The large lysosomes quantitative analysis demonstrates that LYST depletion
results in reduction in vesicle content per cell; meanwhile, the total enzymatic amount and
vesicular pH are unaffected, indicating a role for LYST in lysosomal fission and/or fusion
events [32].
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Figure 5. Linkage analysis and mutation of the lysosomal trafficking regulator (LYST) gene in the patients. (A) Linkage
analysis. Linkage analysis involving SNPs revealed the highest LOD scores (about 1.8) in parts of chromosomes 1, 2,
11, and 17 (arrows). These four areas were thought to be candidate areas in which the causative gene was located. (B)
Sanger sequencing confirmed the homozygous nonsense mutation (c.4189T>G, p.F1397V) of the LYST gene identified
in the proband (III-3) and the affected brother (III-1). This mutation co-segregated with the disease in this family.
This LYST mutation was not found in 200 Japanese control DNAs. In one patient (III-3), we identified a heterozygous
nonsense mutation (c.823C>T, p.R275%) of the BSCL2 gene, the causative one for SPG17, whereas no mutation in III-
1. (C) This mutation located at the highly conserved residues within the BEACH (named after BEige And Chediak-
Higashi) and concanavalin A (ConA)-like lectin domain.

Nevertheless, Drosophila with gene mutation of LYST homolog revealed impaired autophagy
[33]. The roles of LYST in autophagy remain controversial [34].
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Abstract

Lysosomes are acidic organelles that are not only involved in degradation processes but
also participated in other cellular functions, such as specialized secretion and plasma mem-
brane (PM) resealing. When the PM is ruptured, Ca* flows from the extracellular milieu
toward the cytoplasm potentially triggering cell death. In order to escape from the apop-
totic route, cells developed an elegant mechanism in which lysosomes are recruited to the
sites of injuries in a Ca*-dependent fashion. Lysosomes, fuse with the PM releasing their
enzymatic content. Acid sphingomyelinase (ASM), one of the secreted enzymes, cleaves
sphingomyelin into ceramide, inducing compensatory endocytosis and internalization of
the membrane-damaged site. Trypanosoma cruzi, the etiological agent of Chagas disease,
relies heavily on lysosomes to successfully invade mammalian cells. By mechanically
injuring the host PM, T. cruzi evokes lysosome exocytosis, and subsequently, compensa-
tory endocytosis. The latter drives the parasite into the host cell, where it can replicate.
This early association with lysosomes prevents T. cruzi evasion from the host cells allow-
ing colonization of host intracellular milieu. This review chapter will summarize the main
contributions in the field exploring the crosstalk between PM repair and T. cruzi invasion
and how the understanding of these mechanisms evolved throughout the years.

Keywords: plasma membrane repair, lysosomes, exocytosis, compensatory endocytosis,
Trypanosoma cruzi

1. Introduction

The word lysosome is derived from the Greek words lysis (loosening, breaking) and soma
(body) and literally means ‘digestive body’. Those acidic organelles were identified primarily
by the biochemist Christian de Duve, in 1955, when he was studying the carbohydrate metab-
olism, the mechanism of insulin in the liver and the role of an enzyme, known at that time,
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as hexose phosphate (and later denominated glucose-6-phosphatase) [1]. By doing sucrose
gradient centrifugal fractionation, de Duve identified four main fractions on the liver homog-
enate: nuclear, large granules (mostly composed by mitochondria), small granules (micro-
somes) and a supernatant. The glucose-6-phosphate enzyme was identified in the microsome
fraction [2]. Based on biochemistry enzymatic analysis, de Duve and his group postulated
that acid phosphatase must be enclosed within membranous vesicles in such a way that the
enzyme could not leak out, and the substrate could not get in [3]. The first morphological
observation of a lysosome was performed in 1956, when it was seen under an electron micro-
scope by Novikoff, who later developed the acid phosphatase staining for identifying lyso-
somes morphologically [4].

Up to this date, more than 50 different enzymes were identified within lysosomes. Those mem-
brane-delimited organelles are present in most nucleated mammalian cells. Lysosomes are
mostly scattered across the cytoplasm but can become more concentrated around the perinu-
clear region upon stimuli [5]. Lysosome intracellular movement is required for its proper func-
tioning and has shown to be tightly regulated in the cell [5]. Given their acidic interior, mostly
composed by hydrolases, lysosomes are pivotal in intracellular degradation processes [6] such
as intracellular digestion and autophagy [7, 8]. In order to digest endocytic cargo (membrane-
bound vesicles resultant from pinocytosis or phagocytosis events) or autophagosomes, lyso-
somes have to fuse with those vesicles so their enzymes can have access to their content [9-11].

Besides being pivotal for intracellular degradation processes, lysosomes are also important for
a plethora of physiological processes inside the cell, such as bone matrix resorption by osteo-
clasts [12], m-TOR-dependent antigen presentation by macrophages and dendritic cells [13],
cholesterol transport [14], Ca*-regulated PM resealing upon injury [15] and cell death [16],
just to cite a few examples. Perturbations in lysosomal homeostasis, such as dysfunction of
lysosomal hydrolases, impairment in lysosomal traffic and biogenesis might induce lysosomal
storage disorders due to accumulation of unprocessed substrata inside this organelle. There
are more than 50 different types of lysosomal storage diseases that were already identified [17].

As mentioned before, lysosomes play an important role in membrane resealing upon injury,
and they are a fundamental part of the endocytic pathway. The endocytic pathway is basically
composed by early and late endosomes and lysosomes. Internalized particles are delivered to
early endosomes and are either recycled back to the membrane or transported to late endo-
somes. When they reach the late endosomes, the endocytosed material can be sorted by the
Golgi apparatus and transported to the membrane or fuse with lysosomes to be degraded [18].

There is no doubt that the endocytic pathway is fundamental for nutrient uptake, cell signal-
ling [19], and migration [20]. A summary of the diverse cellular functions that the lysosomes
are involved in is depicted in Figure 1. Intriguingly, the endocytic route is also explored
by pathogens in order to successfully invade their host cells [21]. Some of these pathogens
evolved in order to develop mechanisms to evade lysosomal fusion in order to protect them
from being degraded from lysosomal enzymes. However, in some cases, the pathogen drives
itself to encounter lysosomes in order to guarantee intracellular survival. The gram-positive
bacteria, Coxiella burnetti, causative agent of Q fever [22], requires fusion with lysosomes in
order to mature its parasitophorous vacuole [PV) and to replicate [23-27]. This pathogen also
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Figure 1. The multitask lysosome. Besides being involved in intracellular digestion, lysosomes also participate in other
important cellular functions, such as autophagy, cholesterol transport, antigen presentation, bone matrix resorption,
plasma membrane resealing upon injury and pathogen entry in host cells.

requires two lysosomal membrane proteins: lysosomal associated membrane protein 1 and 2
(LAMP-1 and LAMP-2) [28] in order to have normal PV size and bacterial replication rate [29].
Another example is the protozoan parasite Leishmania donovani that causes visceral leishmani-
asis in humans [30]. By examining the infection of bone marrow-derived macrophages by
L. donovani metacyclic-derived promastigotes, Forestier and colleagues (2011) demonstrated
that the early invasion process is constituted by four phases: (1) contact between highly motile
and polarized promastigotes and the PM preceding phagocytosis, (2) formation of the PV, dif-
ferentiation into amastigote form and intracellular orientation of the parasite, (3) movement
of the parasite towards the cell membrane leading to local wounding and (4) PV translocates
to the perinuclear region of the host cell. They identified LAMP-1 positive tight PVs as early
as 30 min post-infection and demonstrated that the parasites remained viable at those harsh
and acidic conditions. Interestingly, at phase 3, when the parasite moves back towards the
membrane, it causes membrane rupture evoking lysosomal exocytosis to reseal the mem-
brane. They also found LAMP-1 decorating the parasite’s flagellum facing the PM wounded
area [31]. The gram-negative bacteria, Neisseria meningitidis and Neisseria gonorrhoeae, caus-
ative agents of meningitis and gonorrhoea, respectively, have a very interesting mechanism of
invading mucosal cells. The invasion process can be divided into 4 different steps: (1) attach-
ment, (2) phagocytosis of the bacteria by the host cells at the apical portion, (3) transport of
those phagocytosed bacteria to the basal part of the cell and (4) exocytosis of the bacteria-
containing vesicles to subepithelial tissues [32]. Neisseria secretes an immunoglobulin called
IgAl. This immunoglobulin is able to cleave LAMP-1 when this protein is at the host cell
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PM. In order to do that this bacteria induces Ca*-dependent lysosomal exocytosis, and when
LAMP-1 is exposed at the surface, it is cleaved by IgA1 [33]. By cleaving LAMP-1, the bacte-
rium also alters other lysosomal constituents, such as LAMP-2, lysosomal acid phosphatase
and CD63 [34], which is thought to improve the bacteria intracellular survival.

One of the most interesting pathogens that interact with lysosomes in order to successfully invade
host cells is the protozoan parasite Trypanosoma cruzi. T. cruzi is the causative agent of Chagas’s
disease [35], a tropical neglected disease that has no effective vaccine or cure and still affects
about 6-7 million people worldwide [36, 37]. Virtually, T. cruzi can infect basically all nucleated
cells from its mammalian host. The early entry process is complex and involves a plethora of
receptors and proteins that are secreted in order to orchestrate parasite attachment and invasion
[38]. One step that is pivotal for the parasite entry and infection is its early association with lyso-
somes [39]. T. cruzi subverts the PM wound healing route in order to get access to the intracellular
milieu [40]. In fact, the understanding of the intertwined PM repair and T. cruzi entry processes
evolved in parallel and was elegantly explored by Dr. Norma Andrews’ group since the 90s. This
chapter will try to explore how the understanding of those mechanisms evolved through time
and which are the key players in both membrane healing and T. cruzi entry process.

2. From membrane resealing to Trypanosoma cruzi invasion: what is the
role played by lysosomes?

2.1. Plasma membrane injury and resealing: lysosomes save the day

It has been known since the early 90s that professional secretory cells, such as hepatocytes
[41, 42], activated platelets [43, 44], pancreatic acinar cells [45, 46], macrophages [47, 48],
osteoclasts [49, 50] and neutrophils [51, 52] are able to undergo regulated lysosomal secretion.
However, until the mid-90s, it was not known whether non-professional secretory cells had
the capability of performing lysosomal exocytosis. In 1995, Miyake and McNeil demonstrated
for the first time that endothelial cells were able to accumulate vesicles near PM injured sites,
and those vesicles underwent Ca* mediated exocytosis in order to seal those wounds [53]. In
1996, Coorssen and colleagues have shown that epithelial cells enlarged their surface area by
~20-30% due to exocytosis promoted by increase in intracellular Ca?. However, back then,
they just hypothesized that the increase in area was probably due to secretion of endosomes or
lysosomes [54]. In 1997, Rodriguez and collaborators demonstrated that non-secretory cells,
such as fibroblasts, myoblasts and epithelial cells, were able to trigger lysosomal exocytosis
upon increase in intracellular Ca* levels. By performing enzymatic assays, they measured the
presence of lysosomal enzymes, such as [3-hexosaminidase and cathepsin D, in the superna-
tant of stimulated cells. In parallel, they also showed the presence of a lysosomal glycopro-
tein, Igp120, at the PM, corroborating the lysosomal exocytosis hypothesis [55].

Cells have evolved throughout time in order to develop a mechanism by which injuries in the
PM could be quickly sealed in order to prevent cytoplasm leakage and cell death. Collagen
matrix contraction assays for mimicking tissue morphogenesis and wound healing show
that, upon contraction, fibroblasts can uptake extracellular dyes due to the formation of small
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pores in the membrane. Those small wounds are sealed within 5 s in the presence of Ca* [56].
Tissues that are under mechanical stress, such as skeletal muscle [57], heart [58], gut [59] and
skin [60] also have the ability to reseal their torn membranes and depend on this process for
proper functioning. Impairment in sarcolemma resealing upon injury, for example, might
cause muscular dystrophy [61].

2.2. Membrane resealing mechanism: from the patch hypothesis to acid
sphingomyelinase-mediated compensatory endocytosis

The mechanism by which lysosomes reseal damaged plasma membranes was first proposed
by Reddy and collaborators in 2001 [62]. Using non-professional secretory cells, such as epi-
thelial cells, myoblasts and fibroblasts, they showed that membrane injury upon scratching is
able to trigger lysosomal exocytosis in a Ca*-regulated manner. Similarly to neuronal synap-
tic vesicles that have a Ca*-sensor protein called synaptotagmin I (syt-I) [63], lysosomes have
an isoform of synaptotagmin named syt-VII [64, 65]. Synaptotagmins are proteins that have
a short ectodomain (N terminus lumenal domain), a transmembrane region and two cyto-
plasmic domains C2A and C2B that are Ca*-sensor domains. Reddy and colleagues demon-
strated that the C2A domain is the one responsible for regulating Ca*-dependent lysosomal
exocytosis [62]. Since then, it had been shown that lysosomes are able to undergo exocy-
tosis in order to reseal PM injuries generated by different sources, such as pathogens [31]
and pore-forming toxins [66], other than mechanical wounding. The most accepted model
for PM repair in nucleated cells was proposed in the early 2000s and was called “The Patch
Hypothesis’. According to that model, right underneath the injured site lysosomes underwent
chaotic fusion events in which they either fused directly with the PM or with one another in
a homotypical fusion manner. Those abnormally enlarged vesicles ended up fusing with the
injured PM donating membrane to seal the wounded region [67, 68]. However, the patch
model failed to explain the repair caused by pore-forming toxins, which stably binds to the
membrane. Later, it was shown that the wounding caused by pore-forming toxins led to the
formation of intracellular vesicles.

Wound healing experiments performed in the presence of gold-BSA, added prior to injury,
demonstrated that those vesicles have an endocytic origin given that they retained gold-
BSA in their lumen [15, 69]. Nonetheless, lysosomes play a pivotal role in the endocytosis-
mediated plasma membrane resealing model. Following membrane lesion and increase in
intracellular Ca?, those organelles undergo exocytosis and secrete their enzymes into the
extracellular medium. Acid sphingomyelinase (ASM) is one of the enzymes that remain active
extracellularly after secretion, generating ceramide as a product of sphingomyelin hydrolysis
[70, 71]. Ceramide coalesces at the membrane forming highly ordered domains excluding
other lipids, such as glycerophospholipids, from those patches [72]. Those domains induce
membrane curvature and budding [71, 73, 74] dragging the injured region inward, in a pro-
cesses called compensatory endocytosis, closing the wound. Cells either deficient in ASM or
pharmacologically inhibited fail to undergo compensatory endocytosis but still trigger lyso-
somal exocytosis. Addition of recombinant ASM to the extracellular medium is able to restore
compensatory endocytosis in those cells [15]. Other lysosomal enzymes are also important
to regulate the process. It has been proposed that cysteine proteases, cathepsins B and L,

47



48

Lysosomes - Associated Diseases and Methods to Study Their Function

released during lysosomal exocytosis may contribute to facilitate ASM access to PM [75].
Additionally, cathepsin D, another lysosomal enzyme released upon exocytosis, becomes
active only later after its release and is responsible for negatively modulating ASM activity,
closing the wounding cycle [75]. Figure 2 depicts a timeline illustrating the evolution of the
experimental models that explains how Ca*-dependent membrane resealing upon lysosomal
exocytosis is regulated within cells.

2.3. Trypanosoma cruzi: how this parasite can take advantage of intracellular endocytic
route to perpetuate its intracellular cycle: the essential role of lysosomes in the process

2.3.1. Trypanosoma cruzi and Chagas disease

T. cruzi is an obligatory flagellated intracellular parasite that causes Chagas disease in human
hosts. This pathogen was first identified by the Brazilian doctor Carlos Chagas, in 1909, who
not only identified the parasite but also unravelled its life cycle, the invertebrate host, the
domestic reservoirs and the symptoms of the disease [35]. T. cruzi has a complex life cycle
that consists of colonizing the midgut of an invertebrate host (a reduviid bug, also known as
‘kissing bug’) and several tissues from vertebrate hosts [76, 77]. The cycle on the invertebrate
host begins when the reduviid bug takes a blood meal from a mammalian host, containing the
trypomastigote forms of the parasite. The bloodstream trypomastigotes are the parasite infec-
tive form on vertebrate hosts. Once inside the insect midgut, the parasite differentiates into
the epimastigote form, capable of replicating in the invertebrate host. Epimastigotes attach
to the waxy walls of the insect hindgut where they differentiate into the metacyclic form in a
process known as metacyclogenesis [78].

During a blood meal, the insect excretes, together with the urine and faeces, the metacy-
clic trypomastigotes, which are capable of infecting the vertebrate host. These released try-
pomastigotes reach the mammalian host bloodstream either via the wound site or through
mucous membranes. Once inside the vertebrate host the metacyclic trypomastigotes can
infect a plethora of nucleated cells. When the parasite invades the host cell, it can differentiate
into the amastigote form, which is the replicative form on the mammalian host. After several
rounds of replication, the amastigotes differentiate into the trypomastigote form and the cells,
crowded with parasites, burst open. Extracellular trypomastigotes are now free to perpetu-
ate their cycle and infect new cells and tissues. The process that comprises from intracellular
invasion to intracellular multiplication, and cell rupture takes about 4-5 days [79, 80].
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Figure 2. How Ca*-dependent lysosomal recruitment for plasma membrane resealing models evolved with time.
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Recent statistics provided by World Health Organization (WHO) website shows that about
67 million people are estimated to be infected with T. cruzi, mostly in Latin America [37].
Chagas disease can be transmitted via several routes, being the vectorial route (through the
contaminated insect) the canonical one. Along with the vectorial transmission, there are other
primary routes of infection, being oral, placental and blood transfusion, the main ones, espe-
cially in non-endemic countries where the vector is not present. Those routes are responsible
for the worldwide dissemination of Chagas disease [81, 82]. There are other less common
ways of acquiring Chagas disease, such as laboratory accidents, dealing with infected animals
and organ donation from deceased patients who had Chagas disease [83].

Chagas disease has two phases: acute and chronic. The acute phase lasts from 4 to 8 weeks,
and it is usually asymptomatic. However, mild symptoms like fever, for example, might
happen 1-2 weeks after infection from the insect vector bite or a month later in other cases
of transmission. Only 5-10% of the symptomatic cases might lead to death [84]. The patients
who survive from the acute phase will enter chronic phase, which lasts for the patient’s
lifespan. The majority of the individuals that enter the chronic phase have the indetermi-
nate form of the disease. However, 30-40% of the patients will potentially develop cardio-
myopathy, 10% will develop megaesophagus, megacolon, cardiodigestive or neurological
problems [37, 85, 86]. Until this day, there is no vaccine available or 100% effective cure for
Chagas disease, especially if the disease is diagnosed during the chronic phase. There are
two drugs, benznidazole and nifurtimox, which have proven to be effective for some cases
during the acute phase. However, their use is limited due to low availability and severe
side effects [87].

2.3.2. Trypanosoma cruzi entry in host mammalian cells

As mentioned, T. cruzi is able to infect most nucleated cells, ranging from professional to
non-professional phagocytic cells, the latter being the main focus of the parasite. In order
to colonize host cells, T. cruzi has to go through four main steps: cell contact and/or attach-
ment to the host cell membrane, intracellular signalling, internalization and intracellular
multiplication. Therefore, the events that happen at the plasma membrane are paramount
in order to guarantee a successful infection. In order to attach to the host PM, T. cruzi uses a
variety of proteins that trigger intracellular signalling and parasite entry. Metacyclic trypo-
mastigotes and cell-released trypomastigotes have different repertoires of redundant gly-
coproteins that have the ability to bind to the extracellular matrix or to specific receptors
at the host PM helping in the parasite internalization process (for excellent reviews, please
read [38, 88-90]).

Once the parasite gets in contact with host cells, the internalization odyssey takes place.
Among them, Ca* signalling as well as lysosomal recruitment and fusion with the parasi-
tophorous vacuole have been shown to be pivotal for a successful invasion [39, 40] Those
two components are also fundamental for modulating PM repair in nucleated mammalian
cells, as already described in Section 2.2. We are going to explore on the next subsection,
how T. cruzi subverts this strategy, used for cells to mend their torn membranes, in order to
invade host cells.
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2.3.3. Trypanosoma cruzi and lysosomes: importance during parasite entry, maturation and
intracellular multiplication

The first evidence showing that T. cruzi relies on lysosomes for cell entry was published in
1992 by Tardieux and collaborators [91]. They were motivated by previous work that sug-
gested that T. cruzi entry mechanism differed from other pathogens, since actin disruption did
not prevent cell invasion in non-professional phagocytic cells [92]. Therefore, T. cruzi host cell
internalization process was distinct from a phagocytosis-mediated event. If the actomyosin
cytoskeleton was not providing the force to drive the parasite towards the host cell cytoplasm,
which component of the host cell would be playing this role? It had been shown that when
T cruzi invades cells it resides temporarily in an acidic vacuole from lysosomal origin [93].
Thus, they decided to investigate how lysosomes participate in that process. They identified
lysosomal accumulation near the parasite attachment site at host cell plasma membrane, dur-
ing the first steps of parasite invasion. By doing perturbations in the microtubule cytoskel-
eton, in which lysosomes migrate on, they verified changes in T. cruzi infection rates. Drug
treatments that promoted an outward motion of lysosomes (from the perinuclear region to
near the PM) enhanced invasion, whereas blockage of lysosome migration towards the PM
inhibited T. cruzi entry. Loading lysosomes with sucrose also decreased invasion rate. These
authors also showed that cytochalasin D-mediated actin depolymerisation increased invasion
by changing lysosomal distribution within the host cell [91]. This work was fundamental for
the field since it demonstrated that lysosomes were important for the first stages of parasite
invasion, donating membrane for the formation of the parasitophorous vacuole. However,
they did not know back then what triggered lysosome secretion during T. cruzi invasion.

Two years later, Tardieux and colleagues demonstrated that by exposing NRK cells either to
trypomastigotes or to membranes isolated from trypomastigotes, Ca* transients were elic-
ited in the host cell cytoplasm after only 200 s of exposure, which is faster than the invasion
process per se, which lasts about 10 min [94]. The same experiment using epimastigotes or
epimastigote-isolated membranes, the non-infective form, did not lead to host cell Ca* tran-
sients. Interestingly, they also challenged the cells with Trypanosoma brucei, the causative agent
of African sleeping sickness, and did not see Ca*" response either. In addition to that, they
demonstrated that by blocking intracellular Ca* transients, before T. cruzi exposure, invasion
rates decreased. Treatment of host cells for 4 h with Pertussis toxin, known to uncouple G
and G, from their receptors, impairing intracellular signalling cascade [95], halted intracel-
lular Ca* transients generated upon T. cruzi stimulation, suggesting that the parasite-induced
Ca* signalling was likely linked to phospholipase C (PLC) activation and IP,-mediated Ca*
release from intracellular stores [96, 97]. These two works were primordial since they linked
Ca*-mediated signalling, evoked by T. cruzi, and host cell membrane interaction, to lyso-
somal recruitment and parasite invasion.

In1995, two other papers from Dr.Norma Andrews’ group demonstrated thata Trypomastigote
soluble peptidase (also referred to as Proteolytically Generated Trypomastigote Factor—
PGTF) was able to generate Ca* transients in NRK cells [98]. They also proved that PGTF
is an agonist of PLC/IP, generating Ca* transients, ultimately leading to actin cytoskeleton
remodelling which facilitates T. cruzi invasion [99].
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Years later, in 2001, Wilkowski and collaborators showed that incubation of phagocytic and
non-professional phagocytic cells with phosphatidylinositol 3-kinase (PI3K) inhibitors, prior
to T. cruzi exposure, reduced the invasion rates in those cells [100]. In addition to that, they
also demonstrated that T. cruzi trypomastigotes or purified trypomastigote membranes elic-
ited high activation of PI3K and PKB/Akt (protein kinase B) on host cells, which was not
detected when cells were incubated with epimastigotes or their isolated membranes [100].

Two years later, Woolsey and collaborators demonstrated that even though lysosomes were
important for T. cruzi invasion, there was a population of parasites that entered cells via a
tight parasitophourous vacuole that were devoid of lysosomal markers and formed exclu-
sively by host cell PM markers [101]. These data indicated that T. cruzi would also be able to
enter host cells via PM invagination and only later fuse with lysosomes. This invasion process
was also shown to be independent of host cell actin and to involve PI3K activation [101].

In 2004, Andrade and Andrews demonstrated that parasites that entered the host cell via
PM-invagination mechanism gradually escape cells if they do not associate with lysosomal
markers, demonstrating that association with lysosomes was pivotal for a successful invasion
[39]. Therefore, in the early 2000s, there were two convergent accepted models for T. cruzi cell
invasion: one that was mediated by host cell PM invagination with later association with lyso-
somal markers, and another one that was dependent on early lysosomal association, in which
lysosomes fused with the PM donating membrane for parasitophorous vacuole formation.

The fact that T. cruzi entry was dependent on Ca* signalling and lysosomal exocytosis, similarly
to the lysosomal-mediated plasma membrane repair (explored in Section 2.2) [15], inspired
Fernandes and colleagues to investigate whether the parasite would subvert this process to
gain access to the host cell. First, they demonstrated that extracellular Ca*" chelation inhibited
T. cruzi invasion significantly, showing that intracellular Ca*" stores were not the only source
during parasite invasion. They also showed that T. cruzi causes host cell PM injuries that are
rapidly sealed in the presence of Ca* [40]. Additionally, the concomitant incubation of strep-
tolysin O (SLO), a pore-forming toxin that binds to cholesterol-enriched domains at the PM
[102], and T. cruzi increased invasion rate, reinforcing the role of extracellular Ca* in parasite
entry process [40]. Finally, pharmacological inhibition or siRNA for ASM (the enzyme respon-
sible for compensatory endocytosis and membrane resealing) reduced trypomastigote inva-
sion, while addition of purified ASM to the extracellular media in ASM depleted cell cultures
restored T. cruzi invasion. The latter strongly suggested that T. cruzi depends on compensatory
endocytosis for entering host cells. The proof that compensatory endocytosis was in fact the
route of invasion came from their findings showing T. cruzi parasitophorous vacuole deco-
rated with ceramide markers. As we already mentioned in Section 2.2, ceramide is generated
by ASM-mediated cleavage of sphingomyelin, and it is responsible for the endocytic-directed
events following lysosomal fusion. This ceramide containing vacuole was shown to fuse later
with lysosomes, providing the anchoring force to retain the parasites inside the host cell [40].
This work set in stone the fact that T. cruzi subverts the physiological process by which lyso-
somes fuse with the PM upon injury in order to successfully invade cells.

Lysosome fusion with plasma membrane induced upon membrane injury is a tightly regu-
lated process and dependent on PM cholesterol content [103]. In 2012, Hissa and collaborators
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demonstrated that cholesterol depletion of cardiomyocytes prior to exposure to trypomas-
tigotes changed the distribution of lysosomes within the host cell and evoked a massive
lysosomal exocytosis near the cell cortex, even in the absence of extracellular Ca* [104].
These critical lysosomal exocytic events led to a decrease in parasite internalization and
lysosomal association for parasitophorous vacuole maturation [104]. One year later, Hissa
and colleagues proposed a mechanism by which cholesterol depletion triggered intracellu-
lar Ca**-independent lysosomal secretion. Using methyl-beta cyclodextrin (MBCD) to chelate
cholesterol from PM, they showed, by measuring mechanical properties of cell cortices, that
cholesterol-depleted cells become more rigid with less membrane fluctuations [105]. This
work corroborated previous studies done in cholesterol-depleted endothelial cells [106]. In
line with that, cholesterol depletion induced Rho activation, which in turn led to actin polym-
erization enhancing cortical rigidity. Most importantly, the authors showed that lysosomal
exocytosis triggered upon cholesterol depletion was not only Ca* but also Syt-VII indepen-
dent, pointing out to a non-regulated secretion of those organelles. They suggested that actin
polymerization induced by cholesterol depletion was responsible for the secretion of a lyso-
somal pool near the cell cortex. Based on these results, one can conclude that cells should
have at least two different pools of these organelles, one located closer to the cell cortex, and
most likely to be involved with membrane resealing events, and the second located closer to
the cell nuclei and probably related to intracellular digestion. For the first pool, actin polym-
erization could work as an exocytic driving force, whereas for the second, it would present
as a barrier for fusion with the PM. In fact, treatment of cells with Latrunculin-A, an actin
filament-disrupting drug, induced the secretion of a more internally localized lysosomal
pool [105]. In 2015, Hissa and Andrade demonstrated that T. cruzi preferentially uses corti-
cal, cholesterol depletion-sensitive lysosomal pool as opposed to the more internally local-
ized, Latrunculin-A sensitive lysosomal reservoir, linking the cortical pool of lysosomes with
plasma membrane repair [107].

Regarding intracellular development, T. cruzi association with lysosomes remains crucial. In
order to replicate in the host cytosol, trypomastigotes need to escape from the lysosomal-
enriched parasitophorous vacuole and differentiate into amastigote form. In the late 80s and
the early 90s, it was shown that T. cruzi secretes a hemolysin factor, active in low pH (5.5),
which was capable of lysing erythrocytes isolated from different animal species by forming
a large pore in their membranes [108]. If the acidic nature of the parasitophorous vacuole
was altered, by raising its pH, parasites were unable to escape to the cytosol. These data cor-
roborated the existence of a hemolysin protein secreted by the parasite, identified as Tc-Tox,
which would form a pore at the vacuolar membrane allowing T. cruzi to exit and fall into the
host cell cytosol [109].

Lysosomal membrane proteins are also important for T. cruzi entry and intracellular develop-
ment, multiplication and release. By using LAMP1/2 knockout cells (LAMP-1/2 KO), Albertti
and collaborators showed that LAMP-1 and 2 were important for parasite invasion. Absence
of LAMP led to a decrease in parasite ability to invade host cells. Moreover, they showed
that, even though parasite entry was reduced, intracellular multiplication was faster in those
LAMP-1/2 KO cells, and more trypomastigotes were released after 96 h of infection [110].
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Those results point out to the importance of these highly sialilated lysosomal proteins for
parasite invasion and intracellular development.

As exposed here, opposite to other pathogens, T. cruzi takes advantage of lysosomes to infect
and perpetuate its life cycle in the vertebrate hosts. It hijacks lysosomes and the physiological
route that cells use to repair their torn plasma membranes in order to successfully invade them.
Later, it uses lysosomal membrane and acidic environment to gain access to host cell cytosol
and colonize it. Any perturbations that prevent lysosomal association with the parasitophorous
vacuole or lysosomal distribution, such as host cell PM cholesterol content, culminate with par-
asite escape and consequently less invasion. Besides, lysosomal content and membrane altera-
tions may also interfere with parasite intracellular development. Therefore, host cell lysosomes
control and/or interfere with parasite entry, development, and extracellular release.
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Abstract

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) are
two devastating neurodegenerative diseases. Several lines of evidence suggest that these
diseases are part of a continuum with common genetic factors. As researchers uncover
more genes associated with ALS/FTLD, studies have shown that majority of these genes
regulate lysosome-related processes. Lysosomes play important roles in clearing dam-
aged organelles and proteins through the autophagy-lysosome pathway and clearing
extracellular debris by the endolysosomal pathway. Disruption of both the autophagy
and endolysosomal pathways has been implicated in ALS/FTLD pathogenesis.

Keywords: autophagy, lysosome, amyotrophic lateral sclerosis (ALS), frontotemporal
lobar degeneration (FTLD), neurodegeneration, progranulin (PGRN), TMEM106B,
C9orf72, OPTN, p62, TBK1, ubiquilin2 (UBQLN2), TDP-43, FUS, tau, VCP, CHMP2B

1. Introduction

Proper degradation machinery is necessary for neuronal survival, and disruption of lyso-
somal function is sufficient to cause neurodegeneration [1-4]. To recycle cellular material, cells
use two major pathways: autophagy for damaged organelles and long-lived proteins and the
ubiquitin-proteasome system (UPS) for short-lived proteins [5, 6]. Autophagy consists of three
pathways and each of them ultimately delivers cellular contents to the lysosome for degrada-
tion. The pathways are chaperone-mediated autophagy (CMA), which uses HSC70 to recognize
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specific misfolded proteins; microautophagy, which directly invaginates material into the
lysosome; and macroautophagy, which is responsible for the degradation of organelles,
protein aggregates, and large protein complexes. Macroautophagy (hereafter referred to as
autophagy) is the most common pathway. The autophagy pathways and molecular mecha-
nisms have been recently reviewed elsewhere [7, 8]. The presence of protein aggregates in
most neurodegenerative diseases suggests common underlying problem in protein degrada-
tion systems. Here, we summarize the connection between the autophagy-lysosome pathway
and two neurodegenerative diseases, amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration (FTLD) [9].

ALS is characterized by the loss of upper and lower motor neurons resulting in progressive
weakness and ultimately paralysis. Patients survive a median of 3-5 years from disease onset
[10]. FTLD is characterized by the degeneration of neurons in the frontal cortex and anterior
temporal lobes. This degeneration leads to changes in behavior and language impairment. The
subtypes of FTLD can be distinguished by the prominent symptoms, which reflect the area
affected by neuron loss [11, 12]. The subtypes are behavioral variant frontotemporal dementia
(bvFTD), semantic dementia (SD), and primary nonfluent aphasia (PNFA). Behavioral variant
frontotemporal dementia, the most common subtype, is characterized by changes in behavior
such as disinhibition, loss of empathy, impaired social skills, and decline in personality. SD is
characterized by impaired language comprehension, and PNFA disrupts speech production
[9]. These subtypes often overlap and can additionally include Parkinson’s disease-like symp-
toms. Patients survive for a median of 7-11 years after diagnosis. There are no treatments for
FTLD [9]. ALS and FTLD symptoms are often present in the same patient with an indication
that these diseases have shared etiology [13, 14].

Each disease is also subdivided by molecular pathology depending on the primary compo-
nents of inclusion bodies, such as Tau, TDP-43 (TAR DNA-Binding Protein 43), FUS (fused
in sarcoma), SOD1 (superoxide dismutase 1) and C9 or {72 dipeptide repeats (DPRs) [9, 15].
In 2006, both ALS and FTLD were found to have neuronal inclusions composed largely of
TDP-43, an RNA-binding protein, that are also ubiquitin and p62-positive, suggesting that
these aggregates were tagged for degradation [16-18]. Additionally, genetic mutations that
can lead to the development of both ALS and FTLD have since been discovered. Thus, these
two diseases are linked by clinical concurrence, molecular pathology, and genetic overlap
[13, 14, 19].

As many new genes have been identified for FTLD and ALS in the last decade, studies have
revealed a common theme of these genes functioning in the lysosomal network (Figure 1).
Some mutations, such as GRN, TMEM106B, CHMP2B, and valosin-containing protein (VCP)
are associated with disrupted lysosomes and multivesicular bodies (MVB). Other mutations,
such as in p62/SQSTM1, OPTN, ubiquilin2 (UBQLN2), and TANK-binding kinase (TBK1)
directly disrupt selective autophagy and therefore prevent cargo from being degraded. The
rest of the mutations have a more complex relationship with autophagy and lysosome func-
tion, such as mutations in the RNA-binding proteins TDP-43 and FUS. Here, we will discuss
the genetic causes of ALS and FTLD in more detail with specific emphasis on lysosomal and
autophagy impairment (Figure 1).
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Figure 1. Functions of the ALS/FTLD genes in the autophagy-lysosome pathway. Many genes associated with ALS/
FTLD play critical roles in the endosome-lysosomal pathway, regulate lysosomal functions, or affect autophagy pathway
directly or indirectly.

2. Mutations affecting the endolysosome pathway: progranulin
(PGRN), TMEM106B, CHMP2B, and VCP

2.1. Progranulin

The most common cause of familial FTLD with ubiquitin-positive aggregates is mutation of
the GRN gene, which accounts for 10% of all FTLD cases and ~25% of familial FTLD [20-22].
About 70 mutations in the GRN gene have been linked to FTLD, most of which have been
shown or predicted to decrease PGRN protein level or disrupt secretion of PGRN [20-24].
While FTLD is caused by haploinsufficiency of PGRN, a more serve neurodegeneration is
caused by homozygous loss of PGRN. This complete loss of PGRN results in neuronal ceroid
lipofuscinosis (NCL), a type of lysosome storage disorder (LSD) characterized by the build-up
of autofluorescent lipofuscin [25, 26]. These findings suggest that loss of function mutations
in the GRN gene causes neurodegenerative diseases in a dose-dependent manner and PGRN
is important for lysosome function.

The function of PGRN is still under investigation: it is known to be a secreted glycoprotein com-
prised of 7.5 granulin repeats with pleiotropic roles, including protein homeostasis, inflamma-
tion, and neuronal survival and outgrowth [27]. Recently, several lines of evidence suggest that
it plays a vital role in lysosome function. First, GRN has been found to be regulated with other
lysosomal genes [28]. Furthermore, GRN mRNA and PGRN protein levels are upregulated in
response to lysosome or autophagy inhibition [29]. Finally, PGRN was found to be delivered
to the lysosome [30, 31]. PGRN reaches the lysosome through at two independent pathways.
In one pathway, PGRN’s extreme C-terminus binds the sorting receptor sortilin, which carries
PGRN to the lysosome [30, 32]. In the second pathway, PGRN binds prosaposin, and they are
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transported to the lysosome together by the cation-independent mannose-6-phosphate receptor
(CI-M6PR) and low-density lipoprotein receptor-related protein 1 (LRP1) [31].

Mouse models of PGRN deficiency have consistently found increased levels of ubiquitin
and p62, an adaptor for delivering cargo to the autophagosome [33], buildup of lipofuscin
and its protein components saposin D and SCMAS and electron-dense storage granules,
all of which suggest lysosome impairment [34-36]. Several models also found aggregation
of TDP-43, similar to what is seen in FTLD patients [34, 37, 38]. Furthermore, PGRN-defi-
cient mouse models also phenocopy FTLD symptoms such as decreased social interaction
and mild learning/memory defects [35, 38—40]. The presence of clear lysosomal problems in
mouse models and in patients with complete loss of PGRN suggests that PGRN is necessary
for lysosome function. FTLD patients with GRN mutations also exhibit typical pathological
features of NCL pathology [36], suggesting FTLD and NCL caused by PGRN mutations are
pathologically linked and lysosomal dysfunction is one of the underlying disease mecha-
nisms for FTLD-GRN. However, how PGRN regulates lysosomal function remains to be
investigated.

2.2. TMEM106B

Another gene associated with FTLD is TMEM106B, which is the only identified risk factor for
FTLD with GRN mutations [41-44]. TMEM106B was also found to increase risk in patients
with C9orf72 hexanucleotide repeat expansions [45, 46]. The TMEM106B SNP associated with
FTLD increases the mRNA and protein levels of TMEM106B [36, 44, 47]. TMEM106B is a
single pass, type Il transmembrane protein that localizes to the late endosome and lysosome
[47-49]. Cellular studies on TMEM106B have pointed to roles in lysosome trafficking and
lysosomal stress response [50, 51]. Overexpression of TMEM106B in cells disrupts lysosome
morphology and function [47, 48]. Furthermore, when a transgenic TMEM106B mouse line
was crossed with a PGRN deficient mouse line, the lysosome abnormalities and lipofuscin
accumulation seen in PGRN deficient mice were exacerbated [52]. The connection between
TMEM106B's role at the lysosome and a risk factor for FTLD with GRN mutations further
highlights the importance of the lysosome pathway in FTLD etiology.

2.3. CHMP2B

The sole mutation identified to cause FTLD with ubiquitin-positive aggregates, but tau,
TDP-43, and FUS negative inclusions, occurs in the gene CHMP2B [53, 54]. CHMP2B has also
been found to cause rare cases of ALS [55]. CHMP2B functions in the ESCRT-III complex,
involved in MVB formation to deliver cargo from endocytic pathway to lysosomes [56, 57].
The mutations identified create an early termination of the protein, resulting in an unregulated
CHMP2B truncation that is unable to recruit VPS4 to recycle the ESCRT-III complex to new
sites of MVB formation [58, 59]. With ESCRT-III still engaged on the MVB, MVB-lysosome
fusion cannot take place [54, 60-62]. Furthermore, CHMP2B mutations impair autophago-
some maturation, possibly through the disruption of amphisome formation between autopha-
gosome and late endosomes [63-66]. Mouse models of CHMP2B mutations replicate both
ALS and FTLD pathology, whereas CHMP2B knockout mice do not show neurodegenerative
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phenotypes, implicating a gain of function disease mechanism [67-70]. Similar to the PGRN
deficiency mouse models, CHMP2B mutations cause protein inclusions and accumulation
of autofluorescent aggregates in the frontal cortex, reminiscent of lysosome storage disor-
ders [71]. Thus, FTLD-associated mutations in CHMP2B impair the endolysosomal pathway,
which may cause additional defects in autophagy [66, 69], providing additional evidence that
disruption of the autophagy-lysosome pathway may drive ALS and FTLD.

24.VCP

Valosin-containing protein (VCP) has been implicated in several diseases including FTLD
[22, 72-76], ALS [77], and Charcot Marie Tooth disease, a genetic peripheral nerve disorder
[78]. VCP is an AAA*-ATPase that delivers and unfolds ubiquitinated proteins, as well as
endoplasmic reticulum-associated protein degradation (ERAD) substrates, at the proteasome
[79-83]. Furthermore, VCP binds to clathrin and EEA1 to regulate the size and selectivity of
endosomes [83-85]. Pharmacological inactivation of VCP as well as VCP knockdown inhib-
its MVB formation and blocks autophagosome maturation, resulting in accumulated LC3-1I,
ubiquitin, and p62 levels along with cytoplasmic TDP-43 aggregation [86-88]. Disease-associ-
ated mutants of VCP present similar phenotypes in transgenic mouse models, whereas com-
plete loss of VCP is embryonic lethal [86, 89-91]. Finally, VCP mutants inhibit the autophagic
turnover of stress granules, which may be relevant to the accumulation of TDP-43-positive
aggregates found in patients with VCP mutations [76, 92, 93]. The precise mechanism that
halts autophagosome maturation in VCP mutations remains unclear, though MVB dysfunc-
tion may play a role [66]. VCP’s role in MVB formation and autophagic flux suggest that
loss of VCP function may cause ALS, FTLD, and other related neurodegenerative diseases by
impairing the autophagy-lysosome pathway.

3. Autophagy adaptor proteins

Further evidence that ALS and FTLD are linked to autophagy and lysosome disruption
comes from mutations that directly affect several autophagy adaptor proteins and their regu-
lation. Genetic mutations in the adaptor proteins p62/SQSTM1, UBQLN2, and OPTN have
been shown to contribute to rare cases of ALS [94-99] and FTLD [100, 101]. All these adaptor
proteins contain an ubiquitin-associated (UBA) domain, which is able to bind polyubiquitin
conjugated proteins that are tagged for degradation by either the UPS or autophagy. The
autophagy adaptors then associate with LC3 on the autophagosome to deliver the cargo for
degradation through autophagy-lysosome pathway.

3.1. p62/SQSTM1

p62/SQSTM1 (p62)-positive inclusions have been observed in patient tissue samples in
both ALS and FTLD [18, 102-104]. The association of p62 with inclusions suggests that the
inclusion body has been targeted for degradation and the accumulation of such inclusions
suggests defects with their turnover [33, 105, 106]. p62 bridges autophagy substrates to the
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autophagosome by interacting with ubiquitinated proteins via its UBA domain [107] and LC3
with its LC3-interacting region (LIR) [33, 108, 109].

p62 is activated by phosphorylation at Ser407 by ULK1, allowing further phosphorylation by
casein kinase 2 or TANK-binding kinase 1 (TBK1), which increases p62’s affinity for polyubiq-
uitinated cargo [110-113]. p62 acts within the selective autophagy system by aggregating pro-
teins and organelles together for the autophagosome to enclose [106, 114]. These aggregated
cargos are then subject to autophagy [115, 116]. While p62 accumulation and association with
protein aggregates broadly suggests a defect in autophagy, mutations in p62 directly link
selective autophagy impairment to neurodegeneration.

The p62 mutations identified in ALS and FTLD patients disrupt aggregate formation
or decrease the amount of p62 protein produced, leading to loss of function [117-119].
Homozygous mutation of p62 causes adolescence/childhood-onset neurodegeneration with
a defect in mitochondrial depolarization response due to impaired autophagy [120]. Thus,
a loss of normal p62 function in autophagy leads to neurodegeneration in a dose-dependent
manner, with earlier onset correlating to lower levels of functional p62.

In addition to its role in autophagy, p62 also links ubiquitinated cargo to the proteasome
through its UBA domain [106] and mediates the degradation of the protein via the UPS, indi-
cating that p62 plays multiple roles in proteostasis [121].

3.2. Ubiquilin2

Another adaptor protein implicated in ALS and FTLD is ubiquilin2 (UBQLN2) [95, 122].
Similar to p62, UBQLN2 is able to recognize ubiquitinated proteins and bind them via its UBA
domain [123]. The UBA domain is also required for UBQLN2 to associate with the autopha-
gosome, though unlike p62 and OPTN, UBQLN2 does not directly recognize LC3 [124, 125].

Knockdown of UBQLN2 in culture reduced autophagosome formation and inhibited lyso-
somal degradation of mitochondria [124, 125]. This loss of UBQLN2 also sensitizes cells to
starvation-induced death in an autophagy-dependent manner [124]. Interestingly, UBQLN2
binds directly to TDP-43 holo-protein and C-terminal fragments and may regulate the levels
of TDP-43 in the cell independent of ubiquitin [126]. Indeed, overexpression of UBQLN2 in
culture can reduce aggregation of TDP-43 [126].

Many of the disease-associated mutations map to the proline-rich domain in UBQLN2, which
is important in mediating protein-protein interactions [95, 127]. Furthermore, mutations
in UBQLN2 have a reduced binding to hnRNPA1, a RNA-binding protein associated with
stress granules. Interestingly, mutations in hnRNPA1 are also associated with ALS and these
mutations also disrupt its interaction with UBQLN2 [128], confirming that the interaction of
autophagy adaptors with stress granules is important for neuronal survival.

UBQLN2 knockout in a rodent model showed no neuronal loss, implying that loss of function is
not the disease mechanism or that other autophagy adaptors are able to compensate for its loss
in vivo. Transgenic animals with the ALS/FTLD-associated UBQLN2 mutations produce ubig-
uitin, p62, and UBLQN2-positive puncta accompanied by neuronal loss, cognitive defects, and
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motor impairment [129-131]. Increased expression of the wild-type UBQLN?2 also causes neuro-
degeneration in a rodent model [132]. Thus, unlike mutations in p62, UBQLN2 mutations appear
to have a gain of function mechanism that impairs proper protein degradation by autophagy.

In addition to its function in the autophagy pathway, UBLQN2 binds to the proteasome
through its ubiquitin-like (UBL) domain to deliver polyubiquitinated proteins and ERAD
substrates to the proteasome for degradation [133]. A role of UBQLN?2 in delivering protein
aggregates to proteasome-mediated degradation via HSP70 has been recently demonstrated
[134]. UBQLN2 also function together with other ALS/FTLD-related proteins, such as regulat-
ing endosome constitution with OPTN [135] and delivering ERAD substrates to the protea-
some with VCP [136].

3.3. Optineurin (OPTN)

Rare mutations in OPTN are also associated with both ALS [97, 99]as well as FTLD [101].
These mutations are expected to decrease the level of OPTN protein, suggesting a loss of func-
tion resulting in disease [101]. In total, 1-4% of familial ALS cases are linked to mutations in
OPTN [137]. OPTN, like p62 and UBQLN?2, binds to polyubiquitin-labeled proteins via a UBA
domain [138]. OPTN also binds LC3 through an LIR to connect cargo to autophagosomes.
Damaged mitochondria specifically recruit OPTN to induce mitophagy [139]. In support of a
loss of function model for OPTN, depletion of OPTN in zebrafish causes motor defects [140].

OP1TN also interacts with several other proteins associated with ALS. The E3 ubiquitin ligase
HACEI1 ubiquitinates OPTN to promote binding to p62, which forms a complex that enhances
autophagic flux [141]. Similarly, phosphorylation of OPTN by TBK1 increases the interaction of
OPTN and p62 to the same effect [138, 142]. OPTN also binds directly to SOD1 aggregates inde-
pendently of ubiquitination. Mutations in OPTN do not affect this interaction, but do impair
autophagic clearance of SOD1 protein aggregates through an unknown mechanism [138, 140].

Mutation in OPTN had previously been linked to primary open-angle glaucoma (POAG)
where these mutations were shown to decrease basal autophagy and inhibit autophagic flux
upon autophagy induction [143]. Thus, mutations in OPTN have clear links to multiple neu-
rodegenerative disease with consistent impairment in the autophagy pathway. How muta-
tions in the same gene and similar cellular impairments can lead to distinct clinical outcomes
remains unclear.

3.4. TBK1

TBK1 has recently been associated with both ALS and FTLD [96, 98, 101, 110, 111, 144-147].
TBK1 has functions in autophagy and in inflammation [148]. Regarding its function in
autophagy, TBK1 phosphorylates p62 and OPTN to increase their binding to LC3 and ubiqui-
tin, respectively [138, 142]. Many of the discovered disease-associated mutations are expected
to decrease TBK1 protein level, suggesting a loss of function model [96, 101].

While TBK1 interacts with both p62 and OPTN, TBK1 and OPTN share several addi-
tional connections. Like OPTN, some mutations in TBK1 also cause glaucoma [149].
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Furthermore, the mutation in OPTN that causes POAG enhances the binding of OPTN to
TBK1, which may sequester TBK1 and prevent it from carrying out its normal function
[142]. Finally, both TBK1 and OPTN are required specifically for mitophagy, with deple-
tion of either component or expression of an ALS-associated mutant impairing mitoph-
agy [150]. Taken together, mutations in TBKI cause decreased protein expression and
defects in p62 and OPTN regulation again supporting a role of autophagy in preventing
ALS and FTLD.

4. C9orf72

The most common known cause of both ALS and FTLD was discovered to be a hexanucleo-
tide intronic repeat expansion in the gene C90rf72 [151-153]. This repeat expansion is found
in 18-25% of familial FTLD, 40% of familial ALS, and 4-8% of sporadic ALS and FTLD com-
bined [154, 155]. While patients with C9orf72 mutations display TDP-43-positive aggregates,
they also have separate inclusions unique to this genetic mutation. These ubiquitin, p62, and
occasionally UBQLN2-positive inclusions also contain dipeptide repeats generated from the
repeat expansion [156-160]. Three molecular mechanisms of disease have been proposed:
toxic gain of function of RNA repeats, gain of function of dipeptide repeats (DPRs) produced
by repeat-associated non-ATG translation, and haploinsulfficiency of the C9orf72 protein.

RNA-repeats transcribed from the repeat expansion form nuclear foci and sequester many
RNA-binding proteins, including several RNA-binding proteins already implicated in ALS
and FTLD [151, 161-163]. In addition the RNA foci disrupt nucleocytoplasmic transport [164,
165]. Furthermore, five distinct DPRs are translated and can also alter nucleocytoplasmic
transport - [167, 168] as well as disrupt membrane-less, phase-separated organelles such as the
nucleolus, nuclear pore, and stress granules [169]. Nuclear translocation of TDP-43 has been
shown to be blocked by both RNA repeats and DPRs [166-168] , allowing TDP-43 to accumu-
late and aggregate in the cytosol, which is observed in ALS/FTLD with C9orf72 mutations.

Haploinsufficiency was also proposed as a disease mechanism [153, 151, 170-172]. Early C9or{72-
depletion models in Caenorhabditis elegans and zebrafish showed motor dysfunction, supporting
this model [173, 174]. However, a neuronal-specific C9orf72 knockout mouse showed no such
phenotype [175]. Complete C9orf72 knockout mice also do not show much neurodegeneration,
but instead exhibit severe immune problems similar to autoimmune disorders [176-181].

Interestingly, C9orf72 has been reported to play a role in autophagy and lysosome regulation.
While many of the reports suggest that C9orf72 and its binding partners, SMCR8 and WDR41,
play a role in regulating autophagy initiation or maturation, likely via the FIP200/ULK1 complex,
the precise mechanism remains uncertain [179, 182-186]. Other reports suggests that C9orf72
plays a role in mammalian Target of Rapamycin (mTOR) and Transcription Factor EB (TFEB)
signaling [186, 187], in stress granule assembly [188], or in actin dynamics [189].
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5. RNA-binding proteins

The RNA-binding proteins TDP-43 and FUS have been closely associated with ALS and
FTLD. Pathogenic TDP-43 or FUS aggregates are present in both conditions, though muta-
tions in these genes result primarily in ALS [190]. Both proteins travel between the nucleus
and cytoplasm as they regulate gene splicing, mRNA stability and trafficking, and stress
granule dynamics [191, 192].

As both TDP-43 and FUS regulate the RNA from thousands of genes, many cellular problems
could be anticipated. However, several lines of evidence have pointed out a role in regulating
and challenging the autophagy pathway [193].

5.1. TDP-43

The identification of TDP-43 as the main component of protein aggregates in both ALS and
FTLD spurred the awareness that ALS and FTLD had some underlying similarities [16, 17].
Interestingly, mutations in TARDBP (TAR DNA binding protein), the gene encoding TDP-43,
lead overwhelmingly to ALS or ALS/FTLD, but not to FTLD alone [194, 195]. While soluble
TDP-43 can be cleared by chaperone-mediated autophagy through its interaction with Hsc70
[196], TDP-43-positive stress granules and aggregates are cleared by macroautophagy [197, 198].

In addition being a substrate of autophagy, TDP-43 may play a direct role in regulating autoph-
agy through its transcriptional regulation of ATG7 [199]. As TDP-43 is sequestered in protein
aggregates, it can no longer regulate ATG7 transcription, impairing autophagy initiation, and fur-
ther promoting TDP-43 accumulation [198, 199]. In a similar manner, TDP-43 also regulates the
mRNA for Regulatory-Associated Protein of mTOR (RPTOR) and Dynactin subunit 1 (DCTNT1)
[197]. RPTOR encodes a component of the mTOR complex, and loss of RPTOR due to TDP-43
loss of function upregulates lysosome and autophagy biogenesis [197]. However, TDP-43 loss of
function also results in reduced DCTN1 mRNA, which encodes dynactin, a key component of
autophagosome-lysosome fusion, leading to the accumulation of autophagosomes, preventing
the turnover of aggregated TDP-43 [197].

TDP-43 additionally plays an important role in stress granule dynamics and mutations in
TARDBP have been shown to increase the stability of stress granules, possibly allowing them
to become irreversible protein aggregates [198, 200-203]. In support of this prolonged stress
granule hypothesis, mutations in VCP decrease stress granule turnover by autophagy, lead-
ing to TDP-43-positive inclusion [92].

The interaction of TDP-43 with autophagy suggests a complex regulatory balance between the
two under normal conditions. In disease states, a feedforward mechanism of TDP-43 seques-
tration into stress granules and aggregates followed by impaired autophagy could drive
pathogenesis of ALS and FTLD [9, 202].
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5.2. FUS

Like TARDBP, mutations in FUS have been linked more closely to ALS, though positive pro-
tein aggregates for FUS appear in both ALS and FTLD [9]. FUS-positive inclusions account for
about 5-10% of FTLD cases [9] and 1% of ALS cases [15]. Several proposed mechanisms link
FUS to disruption of the autophagy-lysosome pathway. First, the presence of FUS-positive
aggregates in both familial and sporadic cases of ALS and FTLD suggests FUS may be par-
ticularly susceptible to aggregation. FUS is also involved in autoregulation, which could allow
for a feedforward cycle of increased FUS production followed by cytosolic accumulation and
aggregation [198, 204].

Additionally, mutations in FUS have been linked to altered stress granule dynamics [205, 206].
FUS-positive stress granules were found to be degraded by autophagy; however, stress gran-
ules containing mutant FUS were more stable and prevented stress granules disassembly [198].
As with TDP-43, stabilized stress granules may promote insoluble aggregate formation [202,
207-209]. This increases the burden on the autophagy pathway and may drive further cell dam-
age. A recent study also found that ALS-associated mutant FUS was able to inhibit the early
steps of autophagosome formation, leading to impaired autophagy flux [210]. Many of these
studies found that enhancing autophagy, genetically or pharmaceutically, was able to reduce
FUS-positive inclusions and prevent cellular toxicity [198, 205, 210]. While less well understood
than TDP-43, the RNA-binding protein FUS seems to play a similar cellular role as TDP-43,
including regulating the dynamics of stress granules. Besides increased burden on autophagy
due to stabilized stress granules, FUS may also play a more direct role in autophagy impairment.

6. Microtubule-associated protein tau

Thirty percent of familial FTLD cases are caused by mutations in Microtubule-Associated
Protein Tau (MAPT), encoding the protein tau [211]. These cases are characterized by the
presence of tau aggregates positive for ubiquitin and p62, suggesting impaired degradation
of accumulated tau [121, 212]. Genetic disruption of autophagy cargo selection is sufficient to
cause aggregation of pathogenic tau [213]. The tau protein is mostly well-known for its asso-
ciation with Alzheimer’s disease, when it also forms aggregates and is accompanied by neu-
rodegeneration of the hippocampus [214]. How Alzheimer’s disease and FTLD patients have
overlapping cellular pathology but develop different clinical symptoms remains unclear.

Full length tau can be degraded by the UPS in an ubiquitin-dependent and independent man-
ner [121, 215, 216], whereas misfolded or phosphorylated tau is sent to the autophagy path-
way [217]. Generally, tau aggregation and toxicity correlates with autophagy activity, where
enhanced autophagy rescues neurodegeneration and impairment exacerbates the symptoms
[218-221]. Likewise, modulating TFEB to increase lysosome biogenesis prevents the accumu-
lation of tau [222].

Tau is a microtubule-binding protein that helps to stabilize axonal microtubules [223, 224].
Small increases in unbound tau induces aggregation, suggesting that even mild impairment
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of the UPS or autophagy-lysosome pathway could lead to pathological tau accumulation [225,
226]. In support of this idea, Niemann-Pick disease, another lysosome storage disorder, also
develops tau aggregates [227, 228]. These studies suggest that tau clearance is highly depen-
dent on autophagy and lysosome function and disruption of this pathway may drive tau
aggregation. Furthermore, tau has a role in microtubule stability and disrupted cytoskeletal
dynamics and trafficking have also been proposed as a disease mechanism. Since lysosomes,
endosomes, MVB, and autophagosomes all move along microtubules, any disruptions would
affect their ability to maintain proteostasis [229].

7. Discussion

ALS and FTLD are distinct clinical disorders that share overlapping symptoms, pathol-
ogy, and genetics. Many of the causative genetic mutations and risk factors result in dis-
ruption of the lysosome-autophagy pathway (Figure 1). Some disease-associated mutants
or alleles directly impact lysosomal function through yet unknown mechanisms, such as
PGRN and TMEM106B, or through disruption of the late stages of the endolysosome path-
way, as VCP and CHMP2B mutations are proposed to do. Beyond the lysosome, there
are also many mutations in adaptor proteins that impair selective autophagy, including
p62/SQSTM1, OPTN, and UBQLN2. The misregulation of these adaptors is sufficient to
induce neurodegeneration, as seen with TBK1 mutants. Finally, some mutations have a
more intricate relationship to the autophagy-lysosome pathway that future research will
have to address, including C9orf72 protein, repeat-associated RNA foci, and dipeptide
repeats, as well as the microtubule-binding protein tau and the RNA-binding proteins
TDP-43 and FUS.

Identifying the underlying cellular problems that lead to disease is an important step in being
able to distinguish disorders and subtypes that may ultimately require distinct diagnosis and
treatment. The genetic analysis of ALS and FTLD has improved our understanding of this
disease spectrum and may inform us of the broad problems that underlie both familial and
sporadic ALS and FTLD. The consistent impairment of cellular clearance pathways by ALS
and FTLD-associated mutations points to a disease mechanism that is likely to be shared in
undiscovered genetic causes, as well as environmental risk factors, that account for the cases
of ALS and FTLD that have no known cause.
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Abstract

Epithelial cells develop tight junctions (T]s) and cell polarity. Both properties are sensitive
to environmental signals such as the epidermal growth factor (EGF) and the cardiotonic
steroid ouabain. EGF is regarded as the main protector against injuries in epithelia, and
ouabain is a hormone that regulates blood pressure, natriuresis, cell survival, and cell
adhesion. After treatment with epidermal growth factor or ouabain, epithelial dog kid-
ney MDCK cells undergo a drastic remodeling that includes changes in the transcription,
translation, localization, and degradation of cell junction proteins. Degradation of these
proteins involves selective and nonselective autophagy as well as endocytic lysosomal
and proteasomal routes. The remodeling mechanism of tight junction’s proteins includes
the activation of Src and ERK1/ERK2 kinases, the phosphorylation and translocation into
the nucleus of the transcription factor STAT3, the activation of PKC to induce the endocy-
tosis of claudin-2, and the delivery of this protein to the lysosomes. Whole communicat-
ing junctions and desmosomes are internalized by one cell and sent to degradation by
nonselective autophagy. Nonselective and selective autophagies in epithelial cells are
very context dependent; nevertheless, it is clear that, together with endocytic lysosomal
and proteasomal degradation, they play a key role in the remodeling and functioning of
cell junctions.

Keywords: claudin-2, ouabain, EGF, MDCK, tight junctions

1. Introduction

When multicellular organisms left the sea of constant chemical composition to conquer the
land, it became necessary to develop mechanisms to maintain a constant internal milieu

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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similar to the sea that was left behind. Epithelin were fundamental in terrestrial conquest
because these tissues avoid the loss of water, transport vectorially substances to introduce
nutrients into the body, eliminate waste substances, and protect the individual from patho-
gens and their toxins [1]. These functions of epithelia depend on two basic characteristics of
the cells that constitute them; the first one is plasma membrane polarity, which consists on the
division of the plasma membrane in an apical, a lateral, and a basal domains, each one with
characteristic structure, composition, and function [2]. Due to its continuity, the lateral and
the basal domains are often referred as the basolateral domain. The second characteristic
of epithelia is cellular junctions that bind epithelial cells to each other and to the substrate
(Figure 1) [1, 3]. Adhesion between neighboring cells depends on the junctional complex,
which is a group of intercellular junctions that includes the tight junctions (T]s), adher-
ens junctions (AJs), desmosomes (Des), and communicating or GAP junctions (GAP]s) [4].
Attachment to the substrate requires the formation of two additional cellular junctions: focal
adhesions (FAs) and hemidesmosomes (HDes) (Figure 1) [5, 6]. Cellular junctions and plasma

Tight junction Adherens junction

Figure 1. Cell junctions and polarity in epithelial cells. Substances cross the epithelial layer through the transcellular or
paracellular routes or by transcytosis. Each scheme depicts the main molecular components of cellular junctions and its
organization in the membrane. MAGI are inverted membrane-associated guanylate kinase-like proteins, ZO-1, -2 and
-3 are Zonula Occludens-1, -2 and 3, Src is the protein homologous to the Rous sarcoma virus kinase, FAK is the focal
adhesion kinase, LSR stands for the lipolysis-stimulated lipoprotein receptor, JAM is the junctional adhesion protein.
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membrane polarity are crucial requirements for epithelial function and influence each other in
complex ways, for example, the formation of a specific cell junction is the result of the polar-
ized expression of many proteins and lipids; conversely, the development of cell polarity
requires cell adhesion, initially to the extracellular matrix and then to the neighboring cells
[7-10], and the development of AJs is, in general, a prerequisite for the formation of the other
intercellular junctions [11, 12].

The complex organization and regulation of cell junctions and cell polarity in epithelial cells
are adaptations to perform vectorial transport. A given substance crosses epithelial layers
either through the transcellular pathway, using polarized channels, transporters, and pumps
[13, 14], the paracellular pathway, constituted by TJs and the intercellular space [15], or both
(Figure 1). The contribution of each pathway depends on the kind of substance transported,
the cell type that executes the transport, and the physiological state of the transporting cell.
In bowels and kidneys of mammalians, the transcelllular pathway accounts for most of the
glucose transport [13], while flying vertebrates, perhaps because they have a smaller intes-
tine than other vertebrates, relay in a majoritarian paracellular transport [16]; most Ca*" is
reabsorbed at the thick ascending limb of Henle’s loop through the paracellular pathway by
a specific type of claudin (CLDN), claudin-16, a T] protein that forms Ca*- and Mg*-selective
pores [17], while glucose is transported predominantly through the transcellular pathway by
polarized SGTL and GLUT transporters driven by the Na* concentration gradient [13, 18].
There are also two more processes to cross epithelia and endothelia: whole cells cross epithelia,
as shown in spermatogenesis in which immature sperm cells open its way through the junc-
tional complex of epithelial Sertoli cell monolayers [19] and in diapedesis, where neutrophils
and leucocytes open transitorily the junctional complex and accede to the internal media [20].
Moreover, some substances and even viruses cross epithelia by transcytosis (Figure 1), a pro-
cess that consists in the incorporation of the material to a vesicle generated in one plasma
membrane domain that is, later on, translocated and fused to the opposite membrane domain
where it delivers its content [21].

Recent research demonstrated that cell junctions are signaling stations that inform the adhesion
status of the cells to cytoplasmic and nuclear mechanisms so they can induce proper responses
[22, 23]. Contact inhibition and healing of a wound illustrate this property of cell junctions: loose
AJs, or their absence by the lack of E-cadherin, an essential transmembrane protein of this cel-
lular junction, trigger a period of high cell proliferation and migration through the activation
of the Hippo signaling pathway and stop only when the normal size of the organ and a strong
adhesion between epithelial cells are reached, a process referred to as contact inhibition [24];
when an epithelium is wounded, the cells at the front of the wound lose their cell junctions,
start to proliferate, and migrate to heal the wound and extracellular protective factors, such as
the epidermal growth factor (EGF), ouabain (OUA), and marinobufagenin, favor this repara-
tion [25, 26]. Several membrane-associated proteins of cell junctions, notably [3-catenin [27],
a protein of the AJs, and zonula occludens-2 (ZO-2), a protein of TJs [28], are transcriptional
cofactors that regulate the expression of proliferation-related genes, for instance, cyclin D1
and myc; conversely, transcription factors such as Jun, Fos, and ZONAB reside transitorily
at the cytoplasmic region of the TJs [29, 30] and, at least ZONAB, downregulates paracellular
permeability [30].
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Cellular junctions and plasma membrane polarity are highly regulated. For example, a progressive
conversion of renal intercalated cells of the collecting tubules from o to 3 type comprises the inversion
of the apical H'-ATPase and a basolateral Cl'/HCO," exchanger polarity, in response to the increase in
the expression of hensin, a protein of the extracellular matrix [31, 32], and cysts embedded in collagen
displace their TJs from the vicinity of the lumen toward the proximity of the external surface [33, 34].

Cell junctions and plasma membrane polarity are crucial for the normal physiology of the
organism, and its failure in several pathologies has disastrous consequences. To start with, it
is common that the genetic elimination of crucial proteins, such as E-cadherin from the AJs
or ZO-2, is lethal at embryonic stages [35, 36], but whenever an epithelial adhesion protein is
not expressed, epithelia compartmentalization and vectorial transport are lost. For example,
in hereditary familial hypomagnesemia with hypercalciuria and nephrocalcinosis, the lack of
CLDN-16 and CLDN-19 impairs Ca* and Mg?* reabsorption in the kidney [17, 37]; in chole-
static children’s liver disease, the absence of ZO-2 and TJs provokes the invasion of bile salts
into the blood [38]; in pemphigus vulgaris, the depletion of Des by autoantibodies against the
desmosomal cadherin desmoglein-3 results in the formation of skin blisters [39], which can
also appear if HDes are disassembled by mutations in the integrin 34, an adhesion molecule
of this cell junction [40]; loss of adhesion and augmented proliferation in colon cancer are
elicited by mutations that increases the cytosolic and nuclear pools of (3-catenin [27]; infection
and inflammation boost diapedesis [20]; rotaviruses that cause diarrheas open TJs and accede
to their basolateral receptors by exposing its VP8 protein, which bear small peptides with
sequences identical to some regions of occludin, an integral membrane protein of the TJs [41];
and the exogenous expression of the E6 oncoprotein of the high-risk papilloma virus type 16
induces the translocation of $-catenin into the nucleus to increase proliferation in the skin [42].

2. Cell junctions have a general common layout

All junctions have a similar structural layout: they have transmembrane proteins that are the
receptors for adhesion, and a series of membrane-associated proteins that bind the cytoplasmic
aspect of transmembrane receptors to the actin, tubulin, or cytokeratin cytoskeleton to provide
mechanical strength. Besides cell adhesion, cell junctions are sensors that inform, in and out,
the state of extracellular environment to modulate cell’s proliferation, differentiation, and fate.
Given that lysosomes are of paramount importance for cell junctions and plasma membrane
polarity, it is necessary to briefly review the degradation routes where this organelle intervenes.

3. Lysosome degradation pathways

Lysosomes are major degradative organelles of eukaryotic cells. They were first identified as
cell compartments enriched in hydrolases [43], but now they are also recognized as providers
of building blocks during starvation and powerful stations to sense nutrients and regulate
transcription and cellular homeostasis [44]. Lysosomes have a highly acid lumen (pH 4.5-5.0)
produced by a vacuolar H*-ATPase. The acidic pH is necessary for the hydrolysis of waste
materials and drives the transport of sugars, amino acids, nucleotides, and lipids, through the
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single membrane of the organelle for recycling [45]. The lysosomal membrane owes its resis-
tance against the activity of the hydrolases that it contains, to the expression of a prominent
glycocalyx in its inner surface, formed by glycosylated transmembrane proteins such as the
human LIMP-2 and its homologues in Caenorhabditis elegans SCAV-3 [46].

Many intracellular proteins are ubiquitiated and degraded in the proteasome (Figure 2, 1). There
are also several routes to deliver cellular material into the lysosomes: an endosomal-lysosomal route,
similar to the secretory route, that consists in the ubiquitin (Ub) or clathrin mediated endocytosis
of the protein to be degraded, the posterior fusion of the vesicles containing this protein to the early
endosomes (EE), which in turn may mature to late endosome (LE, 2) or produce multivesicular
bodies (MVB, 3) and fuse with the lysosome (Figures 2 and 3) [47, 48]; the microautophagy degrades
intracellular proteins engulfed by the lysosome (Figure 2, 4) [49], the nonselective macroautophagy
degrades big intracellular waste (Figure 2, 6) [52, 53] (Figure 2, 5). Endocytosis requires the ESCRT
machinery and the activity of several Rab GTPases that tether and dock the SNARE fusion machin-
ery [54]. Rabb5 participates in the fusion of clathrin-coated vesicles with early endosomes (Figure 2,
EE) [55, 56], Rab4 in the recycling of proteins to the plasma membrane [57], and Rab7 in the trans-
port from early to late endosome and lysosome biogenesis and maintenance [58]. Nonselective
macroautophagy consists of the engulfment of intracellular waste material by a phagophore, a
double-membrane structure possibly derived from the endoplasmic reticulum [53]. Since its
appearance and through all its maturation, the phagophore incorporates the microtubule-asso-
ciated protein 1A/1B light chain 3 (LC3). LC3 exist in a cytosolic form (LC3I) that, at the onset of
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Figure 2. Protein Degradation pathways. (1) Proteasome pathway, used for degradation of the ubiquitin (Ub) bound
cytosolic proteins. (2) Endocytic pathway, involving endocytic vesicles that fuse to the early endosome (EE),
progress to the late endosome (LE), multivesicular bodies (MVB, (3) and finally to the lysosome. (4) Microautophagy,
the lysosome engulfes some cytosolic proteins. (5) Chaperon mediated autophagy, allows the passage of cytosolic
proteins via translocons. (6) Nonselective macro autophagy, large intracellular waste material is engulfed by the
phagophores that becomes, later on, the autophagosome (AP). This organelle then fuses with the lysosome to form
the autophagolysosome (APL). (7) Selective macro autophagy, intracellular waste material is ubiquitinated, bound to
autophagic cargo receptors (ACR), LC3 or p62, and then engulfed by the phagophores to continue the autophagy
route. RE is the recycling endosome.
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autophagy, is conjugated with the lipid phosphatidylethanolamine to form LC3 type II (LC3II).
Selective macroautophagy is triggered with the purpose to degrade a specific protein. This protein
is first ubiquitinated by ligases such as Beclinl, which is then bound to the ubiquitin-binding
sequestosome 1 protein (p62), which in turn binds to LC3IL. The protein can also be bound,
indirectly, to p62 through the autophagic cargo receptor protein (ACR, Figure 2, 7). Progressive
encirclement of the waste material by the developing phagophore conduces to the formation
of the organelle called autophagosome, which later on fuses with the lysosome to become an
autophagolysosome. Fusion of the autophagosome to the lysosome requires a low acidic pH of
the lysosome and is inhibited by drugs that access the lumen of this organelle and neutralize its
pH, such as chloroquine and NH,Cl [51], or inhibit the lysosomal V type H'-ATPase, as bafilomy-
cin Al [59]. The lysosome itself may invaginate small cytoplasmic waste materials, in a process
similar to the formation of multivesicular bodies from the late endosome [60]. In the chaperone-
mediated autophagy, cytosolic unfolded proteins that contain a KFERQ-like pentapeptide bind
to the lysosome receptor Lamp-2 and are directly translocated into the lumen of the lysosome
through a multimeric translocation complex [50, 53].

A central regulator of lysosomal activity, particularly autophagy, is the target of rapamycin
(mTOR), a multi-protein complex that includes the kinase mTOR itself, inhibited by rapamy-
cin, the raptor adaptor, two intrinsic inhibitors of mTOR activity, DEPTOR and PRAS40, and
a G-protein. The mTOR complex senses energy and nutrient availability, growth factors, and
stress conditions to modify cell growth and proliferation. In normal conditions, mTOR local-
izes in the cytosol and triggers anabolic programs, like mRNA translation. Under starvation,
mTOR is translocated to the cytosolic side of the lysosome membrane, where it initiates cata-
bolic processes like autophagy [44].

A growing body of evidence suggests that lysosomes can function as Ca* stores and contact inti-
mately to the endoplasmic reticulum, the peroxisome, and the mitochondria to deliver necessary
lipids [61, 62] and that lysosomes can fuse to the plasma membrane to pour hydrolytic enzymes
in the extracellular media that modify the extracellular matrix and induce differentiation [59].
Lysosomes induce cell death when its membrane is permeabilized and hydrolases such as cathep-
sin B, a Ca*-sensitive protease, are released in the cytoplasm. Cell death induced by lysosomal
damage is observed in tissue remodeling, elimination of excessive intracellular waste or metals,
and the immune response to intracellular pathogens and neurodegenerative diseases [63, 64].

To maintain compartmentalization and vectorial transport in epithelial cells, the synthesis
and degradation of adhesion proteins must be closely coordinated. Nevertheless, epithelial
cells must have certain degree of plasticity to modify cell junctions in response to the variable
environment. Lysosomal activity is crucial in both situations.

4. Role of lysosomes in the degradation of tight junction proteins

4.1. Biology of tight junctions

TJs, also known as zonula occludens (ZO), are formed at the most apical region of the lateral
plasma membrane domain [4], constitute the frontier between the apical and the basolat-
eral domains, and obliterate the intercellular space at this region, converting the epithelia
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in an effective barrier against the free diffusion of ions and other substances [3]. This cel-
lular junction has two main functions: it is a gate that transports ions and other substances
through the paracellular pathway [65-67] and a fence that impairs the diffusion of integral
membrane proteins and lipids from the apical to the basolateral domain and the other way
around [68, 69], a property that helps to maintain cell polarity [8]. In the case of lipids, its
impairment is restricted to those from the exoplasmic leaflet of the plasma membrane. In
some experimental conditions, TJs can be a bridge that allows the diffusion, in the plane of
the membrane, of membrane liposoluble probes and of phosphatidylinositol bisphosphate
(PIP2), from one epithelial cell to its neighbors [70-74]. T]s are composed of three main types
of integral proteins that perform the task of adhesion receptors: the four-transmembrane-
domain family of CLDNSs [75] and TAMP proteins, that includes occludin and tricellulin [76],
the single transmembrane domain proteins of the junctional adhesion molecule (JAM) family
and the lipolysis-stimulated lipoprotein receptor (LSR) (Figure 1) [77-82]. CLDNs constitute
the paracellular ion and water channels and barriers [17, 65, 83] and confer to the TJs and
the epithelia its specific paracellular permeability and selectivity, depending on the type of
CLDNs expressed [17, 65, 83-85]. The integral membrane proteins of the TJs bind to a clus-
ter of three cytoplasmic proteins of the ZO, named ZO-1, ZO-2, and ZO-3 (Figure 1, green).
These proteins belong to the MAGUK family and are platforms for protein-protein interaction
[86-88]. ZO's plaque proteins in turn bind transmembrane once to the actin cytoskeleton [89].
There are a number of other integral and associated proteins that are nonessential or reside
transitorily at TJs but, nevertheless, are important for vesicular trafficking and signaling [78].
In insects and mollusks, the paracellular pathway is controlled by the septate junctions, struc-
tures that have different molecular compositions and structures and are located bellow the
AJs [90]. Based on the crystal structure of the euglena tetraspan protein IP39, another member
of the group of proteins to which CLDNs belong, the PMP22/EMP/MP20/Claudin superfam-
ily, it has been suggested that CLDNs may be originated from an ancestral four-transmem-
brane-domain protein, similar to IP39, which may had played a role in the peculiar tortuous
movement of this photosynthetic protist [91].

Epithelia adjust the permeability of their paracellular route in response to physiological require-
ments, pathological conditions, and pharmacological challenges. One simple way to gaze epi-
thelial permeability is to measure the transepithelial electrical resistance (TER) [92]: the higher
the value of TER, the lower the paracellular permeability. On this regard, the renal system is
very illustrative. Human kidneys filtrate 170 1 of plasma but secrete only 1.7 1 of urine. Water,
proteins, sugars, and ions from the glomerular filtrate are reabsorbed, and the filtrate is steadily
concentrated along the nephron. The epithelia that line this tubular surface in vertebrate species
gradually increase their TER from approximately 10 Q cm? at the proximal convoluted tubule
[93, 94] to several thousands of Q cm? at the collecting duct [95, 96] and up to hundreds of
thousands of 2 cm? at the bladder [97, 98]. A number of epithelial cell adaptations account for
by this TER gradient: increments in cell size, reduction of the junctional membrane tortuosity, a
progressive increase in the structural complexity of T] strands, and the expression of a specific
set of CLDNs in each nephron segment [15, 65]. CLDN-2 induces a low TER phenotype in renal
MDCK cells [99], from cation and water-selective channels [83, 100, 101], and it is expressed
in proximal tubules [102-104], where it is necessary for the uptake of Na*, water and, likely,
Ca* [105]. CLDN-4 induces a high-resistance phenotype upon the epithelial cells that express it
[106-108], including those at the distal nephron segment epithelium [102-104].
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4.2. Autophagy of CLDN-2 participates in the differentiation of epithelia induced by
the epidermal growth factor and exerts a protective effect

The fluids that bathe apical membranes, such as urine, semen, and milk, are radically different
from each other, but the interstitial milieu that contacts the basolateral membranes has a con-
stant composition maintained by homeostatic mechanisms. This difference suggests that sub-
stances in the apical media might regulate specific epithelial properties. Several substances in
the extracellular milieu induce TER changes in canine MDCK cells [109]. One of them is EGF
[110], a substance previously known to increase the TER of epithelial kidney pig LL-CPK1
cells [111]. Urinary EGF reduces the cellular CLDN-1 and CLDN-2 protein level and increases
CLDN-4 one [110]. EGF decreases the cellular level of CLDN-2 [112] through the simultane-
ous activation of Src kinase, extracellular regulated kinases 1/2 (ERK1/2) [113, 114], and the
transcription factor STAT3 [114] that, in turn, may accelerate clathrin-mediated endocytosis
and lysosomal degradation of CLDN-2 [113], block CLDN-2 [115], and trigger CLDN-4 [116]
transcription in MDCK cells. In lung cancer cells though, EGF increases CLDN-2 through the
activation of the EGF/EGFR/MEK and cFos pathway [117]. It would be interesting to find out
the molecular mechanisms that fail in cancer and provoke the opposite response.

The response elicited by EGF is transient, reaches a maximal value of TER at 15 h, and slowly
decreases to control values at 24 h. This downregulation is provoked by the induction of the
synthesis of prostaglandin E, by the EGF itself that increases AmpC production, which in turn
blocks the activation of ERK1/2 [118].

It is not clear which vesicular compartment participates in the CLDN-2 degradation induced
by EGEF. The observation that the knockdown of Rab14 induces the lysosomal degradation of
CLDN-2 in MDCK cells [119] opens the possibility that EGF somehow be able to inactivate
this Rab protein.

The induction of CLDN-2 downregulation by EGF is blocked by bafilomycin Al and chlo-
roquine, indicating that it may be performed by autophagy (Figure 3). A schematic repre-
sentation of the mechanisms of EGF effect on CLDNSs is shown in Figure 4. The induction of
selective autophagy by EGF can be seen as a differentiation or protective effect. In this respect,
autophagy has been observed in Caco-2 cancer colon cells deprived of nutrients, where selec-
tive autophagy of CLDN-2 is activated, resulting in an increase in TER [120]. Moreover, in
porcine gut IPEC-1 epithelial cells, the deprivation of nonessential amino acids induces an
apoptotic process that degrades CLDN-1 and ZO-1, but if autophagy is inhibited with 3MA,
degradation of adhesion proteins and apoptosis is potentiated, indicating that autophagy has
a protective role in these cells [121]. Finally, the injured spinal cord in rats induces the deg-
radation of p120 and [-catenins, as well as CLDN-5 and occludin, in blood vessels of endo-
thelia. This degradation is performed through selective autophagy, considering that these
proteins associate to LC3II and p62. The administration of retinoic acid potencies autophagy
and improves movement of the injured rats [122].

4.3. Ouabain induces degradation of CLDN-2

In the eighteenth century, William Withering used extracts of the herb foxglove (Digitalis
purpurea) to treat successfully what is now called congestive heart failure [123]. The active
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Figure 3. Epidermal growth factor (EGF) induces CLDN-2 degradation in a bafilomycin 1A-sensitive manner. Epithelial
dog kidney cells (MDCK) confluent monolayer grown on filters were incubated 15 h in control condition, EGF,
bafilomycin A1 (Baf), or EGF plus Baf. (A) Transepithelial electrical resistance measurements. (B) Densitometric analysis
of the cellular content of CLDN-2 measured by immunoblot. (C) CLDN-2 Immunofluorescence of cells incubated in the
indicated conditions.

principle involved in this therapy is digoxin, a member of the family of compounds named
cardiotonic steroids, which bind and inhibit the Na*,K*-ATPase [124] and of which ouabain
is the prototypic compound. This enzyme is expressed in the plasma membrane of most
animal cells, where it transports intracellular Na* out of the cells, in exchange of extracellu-
lar K* toward the cell interior, against their concentration gradients, in a reaction driven by
ATP hydrolysis. The inhibition by OUA became the main criterion in determining whether
a given flux depended upon an active transport. Animals, including humans, produce OUA
and other similar substances such as marinobufagenin and proscillaridin that are synthe-
sized in the hypothalamus [125] and the adrenal glands [126]. Cardiotonic steroids are
now considered hormones [127, 128] that regulate salt-sensitive blood pressure [129], salt
handling in the kidney [130], and sodium homeostasis [131]. OUA effects require binding
to the Na*,K*-ATPase and the activation of intracellular pathways and genes [132], includ-
ing ERK1/2 [133] and the inositol (3,4,5)-tris-phosphate receptor [134, 135], indicating that
Na*,K*-ATPase is a receptor that transduces cardiotonic steroid occupancy into intracellular
mechanism. Interestingly, signaling proceeds even when transport activity is completely
inhibited [136-138].

The activation of the Src-EGFR-ERK1/2 cascade by OUA regulates cell adhesion in a
concentration-dependent manner: 10 nM OUA, a concentration near the hormonal level,
increases the degree of sealing of the TJs, inducing the transcription, translation, and
expression at the TJs of CLDNs [139], and 300 nM or higher concentrations of OUA pro-
mote cell detachment resulting from TJ, AJ, De, GAP]J, and FA disassembly, endocytosis,
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Figure 4. EGF triggers a Src-ERK1/ERK2-STAT3 cascade to induce the degradation of CLDN-2 in the lysosomes.
Occupancy of EGFR by its ligand induces the simultaneous phosphorylation of the kinases Src, ERK1/ERK2, as well
as the phosphorylation of the transcription factor STAT3. The phosphorylated STAT3 is translocated into the nucleus,
where it upregulates the transcription of CLDN-4 at the same time downregulates that of CLDN-2. In the cytoplasm,
the same cascade plays a role in the induction of CLDN-2 endocytosis and CLDN-4 exocytic fusion, events that result
in the lysosomal degradation of CLDN-2, an insertion of CLDN-4 at the TJs, and an increment of the degree of sealing

of the TJs.

and posterior degradation of their cell adhesion molecules [140]. Occludin, CLDN-2, and
CLDN-4 endocytoses are clathrin-dependent [141]. 300 nM but not 10 nM OUA increases
p62 signal and its colocalization with CLDN-2 in MDCK cells; degradation of CLDNSs at
300 nM OUA is inhibited with NH,Cl and bafilomycin A1 [141], suggesting that ouabain
activates CLDN-2 degradation through autophagy (Figure 5). OUA increments the size of
intracellular structures that bind an antibody against Rab11, a recycling endosome marker,
indicating that OUA is not inducing recycling of CLDN-2 (Figure 6). The mechanism of
OUA action is shown in Figure 7.

The final outcome of the treatment with high concentrations of OUA is the detachment
and death of OUA-sensitive cells [132, 137, 140, 142]. Ionic imbalance that results from the
inhibition of the enzyme has been considered the prime cause of cell death given the fame
of the Na*,K*-ATPase as an ion transporter. However, cells do not detach when they are
cultured in low K* medium [137], which mimics the diminished [K+], content induced by
OUA. The cytotoxic action of OUA in humans and rodent cells depends on the features
of the type a subunit expressed, rather than by any downstream components of the cell
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death machinery [142]. In this respect, epithelial cells expressing a OUA-resistant isoform
of Na*,K"-ATPase do not detach when they are incubated in low K*- or K*-free medium
[137, 143]. Therefore, ionic imbalance by itself is not sufficient to detach cells; OUA and
the activation of kinases (p38 tyrosine kinases, Src, and ERK1/2) are necessary (Figure 7), a
finding that agrees with the triple role of the Na*,K*-ATPase: transporter, signaling recep-
tor, and cell-cell adhesion molecule [144].

4.4. Autophagy plays a role in claudin-16 degradation in lysosomes

Renal hypomagnesemia with hypercalciuria and nephrocalcinosis is an autosomal reces-
sive disease characterized by abundant renal Mg? and Ca”*" wasting that causes renal

Nuclei

Figure 5. High ouabain concentrations increase autophagy. Control MDCK cells have their CLDN-2 localized at the
TJs, in a normal quantity, and in the cytoplasm in numerous spots (green); p62 shows no colocalization with CLDN-
2. Upon incubation in media containing ouabain (OUA) 10 nM images remains unchanged, indicating that low OUA
concentration does not activate autophagy. On the contrary, the incubation with OUA 300 nM decreases CLDN-2 all
around the cell and increases p62 that colocalizes with internalized CLDN-2 (white arrows). This result supports the
observation that 300 nM OUA increases autophagy of CLDN-2. Confluent monolayers of MDCK cells were grown on
coverslips overnight and then incubated with control media, ouabain 10 nM or 300 nM for 20 h. Barr corresponds to
10 pm.
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QUA 10 nM

Control OUA 300 nM

e

CLDN-2 Rab11

Figure 6. Ouabain does not induce recycling of CLDN-2. MDCK cells monoloyers were plated on glass coverslips
overnight and incubated in control conditions (control) or in media with OUA 10 or 300 nM for 6 h. Cells were
stained with antibodies against CLDN-2 and Rabl1, a small GTP-binding protein of the recycling endosome. At
this time, CDLN-2 has not been degraded yet and does not colocalize with Rab11 at any condition, suggesting that
CLDN-2 is not internalized through the recycling endosome. Nevertheless, ouabain 10 nM decreases the intensity
of the signal and the number of spots observed in the cytoplasm, implying that low OUA concentrations decrease
recycling, while 300 nM increases the signal as it corresponds to cells with very active endocytosis. These results
indicate that under OUA stimuli there seems to be a very active endocytic pathway, but CLDN-2 is not being recycled
nor internalized through it.

parenchymal calcification and renal failure. It can only be cured through renal transplan-
tation. The illness results of the lack of stable expression of CLDN-16 and/or CLDN-19
caused by mutations in CLDN-16 and CLDN-19 genes [145, 146]. Patients with a mutation
in CDLN-19 show hypomagnesemia, yet this symptom is accompanied by malfunction of
several glands, as well as visual impairment [146, 147]. Claudin-16 protein forms paracel-
lular Ca* pores, while CLDN-19 forms anion impermeable TJs [148, 149]. Both CLDNs
form stable membrane dimers able to conduce cations which are bound to the dimers of
the neighboring cell. Dimer formation depends on the lateral interaction of their third
and fourth transmembrane domains of both CLDNs. Mutations in these domains, which
impair dimerization, decrease transepithelial permeability [150]. Most known disease-
related mutations of CLDN-16 provoke protein misfolding and induce the accumulation of
the defective protein in the endoplasmic reticulum and its degradation in the proteasome
[151, 152]; other CLDN-16 mutants reach the plasma membrane but are unable to bind
the ZO-1 scaffold; consequently, they are efficiently endocyted, delivered to the lysosome,
and degraded there [151, 153]. Inhibitors of endocytosis may provide novel therapeutic
strategies [152]. CLDN-16 phosphorylation of serine 217 stabilizes it in TJ, but when this
phosphorylation is inhibited, CLDN-16 is dissociated from ZO-1 and sent to degradation
in lysosome, which decreases TER and increases the transport of Mg?* from the apical to
the basolateral domain [154]. However, phosphorylation can also induce degradation in
lysosomes or proteasomes [151]. Thus, in salivary glandular epithelial cell, SMG-C6, the
activation of M3 muscarinic receptor with carbachol switches on ERK1/2, which in turn
phosphorylates CLDN-4 at the serine 195. The phosphorylated CLDN-4 is endocyted in
clathrin-coated vesicles and subsequently degraded in the proteasome, a phenomenon
that decreases TER [155].
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Figure 7. A high concentration of ouabain induces endocytosis and lysosomal degradation of claudins. OUA induces
the formation of the signalosome (structure enclosed by the interrupted line), a caveolar complex including some
Na'*,K*-ATPases, and their associated Src and EGF receptors (EGFR). OUA activates the Src-ERK1/ERK2 pathway, which
induces the clathrin- and dynamin-dependent endocytosis of T] components. Our results indicate that there are two
types of endocytic vesicles: one containing a core complex with essential TJ proteins, such as ZO-1, OCLN, and CLDN-4,
and a second one consisting of components that confer a differentiated functional characteristic to TJs, such as CLDN-
2, that makes TJs permeable to water and Na*. Src-ERK1/ERK2 pathway is also required to reduce CLDN-2 and ZO-1
mRNA levels. Surprisingly, during the OUA-induced aperture of the TJs, the cellular content of CLDN-4 and OCLN
mRNAs increases. TJP1 is the gene that codes for ZO-1, and EGFR is the receptor of EGF. Ionic imbalance, indicated by
the lowering of K+, may also activate ERK1/2.

5. Role of lysosomes in the degradation of adherens junctions

5.1. Biology of adherens junctions

In chordates, AJs are Ca*-dependent cell-cell adhesions between neighboring epithelial cells at the
lateral domain, immediately below the TJs (Figure 1, red). In prechordates, AJs present an inverted
localization with respect to the TJs: AJs are the most apical junction of the lateral membrane, placed
over the septated junctions. AJs consist of the nectin-afadine and the cadherin-catenin complexes.
The nectin’s complex forms a scaffold necessary for the assembly of the AJs [156-159], whereas the
cadherins serve as homotypic adhesion receptors [160, 161]. The associated plaque proteins caten-
ins and afadins, in turn, bind the receptors to the cytoskeleton of actin [162, 163]. The homotypic
adhesion of cadherin plays an important morphogenetic role because it underlays the selection
and association of cells of the same type to form specific tissues, a process denominated “cell sort-
ing” [164]. Based on the fact that there are numerous cadherins in the unicellular choanoflagellate
Monosiga brevicollis, and that some of these proteins are expressed on the collar, a structure rich in
sticking microvilla that traps and endocyte bacteria from the media to get nutrients, it has been
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suggested that cadherin-based intercellular adhesion may be originated from the co-option of the
“trapping food” function of ancestral cadherins of unicellular organisms [165].

5.2. Endocytic route and selective autophagy degrade key proteins of adherens junctions

In a normal epithelium, 3-catenin is mostly associated to E-cadherin at the plasma membrane,
and the cytosolic pool of (3-catenin is kept low by degradation in the proteasome. However,
a proliferation signal, triggered by a Wnt ligand, impedes the -catenin degradation and
induces its accumulation in the nucleus to activate proliferation (Figure 8B) [27]. E-cadherin
is degraded by lysosomes through an endocytic route [166]. The cytoplasmic domain of
E-cadherin has an endocytosis signal that is normally masked by «, f and p120 catenins [167].
The induction of E-cadherin endocytosis and degradation starts with the tyrosine phosphory-
lation of E-cadherin by the kinase Src that promotes the disassembly of the cadherin-catenin
complex. Then, the phosphorylated E-cadherin is ubiquitinated on the cytosolic domain by
the ubiquitin ligase Hakai. The adhesion protein is then endocyted and delivered to the lyso-
somes via early and late endosomes (Figure 8A) [168]. 3-Catenin may be degraded through
an alternative mechanism. Thus, when there are nutrients available, a low normal level of
autophagy results from the fact that most [3-catenin is repressing the transcription of p62.
Under starvation, [3-catenin interacts with LC3II and is itself targeted for autophagic degra-
dation (Figure 8B) [169]. During embryonic development, cadherin-6 restrains autophagy
and drives an epithelial-mesenchymal transition (EMT) to allow a mesenchymal migratory
phenotype, which is exacerbated in thyroid cancer [170]. As it happens with other junctions,
the role of -catenin is context dependent. The EMT induced by the transforming growth fac-
tor $1 in mouse kidney proximal tubular epithelial C1.1 cells is accompanied by induction of
autophagy and by the nuclear translocation of 3-catenin [171].
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Figure 8. Degradation of E-cadherin and p-catenin involves endosomal lysosomal and autophagyc routes. (A) Normal
conditions. When nutrients abound, E-cadherin and (-catenin are degraded through the endocytic-lysosomal and
proteasomal routes, respectively. (B) Starvation. Under nutrient shortage, -catenin switches to a selective macro
autophagy for degradation. Wnt represents the WNT signaling cascade, TCF4 is the transcription factor 1.
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6. The peculiar nonselective autophagy mechanisms of degradation of
large portions of communicating junctions and desmosomes

6.1. Biology of communicating junctions and desmosomes

GAPJs are molecular ducts that communicate the cytoplasm of contiguous cells and allow the
epithelium to respond coordinately to various stimuli or extracellular signals (Figure 1, yel-
low). These junctions are made up of tetraspan proteins: connexins in chordates and innexins
in prechordates [172]. Six connexins polymerize to form a hemichannel or connexon in a cell,
which attaches to a connexon in the neighboring cell, forming in this manner an intercellular
channel that can be opened by diverse stimuli. The dense clustering of tens to thousands of
intercellular channels originates a GAPJ [173-175]. Connexins are associated with a scaffold
of ZO-1 or ZO-3, vinculin, Src, and tubulin [176]. This association is important for the local-
ization of connexons, the formation of the multimolecular clusters of intercellular channels
in the plasma membrane, and the regulation of intercellular communication [177].

Des are cell-to-cell adhesion structures that confer mechanical strength to epithelia and car-
diomyocytes. These junctions are composed of five main proteins: the desmosomal cadher-
ins, desmogleins, and desmocollins are the receptors for adhesion. Their cytoplasmic tails
bind to plaque proteins of the armadillo family, plakoglobin and plakophilin (Figure 1) [178].
The armadillo proteins attach to another plaque protein, desmoplakin, which, in turn, links
the protein cluster to the cytoskeleton made of intermediary filaments of cytokeratin [179].
Observations in tissues and cultured cells have shown that Des can adopt a Ca*-dependent
adhesion state that progresses to a Ca*-independent hyper-adhesion state, a process that
requires PKC activation [22, 180-182].

6.2. Macromolecular assemblies of communicating junctions and desmosomes are
degraded by autophagy

GAPJs are extremely stable junctional structures: as soon as they are formed, they become
indestructible [183, 184]. Nevertheless, they are very dynamic due to the fact that connexins
have a very short half-life of only 1-5 h [185]. Consequently, there is a permanent turnover
that involves the closure of the intercellular conduction by several stimuli, for example, the
binding of EGF to its receptor. The central portion of the GAP] is then internalized, including
the bound hemichannels and membrane of the neighboring cell, forming a peculiar structure
named annular GAPJ (Figure 9) [186]. In some conditions, annular GAP] may be recycled
back to the plasma membrane [187] although, usually, they are degraded through autophagy;
yet, the precise mechanism, the kind of autophagy involved, and the fate of the cells depend
on the trigger and/or the cellular context [185, 187-189]. A mechanism that stops autophagy
implicates the hijacking of components of the initiation of autophagy, for example, Atgl6, by
the connexins themselves. On nutrient starvation, connexins release Atgl6, the blockade is
lost and autophagy proceeds [190].

On liver cells of BRL 3A expressing connexin-43, cadmium inhibits GAPJ intercellular com-
munications and induces the degradation by autophagy of connexin-43 as well as apoptosis.
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Figure 9. Big portions of GAPJ and complete desmosomes (Des) are degraded by nonselective autophagy. The central
portion of the GAPJs is internalized and degraded by autophagy. Dependent on the cell type and condition, complete
Des are internalized and degraded by autophagy, and halves of Des are degraded by autophagy and in the proteasome.

Inhibition of autophagy exacerbates Cd*-induced inhibition of the intercellular communication
and apoptotic cell death [188] revealing the protective role that autophagy plays on cell fate.

Des are also very stable structures which can reach a hyper-adhesion state insensitive to Ca*"
depletion [191]. It has been shown that a half of Des is internalized after extracellular Ca*" deple-
tion in a PKC- and actin-dependent process [182, 192]. Internalized half desmosome is then
transported by kinesins and microtubules toward the centrosome and remains there without
recycle to the plasma membrane. Degradation proceeds in lysosomes and proteasomes [193].
In mouse epidermis, the complete Des are engulfed and internalized [192]. Nevertheless, the
degradation mechanism is different when disassembly is triggered with autoantibodies from
pemphigus vulgaris patients; in this case, Des disassemble in smaller complexes made of the
autoantibody, desmoglein-3, and plakoglobin that are endocyted and delivered to the lyso-
somes through the endocytic route [194].

7. Continuous recycling in focal adhesion requires autophagy

7.1. Biology of focal adhesion and hemidesmosomes

FAs, also known as focal contacts, and HDes are the cellular junctions that attach cells
to the extracellular matrix. HDes are common in stratified epithelia and bind epithelial
cells to the underlying extracellular matrix (Figure 1, blue) [6] . The adhesion receptors of
both, FAs and HDes, are transmembrane proteins of the family of integrins, which exist
as heterodimers of a and  subunits form. There are 19 a-integrins and 8 p-integrins that
combine to form 25 existing heterodimers in mammals [195, 196]. HDes provide stable
adhesion and mechanical resistance to epithelial tissues by anchoring the extracellular
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matrix to the cytokeratin cytoskeleton, through a protein complex that includes the adhe-
sion receptors a6B4 integrin, BP180, and the tetraspanin CD151, and the intracellular
adapter proteins plectin and BP230 [6]. The expression of several HDes proteins depends
on the transcription factor SOXF [197]. While the extracellular region of integrins of FAs
binds the extracellular matrix, the cytosolic portion contacts specific plaque proteins such
as focal adhesion kinase (FAK) and paxillin, which are important signaling proteins. Other
protein components of the FA plaque, such as talin, vinculin, and a-actinin, bind the adhe-
sion receptors to the actin microfilaments [5, 198, 199].

7.2. Role of lysosomes in the regulation of focal adhesions

FAs are essential in cell migration and, therefore, for embryogenesis, wound healing,
immune cell function, cancer progression, and promoting metastasis [200]. Cell migration
requires endocytosis and recycling of integrins given by endocytic signals in its cytoplasmic
tail. These signals bind either clathrin or caveolin-1 to induce integrin endocytosis. Once
inside the cell, integrins anchored to protein complexes are sent to the early endosomes, where
they can be sorted either to late endosomes and lysosomes for degradation (Figure 10, 1) or
to recycling endosomes and plasmatic membrane for the assembly of new FAs. A short loop
for recycling requires Rab4 proteins and is generally activated in response to growth factors
(Figure 10, 2); the long loop is Rab11 and Arf6 dependent and delivers integrins to the perinu-
clear recycling compartments (PNRCs) and, from there, to the cell membrane (Figure 10, 3) [190].
The actin cytoskeleton is essential to the recycling pathway; in fact, depletion of the actin-related
protein (Arp) 2/3 or the nucleating-promoting factors such as the members of the Wiskott-
Aldrich syndrome protein (WASP) blocks recycling and induces delivery to the lysosomes [5,
198].

FA disassembly is linked to autophagy in two ways: a nonselective autophagy triggered by
extreme stress condition, such as starvation or hypoxia (Figure 10, 4), and a selective autoph-
agy for housekeeping and quality control that includes ubiquitin-tagged substrate association
of them with an autophagic cargo receptor (ACR) attached to LC3II. This autophagy provokes
the disassemby of FA Under starvation, 1 integrin is degraded in autophagosomes in cervix
adenocarcinoma epithelial HeLa cells. This autophagy is inhibited by high mTOR activity
at the leading edge during migration, which promotes increased motility [201], whereas the
activation of selective autophagy promotes FA disassembly in metastatic mammary epithelial
cells (4T1) [202]. Thus, the inhibition of autophagosome reduces cancer cell’s malignancy,
indicating that selective authophagy is also a cell migration regulator (Figure 10).

Besides migration, autophagy is linked to anoikis, a type of cell death due to detachment from
the substrate. Loss of integrin-mediated adhesion initiates autophagy, which delays anoikis
and downregulates apoptotic signals. This process affords cells time to reattach; however,
in cancer cells, high autophagic activity after detachment provides resistance and promotes
malignancy, allowing the cell to support stress condition, increase motility, and resist anoikis
[203, 204].

Although there are several illnesses produced by the lack of HDes protein expression, little is
known about HDes degradation.
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Figure 10. Autophagy is crucial for the recycling of integrins in focal adhesions during migration. Cell migration requires
continuous recycling of integrins. (1) Integrin endocytic pathway degradation. (2) Integrin short loop recycling; vesicular
transport of integrins from the EE to the Rab4 containing RE, and from there back to the plasma membrane. (3) Integrin
long loop recycling; vesicles transport integrins from EE to Rab11 containing RE, later on, to a perinuclear recycling
compartment (PNRC) and then to the plasma membrane. (4) During starvation, integrins are endocyted and directed
to the AP. (5) Cell migration leading edge. FA’s protein paxillin is recognized by autophagic cargo receptors (ACR)
and degraded by selective macroautophagy, which induces FAs disassembly through a mTOR dependen pathway. In
the leading edge, FAs must be first formed and then degraded to allow motility. Autophagy plays a crucial role in this
process.

8. Concluding remarks

Lysosomal degradation mechanisms are crucial for the formation, differentiation, and
degradation of epithelial cell junctions. Epithelial cells use selective autophagy to degrade
claudin-2, in response to the stimulation with the epidermal growth factor. Ouabain, at a con-
centration close to the hormonal, does not induce autophagy of tight junction proteins and,
at high concentrations though, induces lysosomal degradation that can involve autophagy.
The precise sequence of events and outcome of each lysosomal degradation mechanism is
context dependent; nevertheless, it is clear that the degradation through macroautophagy of
large plaque of complete communicating junctions and desmosomes, as well as of desmo-
somal halves, takes place either in natural tissues or in cultured cells. It is also clear that the
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desmosomal transition from weak to strong adhesion stages requires lysosomal activity, that
[-catenin undergoes selective autophagy in some conditions and that E-cadherin degradation
is performed in lysosomes through an endocytic route.
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Abstract

Nanoparticles (NPs) are included in many products of daily life and present in the
environment. Due to the potential of NPs to improve quality and stability of consumer
and health and medical products, it is expected that the exposure of humans to engi-
neered NPs will rather increase than decrease in the future. Although NPs did not act
acutely cytotoxic on these concentrations, they may cause adverse effects upon chronic
exposure. Cytotoxicity testing in long-term cultures and analysis of organelle function
could identify such effects. Cells take up NPs mainly via active mechanisms, and these
routes deliver their payload predominantly to lysosomes. Acute exposure of cells to
NPs can have adverse effects on lysosome morphology and function, but lysosomes are
also potential targets for accumulation. The chapter explains the role of lysosomes and
describes techniques for labeling and assessment of their function. Examples for co-local-
ization studies and vital dye staining are shown. A variety of techniques are available
to characterize effects of NPs on lysosomes, but care has to be taken in the choice of the
proper technique because NPs may interfere with the detection.

Keywords: cathepsins, intralysosomal pH, staining, nanoparticles, toxicity, fluorescence
microscopy

1. Introduction

Screening for acute cytotoxicity is an established procedure in the evaluation of chemi-
cals, drugs, and medical devices and has also been used for the toxicological assessment of
nanoparticles (NPs). Routine cytotoxicity testing detects changes in cell number, DNA, pro-
tein content, or metabolic activity of cells exposed to compounds applied in a broad concen-
tration range. Exposure is usually for 4-72 h. In the case of conventional compounds, effects at
high concentrations can indicate the toxicological potential of the compound at lower doses.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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This prediction is not possible for NPs because particle agglomeration is more prominent at
higher particle concentrations and agglomerates usually act less toxic than single NPs [1]. The
exposure times of routine cytotoxicity testing are also less representative for NPs. Exposure to
NPs occurs by contact with food, by the environment, and by consumer products in low doses
but for prolonged time. The lack of good prediction of NP toxicity by acute testing protocols
is also due to the fact that NPs in these products are usually poorly biodegradable and may
accumulate in cells [2]. To address this problem, culture systems have been developed that
allow the evaluation of cellular effects over prolonged time [3, 4]. Another option to identify
toxicity upon prolonged contact is the study of organelles that are likely targets for damage by
NPs. Active cellular uptake, endocytosis, represents the most common mechanism for cellular
entry of NPs. Since the main active uptake routes deliver their payload to lysosomes, these
organelles are the most likely targets for NP accumulation, potentially leading to lysosome
dysfunction and cell damage.

2. Lysosomes

Lysosomes are cell organelles with an acidic lumen and a single outer membrane consist-
ing of a phospholipid bilayer. They contain acid hydrolases, which enable the cell to process
nutrients and destroy itself after death. Lysosomes are integrated in the mechanism of secre-
tion and degradation of macromolecules and linked by vesicle transport to other intracellular
structures, such as endosomes, the endoplasmic reticulum, and the Golgi apparatus (Figure 1).

Mammalian cells, with exception of erythrocytes, possess lysosomes, and some cell types also
contain lysosome-related organelles, namely, melanosomes in melanocytes, lytic granules in
cytotoxic T cells, delta granules in platelets, and lamellar bodies in alveolar epithelial cells.
Lysosomes have spherical or tubular shape and measure <1 um in non-phagocytic cells [5].
In phagocytes, which have the ability to ingest particles up to 10 um, lysosomes can reach
several micrometers in size [6]. Lysosomes are transported in the cytoplasm by passive and
active mechanisms. While diffusion is size dependent and smaller lysosomes move faster
than larger ones, active transport is independent from size [7].

Lysosomes digest macromolecules taken up by endocytosis (heterophagy), degrade intracel-
lular macromolecules and organelles sequestered by autophagy, eliminate pathogens engulfed
by phagocytosis, regulate metal ion levels, and sense nutrient availability. Lysosomal exocyto-
sis is an unconventional secretion relevant for plasma membrane repair, immune response, and
bone resorption [8]. Antigen processing by lysosomes is essential for the presentation of anti-
genic proteins to T cells [9, 10]. Lysosomes regulate the metabolic (anabolic or catabolic) state of
the cells by sensing the nutritional state of the cell and conveying this information to the nucleus
[11]. Transcription factor EB (TFEB), a master regulator of lysosomal biogenesis, co-localizes
with mechanistic target of rapamycin complex 1 (mTORC1) on the lysosomal membrane.
When nutrients are present, phosphorylation of TFEB by lysosomal surface-bound mTORC1
inhibits TFEB activity. The active mTORC1 promotes biosynthetic pathways and blocks
autophagy. Catabolic pathways are switched on upon release (combined with inactivation)
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Figure 1. Integration of lysosomes in the cellular vesicle network. Ingested macromolecules or particles from the
extracellular space reach the lysosomes (L) via early endosomes (EE) and late endosomes (LE) and can be degraded
there. Macromolecules can be recycled through vesicle transfer to the Golgi apparatus and endoplasmic reticulum.
Secretion products are synthesized at the rough endoplasmic reticulum and Golgi apparatus and are exported for
constitutive secretion, like transport to the plasma membrane, or are included in secretory vesicles (SV) for regulated
secretion into the extracellular space.

of bound mTORCI from lysosomes in case of starvation or exercise, for instance. TFEB acts
as a sensor of lysosomal state, when on the lysosomal surface, and as an effector of lysosomal
function when translocated into the nucleus. Nuclear localization of TFEB is prevented when
lysosome function is optimal. When TFEB has translocated into the nucleus, it upregulates the
expression of genes encoding lysosomal proteins in order to improve lysosome function [12].

Normal lysosome function depends on an acid intralysosomal pH, and vacuolar/vesicular
type H'-ATPase (v-ATPase) is the most important proton pump for the regulation. Variation in
pH between lysosomes of the same cell is considerable because lysosomes display functional
and structural heterogeneity. By labeling lysosomes with a pH-insensitive and a pH-sensitive
dye, Johnson et al. found that peripheral lysosomes had more alkaline pH values than peri-
nuclear lysosomes [13]. The group also reported that the increase of the intralysosomal pH
was linked to a change in the intracellular localization. The cellular volume of lysosomes is
regulated in such a way that accumulation of undigested material induces increase in size and
number of lysosomes to compensate reduced lysosome function.

Although lysosomes are involved in synthesis and recycling of macromolecules, their main
role is usually seen in degradation. Degradation of extracellular material occurs after active
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uptake (Figure 2). With the exception of caveolin-dependent uptake, all routes deliver
their cargo exclusively to lysosomes. Caveolin-mediated uptake can deliver macromole-
cules to the Golgi apparatus, endoplasmic reticulum, and lysosomes [14]. Endocytosis is
relatively fast, and the maturation of endosomes to lysosomes takes approximately 40 min
[5]. Lysosomes are also involved in the degradation of intracellular macromolecules and
organelles, which occurs as microautophagy, chaperone-mediated autophagy, and mac-
roautophagy (usually referred to as autophagy). Autophagy includes the following steps:
vesicle nucleation (phagophore formation), vesicle expansion (autophagosome formation),
maturation (fusion with multivesicular bodies (MVBs) or lysosomes), and degradation
[15, 16]. Degradation can only occur when lysosomes are active. The increased presence of
autophagosomes may be due to excessive induction of autophagy or to blockade of auto-
some degradation (autophagy flux).

Macropinocytosis, clathrin-mediated uptake, caveolin-mediated, and clathrin- and caveolin-
independent uptake ingest NPs although with different size preferences (for more detail, see,
for instance, Ref. [17]). Particles larger than 500 nm are taken up by phagocytosis (Figure 3).

Extracellular Cytoplasm
space e

Micropinocytosis i

Caveolin-dependent

Clathrin-dependent

Clathrin- and Caveolin-
independent

All uptake routes

Figure 2. Interaction of lysosomes with uptake routes and autophagy. Payload of the active uptake routes micropi-
nocytosis, caveolin-dependent, clathrin-dependent, and clathrin- and caveolin-independent routes is delivered to early
endosomes (EEs), late endosomes (LEs), multivesicular bodies (MVBs), and lysosomes (Ls). EEs can recycle to the
plasma membrane as recycling endosomes (REs). Macroautophagy is started by the formation of the phagophore (PP)
and forms the autophagosome (AP). PPs can contain parts of cytoplasm and organelles, for instance, mitochondria (M).
APs may fuse with MVBs to build amphisomes (ASs) or with Ls to form autolysosomes (ALs). ALs mature to degrading
autolysosomes (DAs), which can also arise by the fusion of ASs with Ls.
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Figure 3. Overview of size preferences of the different active uptake routes for particles.

Silica (Si0,), gold, iron oxide, polystyrene particles, and quantum dots have been detected in
lysosomes in the absence of obvious morphological damage [18-28]. They can reach the lyso-
somes by different uptake routes, and it appears that particle size, and cell-specific expression
of the different uptake routes determines the preferential uptake mechanism [29]. Cellular
excretion of NPs is estimated to be low, and therefore, accumulation of NPs in lysosomes and
chronic impairment of lysosome function may occur [30].

3. Symptoms and causes of lysosome dysfunction

Garnett and Kallinteri [31] suggested that accumulation of NPs might interfere with lysosomal
function and cause similar symptoms as lysosomal storage diseases. The deficiency of specific
lysosomal enzymes, mainly lysosomal sulfatases arylsulfatase A, B, and G, causes lysosomal
storage diseases [32] with neurological, pulmonary, and cardiac impairment [33]. Lysosomal
dysfunction, however, can also be caused by accumulation of pharmaceutical compounds.
Several drugs, such as nonsteroidal anti-inflammatory drugs, statins, antidepressants, beta-
blockers, tyrosine kinase inhibitors, anti-histamines, and so on, are sequestered in lysosomes
and may cause drug-induced lysosomal damage, termed phospholipidosis. Phagocytic cells,
alveolar and peritoneal macrophages, are more sensitive than non-phagocytic cells, and damage
causes the histopathological image of “foamy macrophages” [34]. The intracellular accumula-
tion of membranous material shows analogies to inherited lysosomal storage disorder [35] and
suggests that external factors may also cause analogous symptoms. Molecules, which cause
lysosomal damage, are typically organic amines, such as chloroquine, amiodarone, perhexiline,
aminoglycosides, and chlorphentermine. These compounds accumulate in endosomes and can
cause swelling and disruption of lysosomes with subsequent cell death [36].
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Impaired lysosomal function may also lead to abnormal autophagy. The role of autophagy
in diseases is not completely clear. Reduced autophagy promotes cell transformation and
development of cancer, whereas in later stages, increased autophagy allows the cancer cells
to survive regardless of deprivation of nutrients. Disruption of autophagy has also a promot-
ing role in neurodegenerative diseases [37]. Drugs act on autophagy mainly by alteration of
lysosomal enzyme activity and of intralysosomal pH [38]. The epoxysuccinyl compound E64d
and Pepstatin A inhibit cysteine and aspartic proteases, whereas chloroquine, hydroxychloro-
quine, Lys05, NH,Cl, matrine, momensine, and lucanthone increase intralysosomal pH, and
bafilomycin Al, azithromycin, and concanamycin A inhibit v-ATPase.

Inactive non-digested material as part of normal biological aging can accumulate in the form
of the autofluorescent pigment lipofuscin. This accumulation of lipids, carbohydrates, and
aldehyde-crosslinked proteins increases cellular susceptibility to oxidative stress, alters intra-
lysosomal pH and lysosomal membrane permeability, and impairs lysosomal function [39].

Accumulation in lysosomes has a prominent influence on the elimination of drugs from the
body [40]. Based on the assumption that drugs that are trapped in lysosomes (lysosomotropic
drugs) and non-lysosomotropic drugs have a plasma concentration of 1mg/L and no physical
binding to blood or tissues occurs, the distribution volume of non-lysosomotropic drugs is 42L
for the average 70kg person. To determine the distribution volume of lysosomotropic drugs, the
lysosome volume has to be added. It was calculated as 0.5 L based on the assumption that the
body contains 15 trillion cells with a volume of 3.4 x 10° cm® (average hepatocyte volume) and
1% of which represent lysosomes. To be factored into the total body volume, drug concentration
must be the same as in plasma. The apparent lysosome volume, therefore, is 500L, which means
~10 times greater than the distribution volume of a non-lysosomotropic drug. This estimation
appears not unrealistic since accumulation of chloroquine in rat tissues at typical therapeutic
concentrations was 800 higher than values in plasma, and cells were able to accumulate propran-
olol 1000-fold compared to extracellular concentrations. Based on these calculations, a 10 times
longer half-life for lysosomotropic compared to non-lysosomotropic drugs is expected. A long
persistence in tissues has also been reported for NPs in several studies (e.g., in Refs. [41, 42]).

4. Lysosomal damage by nanoparticles

In contrast to nuclear membrane and plasma membrane, lysosomes possess only a single
phospholipid bilayer for resistance against the around 60 different intralysosomal hydrolases.
More than 50% of the lysosomal membrane proteins of late endosomes and lysosomes consist
of lysosome-associated membrane proteins (LAMPs). LAMPs are the most densely glycosyl-
ated proteins (>60% of total mass) and form the inner lining of the lysosomal membrane. It is
postulated that the composition with high glycosylation and low content of cholesterol rep-
resents a better protection against the action of lysosomal hydrolases than the composition of
conventional membranes [9].

Despite the good protection against hydrolases, lysosomal membranes can be acutely damaged
by NPs [43, 44]. Depending on the extent of the damage, cell death via different mechanisms
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ensues [45]. Partial permeabilization, in general, results in reactive oxygen species (ROS) genera-
tion and apoptotic cell death, whereas massive permeabilization induces cytosolic acidification
and necrosis. Iron oxide NPs induced cytotoxicity through generation of ROS by lysosomes.
Toxic ions released by partial degradation of particles in lysosomes were the main toxic mecha-
nism of zinc oxide (ZnO) and copper oxide (CuO) NPs [46]. Quantum dots in lysosomes caused
swelling of lysosomes linked to morphological alterations [47], and cationic cerium oxide (CeO,)
NPs and polystyrene particles induced disruption of lysosomes [48]. As toxic mechanism of cat-
ionic NPs, buffering of H" with increased lysosomal pH is assumed [49]. Multiwalled carbon
nanotubes (CNTs) increased lysosomal permeability by direct action on lysosomal membranes
[50]. The increase in autophagosomes is a common finding in the cellular action of NPs, such
as fullerenes, gold NPs, iron oxide NPs, rare-earth oxide NPs, quantum dots, CNTs, titanium
dioxide (TiO,) NPs, and SiO, NPs [51-61]. In addition to decreased phagosome degradation,
impaired lysosomal trafficking by disruption of the actin cytoskeleton may be a reason for the
increased presence of autophagosomes [37]. Since all NPs, despite different compositions and
surface functionalities, increased cellular autophagosome content, it is suspected that increase
in autophagy is inherently linked to the small size of these particles.

Subtle changes in lysosome physiology without obvious morphological alterations have also
been reported. Exposure to 15-200 nm TiO, and 10 nm ZnO NPs induced changes in pH and
enzyme activities in epithelial cells [43, 62, 63], while polystyrene and TiO, NPs increased
intralysosomal pH of macrophages [62, 64]. In addition to increasing intralysosomal pH,
polystyrene particles interfered with lysosomal enzyme activity [65]. By increasing the intra-
lysosomal pH, silver NPs decreased the pH-dependent uptake of fluorescent indicator dyes
[66]. Increased expression of CatB protein was observed in SiO, NP-treated cells [51]. Based
on the finding that accumulation of undigested material leads to upregulation of lysosome
size and number [5, 67, 68], the increase of lysosomal activity may represent a compensation
mechanism for impaired lysosome function caused by SiO, NPs.

5. Marker for interaction with lysosomes and its morphology, integrity,
and function

A panel of methods is available to assess lysosome morphology and function. Area measure-
ments can be performed by image analysis of (fluorescence-labeled) lysosomes. Morphological
changes can be identified by transmission electron microscopy (TEM). Lysosomal function
can be determined by changes in the expression of lysosome-related genes or proteins, while
fluorescent substrates or fluorescent dyes indicate changes in enzyme activities or pH. Not
all assays, however, are suitable for the assessment of NPs because colorimetric, fluorescent,
and luminescent assays are prone to interference with NPs [69]. Interference can cause false-
positive and false-negative results. In cytotoxicity testing with assays, where enzymatic activ-
ity is determined by absorbance of a colored product, colored NPs can mask cell loss because
the absorbance caused by NPs leads to an overestimation of viable cells. Examples for over-
estimation of cell damage are membrane permeability assays with fluorescence-based assays.
The increase of the signal by NPs with inherent fluorescence indicates more cell damage than
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actually present. High concentrations of NPs, on the other hand, may quench the fluorescent
signal, and it is often appropriate to compare reader data with microscopical observation
(Figure 4). In general, the parallel assessment by several techniques (plate reader and micros-
copy) and the switch to another detection method (fluorescence instead of absorbance) help
to avoid false conclusions due to interference.

Microscopic techniques are frequently used for the assessment of NPs because they allow
the correlation of intracellular localization and cellular effects. Examination by TEM can-
not only reveal organelle damage but can also be used for co-localization studies because
NPs contained in food, consumer products, and cosmetics can generally be visualized by
TEM. Fluorescence microscopy using life stains and immunocytochemistry serves for area
measurements. In combination with fluorescent particles, co-localization studies and intra-
cellular tracking can be performed. Cells transduced/transfected with fluorescent protein-
LAMP-1 constructs can also be used for these studies. The commercially available technology
Organelle Lights™ uses a targeted fluorescent protein with viral delivery (http://web.mit.
edu/rkarimi/www/Special/Other/Protocol/Organelle%20Lights_%20Intracellular%20
Targeted %20Fluorescent%20Proteins.pdf) for transduction of mammalian cells. By using
LAMP-1 transfected cells, it was found that small 20 nm carboxyl-functionalized polysty-
rene particles were preferentially located in the perinuclear region, whereas 200 nm particles
were detected to a greater extent in the cellular periphery (Figure 5). Given the fact that
perinuclear lysosomes have a more acidic pH than peripheral lysosomes [13], the uptake
in different types of lysosomes may cause different cellular effects. For co-localization with
lysosomes also immunocytochemical detection with antibodies against LAMP-1, LAMP-2,
and LAMP-3 can be used.

Lysosome markers, such as gold-coupled albumin and fluorescence-labeled dextran, use
active uptake for the labeling [70]. Since NPs may interfere with active uptake routes, these
markers are less suitable for NP studies. Information on lysosome function can be obtained
by detection of enzymatic activity or pH-dependent dyes.

Activity measurement of acid phosphatase, 3-glucuronidase, and f-hexosaminidase, which
have been released from lysosomes, can be used as marker for lysosome function but needs
isolation of the organelles. NPs that were located outside the lysosomes can get access to the
assay compounds during the isolation procedure and cause artificial effects. Such interfer-
ence occurred when cathepsin B (CatB) activity of cells exposed to polystyrene particles was
detected in homogenates [65]. In situ assays, where cells are not homogenized, can avoid this
problem because only NPs located inside lysosomes get access to the substrate. For quanti-
fication of enzyme activity, in situ substrates for sulfatases and cathepsins are available. The
substrate SulfGreen is metabolized by all lysosomal sulfatases (http://www.markergene.com/
product_sheets/pis1377.pdf) and fluorescent substrates, for instance, CV-(RR), for CatB and
MR-(FR), for cathepsin L indicate protease activity [65, 71].

Changes in intralysosomal pH value can be studied using pH-dependent dyes (acridine
orange and neutral red retention). Acridine orange has been used for many years to visual-
ize organelles with acidic pH. The dye stains lysosomes in green and red fluorescence at
low extracellular concentrations (2.6 uM). When the concentration of the dye in the stain-
ing solution is higher (26-37 pM), stacks can be formed and lysosomes show red fluores-
cence. Unfortunately, the red stacks bleach very fast and only the monomeric (green) form
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200 nm APS] 25 ug/mi

200 nm APS| 50 pg/mi

Figure 4. Detection of apoptosis and necrosis caused by 200 nm amidine-functionalized polystyrene (APS) particles in
EAhy926 endothelial cells Staining in the different channels (green, upper left; red, upper right; bright field, lower left)
and overlay (merged, lower right) is shown. Despite particle sedimentation (dark precipitates), the staining with YoPro-1
(green channel, upper left) for apoptosis and propidium iodide (red channel, upper right) for necrosis is visible. Lower
concentrations (25 pg/mL) of the particles caused apoptosis and necrosis, whereas the higher concentration (50 pg/mL)
induced only necrotic cell death.



138 Lysosomes - Associated Diseases and Methods to Study Their Function

20 nm CPS

200 nm CPS

Figure 5. Confocal fluorescence images of 20 nm and 200 nm green-yellow fluorescently labeled carboxyl-functionalized
(green) polystyrene NPs in RFP-LAMP-1 transfected EAhy926 endothelial cells (red). Staining in the different channels
(green, upper left; red, upper right) and overlay (merged, lower right) is shown. Lysosomes are seen throughout the
cells with exclusion of the nucleus (N). Uptake in non-transfected cells (indicated with squares in the green channel)
was not obviously different from transfected cells. Small polystyrene particles (a) co-localized to a greater extent with
perinuclear lysosomes than larger (b) particles. Abbreviation: RFP, red fluorescent protein. Scale bar, 20 um.
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remains [72]. In addition to that, acridine orange is phototoxic and induces burst of dye-
loaded vesicles. Quinacrine also accumulates in lysosomes with acid pH, but the loading is
accompanied with morphological alterations (swelling), which makes the staining less suit-
able for physiological studies. The probe LysoTracker™ Red DND-99, a lipophilic amine
with logP 2.10 and pK_ 7.5, is another marker for accumulation in lysosomes [73]. Although
it acts not markedly phototoxic, its usefulness as lysosome marker is limited by bleaching.
Neutral red can be used as indicator for functional lysosomes [74] but is less sensitive than
fluorescent dyes and more often used as viability screening test. Membrane permeant dyes,
such as LysoTracker™ and LysoSensor™ probes, label lysosomes in living cells [75]. They
are more selective than the classical neutral red and acridine orange dyes. The compound
commercialized as Lyso-ID® is a cationic amphiphilic tracer that accumulates in acidic
organelles. It can be used as indication for lysosome size and number and is used in the
drug screening for lysosomal damage [76] (Figure 6a, b). Increased staining indicates swell-
ing of lysosomes and increase in lysosome number. This increase is seen as adaptation to
insufficient intracellular degradation capacity.

Figure 6. Lyso-ID staining in the cytoplasm (red channel) of untreated EAhy926 cells (a) is low but increased when cells are
exposed to 25 uM chloroquine (b). Nuclei are stained with Hoechst 33342 (blue channel). Lysosomes also increased in size
upon chloroquine treatment. Massive lysosome damage changed the staining pattern with Lucifer yellow in the cytoplasm
from punctuate in untreated cells (c) to diffuse in chloroquine-treated cells (d).
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LAMP-1/CatB

Sulf/LAMP-1

oy oy ey o o
merged

Lyso/CatB

Figure 7. Co-staining with markers for enzyme activity and pH demonstrates interlysosomal heterogeneity of untreated
EAhy926 endothelial cells. Lysosomes irrespective of their functional activity are identified by immunocytochemical
staining with anti-lysosome-associated membrane protein 1 (LAMP-1) antibody or transduction with REP-LAMP-1.
Staining in the different channels (blue, upper left; green, upper right; red, lower left) and overlay (merged, lower
right) is shown. The nuclear stain with Hoechst 33342 is seen in the blue channel. (a) LAMP-1-immunoreactivity (green
channel)/CatB staining (red channel), (b) LysoSensor (Lyso) staining (green channel)/RFP-LAMP-1 (red channel), No
nuclear staining has been performed. (c) Sulf staining (green channel)/LAMP-1-immunoreactivity (red channel), and
(d) Lyso (green channel)/CatB (red channel) staining. Abbreviations: CatB, cathepsin B; LAMP-1, lysosome-associated
membrane protein 1; Lyso, LysoSensor dye; RFP, red fluorescent protein; and Sulf, lysosomal sulfatases.
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Finally, alterations of the staining pattern with Lucifer yellow from punctuate to diffuse stain-
ing can identify lysosome damage. The dye is accumulated and retained in healthy lysosomes
but leaks out when the integrity of lysosome membranes is lost (Figure 6c, d).

Co-staining with combinations of different lysosomal proteins, pH, and enzyme activity can
reveal the heterogeneity of lysosomes and may identify changes in amount and quality of lyso-
somes. In EAhy926 endothelial cells, LAMP-1-immunoreactive (ir)/CatB-negative lysosomes
were seen more frequently than CatB-positive/LAMP-1-not ir structures (Figure 7a) and RFP-
LAMP-1 positive/Lyso-negative more frequent than Lyso-positive/RFP-LAMP-1-negative
structures (Figure 7b). Similarly, LAMP-1-ir/Sulf-negative structures were more often seen
than Sulf-positive/LAMP-1-not ir structures (Figure 7c). This findings can be explained by the
fact that RFP-LAMP-1 and LAMP-1 antibodies label all late endosomes and lysosomes, but
low pH and prominent enzyme activity are only present in a particular subgroup. LysoSensor
and CatB activity stain did also not completely co-localize. CatB-positive vesicles were located
more at the cell periphery, while LysoSensor-positive structures were preferentially located
in the perinuclear region (Figure 7d). This corresponds to the finding that lysosomes with
low pH are preferentially located in the perinuclear region [13]. Activity of cathepsin L is also
mainly seen in the perinuclear region, but CatB is active over a broader range of pH [77] and
can be detected also in peripheral lysosomes.

Lysosomal activity is important for the execution of autophagy, and cellular increase of
autophagosomes may indicate impaired lysosomal function. Microtubule-associated protein
1A/1B light chain 3 (LC3) is a cytosolic protein, which, during formation of autophagosomes,
is conjugated to phosphatidylethanolamine. The conjugate is first recruited to autophago-
somal membranes and, after fusion of autophagosomes with lysosomes, degraded by lyso-
somal proteases [78]. Inmunoblotting or immunocytochemical detection of LC3 has become
the most common screening marker for autophagy. Increase of LC3 immunoreactivity indi-
cates an increased content of autophagosomes. Despite the strong link to lysosomes, LC3 and
LAMP-1 are not co-localized (Figure 8).

LC3/LAMP-1

—
20 um 20 m

Figure 8. Co-localization of LC3-ir and LAMP-1-ir structures in EAhy926 endothelial cells. Staining in the different
channels (blue, nuclei, upper left; green, LC3- ir, upper right; red, LAMP-1-ir, lower left) and overlay (merged, lower
right) is shown. Abbreviations: LC3, microtubule-associated protein 1A/1B light chain 3 and LAMP-1, lysosome-
associated membrane protein 1.
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6. Conclusions

Based on the existing literature, lysosomes may be acutely damaged by high concentrations
of NPs. Due to the accumulation in the endosomal-lysosomal system, it is supposed that NPs
can damage lysosomes upon prolonged exposure. TEM can identify morphological changes,
and a panel of vital stains allows the determination of intralysosomal pH and activity of lyso-
somal enzymes. While TEM analysis is time-consuming and lacks physiological information,
immunocytochemical staining combined with cellular life stains is a good option to study
lysosome function. In combination with fluorescent (labeled) NPs, uptake and localization in
different parts of the endosomal-lysosomal system can be shown. Given the heterogeneity of
lysosomes, particle localization in peripheral or perinuclear lysosomes may cause different
cellular effects.
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Abstract

Lysosomal exoglycosidases gradually degrade oligosaccharide chains of glycoconjugates
(glycoproteins, glycolipids, glycosaminoglycans) in cell lysosomes. Defect in the activ-
ity of suitable lysosomal exoglycosidase stops degradation of oligosaccharide chains on
sugar molecules not released by deficient exoglycosidase, and nondegraded oligosac-
charide chains are stored in enlarged lysosomes. Enlarged lysosomes damage remaining
cell structures and disturb the function of involved tissues, causing storage diseases. An
increase in the activity of exoglycosidases in tissues and body fluids is observed in the
reconstruction of damaged tissues. Exoglycosidase activity is an inexpensive and sensi-
tive marker in diagnostics and monitoring of many diseases.

Keywords: lysosomal exoglycosidases, fucosidase (FUC), B-D-galactosidase (GAL),
[-D-glucuronidase (GLU), N-acetyl-f3-hexosaminidase (HEX), a- and B-mannosidases

(MAN)

1. Introduction: lysosomes

Inside lysosomes, more than 50 hydrolytic enzymes (glycosidases, proteases, lipases, nucle-
ases, phosphatases, sulfatases, etc.) that are able to degrade all types of cell macromolecules are
located. Lysosomal enzymes are active at acidic (pH ~5.0) water environment. High intralyso-
somal [H'] (about 100x higher than in cytoplasm) is maintained by vacuolar H*, V-type ATPase,
located in the lysosomal membrane, which uses the energy of ATP hydrolysis to pump protons
into lysosomes [1-3]. Lysosomal unique highly acidic environment creates some sort of protec-
tion for cytoplasmic components against noncontrolled autodigestion, additionally reinforced
by integral proteins of the lysosomal membrane that are highly glycosylated to protect both
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lysosomal membrane and cytosolic elements against autodigestion [2, 4, 5]. Furthermore, some
of the membrane glycoproteins function as specific receptors for molecules destined to degra-
dation in lysosomes [3].

Designated for autodigestion, extracellular high-molecular substances reach lysosomes by
endocytosis, pinocytosis, and phagocytosis [6]. Intracellular high-molecular substances are
digested by autophagy [7]; autophagy eliminates waste or damaged parts of the living cells.
There are many types of autophagy: macroautophagy, microautophagy, chaperone-depen-
dent autophagy, and specific autophagy. Autophagy may also be classified according to the
digested material, e.g., mitophagy (digestion of mitochondria) or nucleophagy (digestion
of nuclear debris) [8-10]. The best described is macroautophagy, where the cellular region
destined for digestion is surrounded by the phospholipid membrane creating autophago-
some. Then autophagosome merges with lysosome, where acid hydrolases degrade autosome
contents into simple organic compounds, ready for utilization by the cell [11]. Additionally,
autophagy provides the cells with energy [12]. Autophagy may be induced by hypoxia-caused
stress, hunger, radiation, inflammation, and so on [8]. In the case of pathological autophagy,
cells exposed to intracellular toxins suffer from defective metabolism and die. Some of the
researchers suspect that deficient autophagy may initiate many diseases such as diabetes
or Alzheimer's disease [8], or even cancerogenesis. On the other hand, excessive autophagy
may facilitate the survival of neoplastic cells during harmful conditions (e.g. chemotherapy).
Therefore, autophagy in neoplasia may have dual biological sense [13].

2. Lysosomal enzymes

In autophagy, lysosomal acid proteases and glycosidases play a main role. Proteases cleave
peptide bonds in the middle (endopeptidases) or outside (exopeptidases) of polypeptide
chains. Main group of lysosomal proteolytic enzymes constitute cathepsins [14, 15], having
aspartate (cathepsin D and E), cysteine (cathepsins B, C, H, K, and L), or serine (cathep-
sins A and G) in the active site [16, 17]. Proteases (PROT) (Figure 1) facilitate the action of
three groups of glycosidases that gradually degrade tissue glycoconjugates (glycoproteins,
glycolipids, and glycosaminoglycans): aminohydrolases that hydrolyze the N-glycosidic
linkage between amino group of polypeptide chain asparagine and N-acetylglucosamine
of oligosaccharide chain of glycoprotein, endoglycosidases that hydrolyze O-glycosidic
bonds inside of oligosaccharide chains, and exoglycosidases that hydrolyze O-glycosidic
bonds releasing sugars from nonreducing and reducing terminals of oligosaccharide chains
[18].

Aminohydrolases as well as endo- and exoglycosidases create a sequence of reactions where
the product of the previous enzyme is the substrate for the subsequent enzyme (Figure 1),
and oligosaccharide is digested from reducing and nonreducing ends. When neuramini-
dase (NEU) releases N-acetylneuraminic acid (NANA) from the nonreducing ends of oli-
gosaccharide chains, PROT degrade protein cores of glycoproteins, releasing reducing
ends of oligosaccharides with attached asparagines. Oligosaccharides deprived of NANA
are substrates for appropriate exoglycosidases depending on oligosaccharide composition.
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Figure 1. A sequential degradation of glycoproteins in lysosomes based on Ref. [19]. Asn—asparagine, Fuc—fucose,
Gal —galactose, GIcNAc—N-acetylglucosamine, Man—mannose, NANA —N-acetylneuraminic acid, Asp-GlucNAc—
aspartylglucosaminidase, E-GlcNAc—endo N-acetylglucosaminidase, FUC—a-fucosidase, GAL—[-galactosidase,
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Oligosaccharides with (-D- galactose on non-reducing ends are substrates for [>- galac-
tosidase and oligosaccharides with a-L-fucose near reducing ends are substrates for a-L-
fucosidase (Figure 1). Then, oligosaccharide chains are degraded by aspartylglucosaminidase
(Asp-GIcNAc) that hydrolyses N-glycosidic bond between N-acetylglucosamine of the
reducing end of oligosaccharide and asparagine remained from polypeptide as well as endo-
N-acetylglucosaminidase (E-GIcNAc) releasing N-acetyloglucosamine from the reducing end
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of oligosaccharide chains. N-acetylhexosaminidase (NAG, N-acetyl-p-hexosaminidase (HEX))
releases N-acetyloglucosamine and N-acetylgalactosamine from a nonreducing end of the
remaining part of oligosaccharide chains. Oligosaccharides containing mannose are substrates
of a- and p —mannosidases (Figure 1). Lack or deficiency of a particular exoglycosidase blocks
catabolism of oligosaccharide chains on a nondetached sugar residue [19]. Disorders in the
activity of lysosomal enzymes are closely related to autophagy and reflect intensity of devel-
opment and course of many diseases, for example, infections, inflammations, cancers, heart
diseases, Crohn’s disease, myopathy, liver diseases, and neurodegenerations. Autophagy is
induced in cells by numerous factors: bacterial or viral infections, oxidative stress, and lack
of nutrients. Some of the literature data also indicate the protective effect of autophagy [8,
20-23]. Increase in the activity of exoglycosidases in tissues [24-27] and body fluids [28-32]
is observed in autophagy combined with the reconstruction of damaged tissues. In addition,
determination of exoglycosidase activity is inexpensive and sensitive [33]. In joint diseases
(osteoarthritis, rheumatoid arthritis, and Lyme arthritis), progressive destruction of joint car-
tilages occurs. Destruction of cartilage is a multifactorial process caused by concerted action
of lysosomal hydrolases (Figure 2). Proteases digest polypeptide chains of glycoconjugates
exposing glycopeptides. Endoglycosidases (hyaluronidases, chondroitinases, keratanases,
etc.) break down glycosidic bonds inside glycoconjugates and release oligosaccharide chains
from the protein core. Lysosomal exoglycosidases, HEX, GAL, 3-D-glucuronidase (GLU), and
so on, release monosaccharides from the nonreducing terminals of oligosaccharide chains of
glycoproteins, glycolipids, and glycosaminoglycans of synovial tissue, articular cartilage, and
synovial fluid (Figure 2) [34].

2.1. Lysosomal exoglycosidases

Lysosomal exoglycosidases include GAL, GLU, FUC, HEX, as well as MAN. Among lyso-
somal exoglycosidases, the most active is HEX [35] that releases N-acetyloglucosamine and
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Figure 2. Cartilage destruction by proteases and glycosidases based on [34]. GAG—glycosaminoglycans, GAL—f-galac-
tosidase, GLU— {3-glucuronidase, and HEX— [3-hexosaminidase.
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N-acetylgalactosamine from nonreducing ends of oligosaccharide chains of glycoconjugates
(glycoproteins, glycolipids, and glycosaminoglycans). HEX is a glycoprotein composed of
two (a and () subunits. HEX subunits create three isoenzymes: HEX A (af3), HEX B (3§3),
and HEX S (aa) [36]. Predominant are HEX A and HEX B present in different proportions
in the particular tissue [19]. Higher concentration of HEX A in comparison to HEX B may
be connected with selective degradation of glycosaminoglycans, because HEX A releases
N-acetylhexosamines from acid oligosaccharide chains. Some glycolipids (e.g., gangliosides
GM2 and GA?2) also are degraded exclusively by HEX A. HEX A is thermolabile and under-
goes inactivation at pH ~5 after 3 h of incubation at 50°C. Such conditions does not change
the activity of HEX B significantly and thus thermal inactivation is used for the differential
determination of HEX A and HEX B in biological materials [37].

Human FUC is a glycoprotein occurring in different molecular forms. During separation on
Sephadex G-200 column, FUC is eluted in two peaks: a-L-fucosidase I and a-L-fucosidase II.
Both isoforms of a-L-fucosidase differ in molecular mass, pH optimum, and susceptibility on
heat denaturation (both isoforms are thermolabile, but a-L-fucosidase I undergoes thermal
inactivation in basic environment) [38].

Human GAL possesses three isoenzymes: A, B, and C (GAL C activity is small). Isoenzymes A
and B absorb at 95% on concanavaline A (ConA) column, and at 60% on wheat germ aggluti-
nin (WGA) column. Absorbance on ConA indicates the presence of mannose, and absorbance
on WGA indicates the presence of N-acetylgalactosamine and N-acetylglucosamine in oligo-
saccharide chains of GAL [39].

Human MAN has three isoenzymes: A, B, and B2 that differ in sialic acid content and spa-
tial arrangement of atoms in macromolecules [40]. Human GLU is a tetrameric glycoprotein
with MW 310-380 kDa. In humans, there are two forms of f-D-glucuronidase: endogenic and
exogenic (bacterial GLU derived from intestinal bacteria: Escherichia coli, Peptostreptococcus,
Bacteroides, Clostridia) [41, 42]. Increase in the activity of bacterial $-D-glucuronidase in gas-
trointestinal tract increases detoxication by hydrolysis of glucuronides combined with drugs
and other toxic substances, secreted with bile [43, 44]. It was reported that the activity of bac-
terial B-D-glucuronidase in gastrointestinal tract of persons on high meat diet is significantly
higher than that in persons on vegetarian diet [45].

2.1.1. Decrease in the activities of lysosomal exoglycosidases

Both deficiency and excessive HEX activity may have clinical significance. Inherited deficiency
in HEX A (Tay-Sachs disease) causes storage of nondigested ganglioside GM2 in lysosomes of
the neural cells. Enlarged lysosomes oppress remaining organelles of neurons that undergo
apoptosis [46]. Up to 5-6 months of life, infants with Tay-Sachs disease develop normally but
eventually show impairment of vision, hearing, and movement as well as growing mental
retardation. Tay-Sachs children usually live up to 4-5 years of age [35]. Tay-Sachs disease
may (but much less often) occur in teenagers and adults, generating milder symptoms [47].
Crucial for the diagnosis of Tay-Sachs disease is the significant decrease in HEX A activity in
blood serum, leukocytes, and skin fibroblasts. Tay-Sachs disease may be diagnosed during
pregnancy by determination of HEX A activity in amniotic fluid [35].
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Deficit in HEX A and HEX B activity induces Sandhoff’s disease that has symptoms similar to
Tay-Sachs disease, with additional storage of oligosaccharides in internal organs, mainly liver
and spleen. Children with Sandhoff’s disease also live up to 4-5years of age [35]. Sandhoff’s
disease may appear in older children and adolescents as well as adults, but in older people it
occurs extremely rarely. Symptoms of Sandhoff’s disease in older children, adolescents, and
adults are unspecific and include muscular weakness, lack of motoric coordination (ataxia),
speech disorders, and mental retardation. For confirmation of Sandhoff’s disease, determina-
tion of HEX in blood serum, leukocytes, tears, and skin fibroblasts of potential patients is
recommended [35].

Absence or deficiency of a-L-fucosidase leads to mucopolysacharydosis, called fucosidosis.
Fucosidosis is characterized by lysosomal storage of glycoproteins, glycolipids, and oligosaccha-
rides containing fucose residues. Fucosidosis may be confirmed by the decrease in a-L-fucosidase
activity, in fibroblasts or leukocytes of suspected persons [35].

Decreased activity of a-L-fucosidase in breast tissue may be a predisposing factor for the
appearance of breast cancer, because high levels of cell surface-associated a-L-fucose are
related to neoplastic progression [48].

Deficiency of p-D-galactosidase results in generalized gangliosidosis with lysosomal stor-
age of keratan sulfate, oligosaccharide chains of glycoproteins, and gangliosides GM1.
Generalized gangliosidosis is manifested by mental retardation, liver enlargement, and bone
deformation. Absence of GAL leads to Krabbe disease with storage of galactosyloceramide
[35]. Deficiency of a-L-mannosidase (mannosidosis) is characterized by primary immune
deficiency, skeletal abnormalities, facial dysmorphy, and mental retardation [49]. An inher-
ited lack of B-D-glucuronidase activity results in metabolic disease called Sly syndrome or
mucopolysaccharidosis VIIL. Sly syndrome may cause generalized edema of fetus before deliv-
ery. Fetuses that survive generalized edema before delivery frequently suffer from mental
retardation, littleness, thick facial features, as well as liver and spleen enlargement [35].

2.1.2. Increase in lysosomal exoglycosidase activities

Intensive inflammatory processes, for example tonsillitis, usually are accompanied by increase
in lysosomal glycoconjugate catabolism [50]. Hashimoto et al. [51] reported that pancreatic
inflammation increases autophagy in the pancreatic inflamed cells. During autophagy, there
is observed increase in the activity of lysosomal enzymes characteristic to the involved tis-
sue. The most active of lysosomal exoglycosidases is HEX. Therefore, HEX activity in tissues
and body fluids is particularly sensitive and is a specific diagnostic parameter for diseases
proceeding with increased glycoconjugate degradation. HEX in serum and its isoenzyme B
(HEX B) in urine became sensitive and specific markers of alcoholic abuse [52, 53]. A signifi-
cant increase in serum HEX A activity in smokers may be a marker of risk for arteriosclerosis
[54], and an increased HEX A in saliva may be a marker of periodontitis in persons addicted
to ethanol [28]. In infectious diseases (e.g., Lyme arthritis), a significant increase in the activity
of lysosomal exoglycosidases (including HEX) in serum [55] and synovial fluid was observed
[30]. In chronic exposition of rats to cadmium, damage to the proximal renal canalicules and
significant increase in HEX and HEX A activities in urine of exposed rats were observed [29].
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Determination of HEX in neoplastic tissues presents ambiguous results that depend on cir-
cumstances [56]. Generally, in cancerous tissue, increase in the activity of hydrolytic enzymes
including HEX should be observed. In tissues of benign neoplasm of human salivary gland a
significant increase in HEX and its isoenzymes was observed, in comparison to healthy sali-
vary gland [57]. A significant increase in the activity of lysosomal enzymes (including HEX,
HEX A, and HEX B) was reported in malignant brain tissue in comparison to brain tissues
without neoplastic changes [58]. But also significant decrease in HEX, HEX A, and HEX B
activities in renal cancer tissue in comparison to healthy renal tissue was reported, followed
by a significant increase in HEX and its isoenzymes in urine of neoplastic patients in com-
parison to healthy persons [27]. Therefore, determination of urinary HEX and its isoenzymes
may be particularly useful in diagnostics of neoplasms derived from renal epithelial cells of
proximal contorted canalicules. Activity of urinary HEX and other exoglycosidases may be
helpful in the diagnostics of pancreatic [31] and colon [32] cancers. Detection of HEX and its
isoenzyme activity in stools may be used in elaboration of screening markers for detection of
the colon cancer [59]. Determination of HEX activity in serum and saliva may be used for the
diagnostics and control of salivary gland tumors [25]. The activity of lysosomal a-L-fucosidase
(FUC) [60] reflects the intensity of degradation the a-L-fucose containing glycoproteins and
glycolipids [25]. The activity of B- galactosidase (GAL) reflects intensity of degradation gly-
coproteins, glycolipids and glycosaminoglycans containing galactose [39] and activity of
B-glucuronidase (GLU) reflects intensity of glycosaminoglycans catabolism [61, 62].

Determination of the activities of FUC, GAL, and GLU may be applied for the diagnostics and
monitoring of diseases proceeding with an increase in catabolism of oligosaccharide chains
containing sugars released by appropriate exoglycosidases [33]. Increase in the activity of
a-L-fucosidase in patients with liver cirrhosis seems to be a promising marker for detecting
small focuses of liver cancer, particularly when currently used markers (a-fetoprotein and
des-y-carboxy-prothrombin) seem to be less useful than it was primarily expected [63-66].
In the case of B-D-galactosidase, there are suggestions that increase in serum GAL activity
that may be applied for the diagnostics of glandular colon cancer [59] and larynx cancer [67].
Serum B-D-glucuronidase may be a useful marker for recurrence of liver inflammation [68]
and increase in proteoglycans degradation in diabetes [69]. Increased activity of serum and
tissues -D-glucuronidase was found in joint inflammation, dermatoses, liver diseases, AIDS,
and breast, stomach, rectum, and pancreatic cancers [70].

Activities of the lysosomal exoglycosidases in body fluids are good markers of neoplasms,
inflammations, and infections. Determination of exoglycosidase activities in tissues may be
helpful in establishing pathogenesis and treatment of some diseases, for example, nasal pol-
yps. Nasal polyps are grape-shaped smooth structures, arising from the inflammatory nasal
mucous membrane. Nasal polyps bulge to interior of the nose, restricting nasal patency [71].
There are different pathogenesis theories of nasal polyps, however, none was satisfactorily con-
firmed, and the lack of understanding nasal polyp pathogenesis impedes therapy. It is known
that untreated nasal polyps may cause intra- and extracranial complications. Currently used
pharmacological and surgical treatments of nasal polyps do not provide satisfactory results
[72]. In nasal polyp tissue, a significant decrease in the concentration of activities of particular
exoglycosidases was found in comparison to control, with simultaneous increase in specific
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activity of HEX A [73, 74]. A decrease in concentration of lysosomal exoglycosidases in nasal
polyp tissue, without significant changes in their specific activities, denies the theory of full
symptomatic inflammation in nasal polyp pathogenesis and may indicate neoplastic theory.

The activities of lysosomal exoglycosidases may be helpful in the selection of a proper method for
treatment of hypertrophied and inflammatory palatal tonsils. Healthy palatal tonsils are important
elements of immunological barrier against infections of the respiratory tracts [75, 76]. In the case of
hypertrophy of lymphoidal tissue or chronic inflammation of palatal tonsils, otorhinolaryngolo-
gists very often face situations where palatal tonsils fail to serve as an immunological barrier and
cause complications such as: impeded breathing and swallowing as well as speech disturbance.
Palatal tonsils hypertrophy and inflammation are indication for tonsillotomy (trimming) or ton-
sillectomy (removal of palatal tonsils) [77, 78]. However, some otorhinolaryngologists claim that
indications for tonsillo- and tonsillectomy should be limited, especially in younger children (6-7
years old), because the role of palatine tonsils and the possibility of surgical complications are not
fully known [77-79]. Popko et al. [80] reported that the activity of lysosomal exoglycosidases in
palate tonsils is independent of patients' age and she concluded that probably chronic inflamma-
tory processes of the connective tissue of palate tonsils have the same intensity in childhood and
in mature persons, and therefore she recommend tonsillectomy even in childhood.

3. Preparation of tissues and body fluids for determination of lysosomal
exoglycosidases

Tissues for exoglycosidase determination were collected during surgery, rinsed in tap water,
and then in 0.9% saline. After drying with sterile swab, the tissue was weighed, suspended
in 0.154-M KCI with 0.2% Triton X-100 (9 mL of fluid for 1 g of tissue) and homogenized. The
homogenate was centrifuged at 40C for 20 min at 12.000 xg. The supernatants were used to
determine exoglycosidase activity [25, 72].

Cell culture: Isolated tissue was cut into small pieces (about 0.5 mm?) and incubated in a mix-
ture prepared in the following proportions: 1.5 mg of collagenase (Clostridium histolyticum type
I-A) and 1 mg of hyaluronidase in 1 mL of DMEM (Dulbecco’s modified Eagle’s medium), for
1-2 hours at a temperature of 37°C. After incubation the cells were centrifuged and washed
with medium (DMEM)), the rinsed cells were then cultivated in plastic bottles (25-cm? culture
surface) on DMEM with: 10% of calf serum in 25-mM Hepes buffer, 10,000-U/mL penicillin,
and 1-mg/mL streptomycin, at 37°C and an atmosphere saturated with 5% CO, for -3-5 days,
when cells grow up to ~80% of confluence [80].

Articular fluid was collected with sterile syringe needle during local anesthesia, usually at
USG control. Collected articular fluid was centrifuged, and exoglycosidases were determined
in the supernatant [62].

Urine collection from midstream (after night and after hygiene of intimate places) for deter-
mination of exoglycosidases was performed at the same way as for general examination of
urine. Exoglycosidase activity determination was performed in supernatants from centri-
fuged urine [32].
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Figure 3. (HEX) determination in the serum of hemolyzed (upper part) and nonhemolyzed blood (lower part). Reprinted
from [82], with permission from Elsevier: order number: 4042581223257. TCA —trichloroacetic acid.

Saliva secreted to the bottom of the oral cavity was spitted off to the plastic containers placed
in crushed ice and then centrifuged; salivary exoglycosidases were determined in the super-
natant [74].

Plasma: Blood was collected typically to anticoagulant from cubital vein and then centrifuged
for 5 min at 4000 rev/min. Plasma was collected in plastic tubes [81].

Serum: Blood was taken typically from cubital vein, without an anticoagulant. After clot-
ting in room temperature (30-60 min), the clot was centrifuged off at 4000 rev/min for 5 min.
Serum was collected in plastic tubes [82].

Tissues immediately after resection, rinsing, and drying were frozen and stored at -80°C
for a very long time. In homogenates and supernatant fluids, exoglycosidases should be
determined without delay. Synovial fluids, urine, saliva, plasma, and serum may be stored
at -80°C.

Determination of lysosomal exoglycosidases is usually performed by modifications of the
Chatterjee et al. [83] method based on incubation of suitable tissue homogenates or body flu-
ids with 4-nitro-derivatives of adequate sugar as substrates, in buffered incubation mixture
of appropriate pH (4.7 for HEX, 4.5 for GLU, and 4.3 for GAL, FUC, and MAN), at optimal
temperature (36°C), and optimal incubation time (60 min). Enzymatic reaction is terminated
by alkalization of the incubation mixture (usually by borate buffer at pH 9.8). Chatterjee et al.
[83] method was adopted for the determination of exoglycosidases in synovial fluid [62] and
saliva [74]. Recently we have published the method for determination HEX [82] in serum from
hemolyzed blood (Figure 3) [84].

4, Conclusion

The above literature review indicates the activities of lysosomal exoglycosidases in tissues
and body fluids as the markers for detection and monitoring of many human diseases.
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