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ABSTRACT

ELUCIDATION OF LYSOSOMAL CATHEPSIN A
IN THE REGULATION OF AUTOPHAGY

Lysosomal Cathepsin A (CathA) is a multifunctional enzyme with independent
catalytic and protective functions. It has a serine carboxypeptidase activity in acidic pH
conditions for the degradation of short bioactive peptides that are vasoactive peptides
including endothelin-1, angiotensin-I, bradykinin and neuropeptides including oxytocin
and substance P. Lysosomal CathA enzyme also forms a lysosomal multienzyme
complex (LMC) with a-neuraminidase (Neul) and B-Galactosidase (3-Gal) enzymes to
protect them from hydrolytic degradation in lysosomes and due to its protective function.
Genetic defects in the lysosomal CathA enzyme causes a rare lysosomal storage disorder,
Galactosialidosis (OMIM #256540), with secondary deficiencies of Neul and B-Gal
enzymes. Catalytically inactive Cathepsin A knock-in mouse model, CathAS!*°A has point
mutation in the active catalytic site which serine was replace with alanine amino acid.
Accumulation of short bioactive peptides has been reported in previous studies in
different tissues of the CathAS”*A mouse model. In this thesis study, investigation the
role of the lysosomal CathA enzyme in the regulation of autophagic flux in neuroglia and
fibroblast cell lines derived from CathAS'°’A mice was aimed. For this aim; RT-PCR,
Western Blot and Immunocytochemical analyses were for performed for autophagy
markers. Thesis study results have exhibited that catalytically deficient CathA causes the
impairment in autophagic machinery with secondary accumulation of autophagic
substrates and alterations in the expression of the autophagy marker genes. Accumulation
of the short bioactive peptides due to the catalytically inactive CathA enzyme may be
related to to impaired autophagic flux. Autophagy-inducing Rapamycin and Starvation
treatment conditions may restore the impaired autophagic flux due to catalytically
inactive CathA enzyme with the clearance of accumulation of secondary autophagic

substrates.
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OZET

LiZOZOMAL KATEPSIN A’NIN OTOFAIJININ
DUZENLENMESINDEK{ ROLUNUN ARASTIRILMASI

Lizozomal Katepsin A (CathA), birbirinden bagimsiz katalitik ve koruyucu
islevlere sahip ¢ok islevli bir enzimdir. Lizozomal Katepsin A enzimi, asidik pH
kosullarinda, vazoaktif peptidler olan endotelin-1, anjiyotensin-1 ve bradikinin ve
noropeptidler olan oksitozin ve substans P’ye karsi hidrolitik aktiviteye sahiptir. Ayrica
Lizozomal CathA enzimi, a-néraminidaz (Neul) ve B-Galaktosidaz (3-Gal) enzimleri ile
lizozomal multienzim kompleksi olusturarak bu enzimlerin lizozomlarda hidrolitik
bozunmadan korur. Lizozomal CathA enzimindeki mutasyonlar, Neul ve B-Gal
enzimlerinin sekonder eksiklikleriyle birlikte nadir goriilen bir lizozomal depolanma
bozuklugu olan Galaktosiyalidoza (OMIM #256540) neden olur. Katalitik olarak aktif
olmayan Cathepsin A knock-in fare modeli, CathAS!%A aktif katalitik bolgede serinin
alanin amino asitle degistirildigi nokta mutasyonuna sahiptir. CathAS!*°* fare modelinin
farkli dokularinda 6nceki ¢aligmalarda kisa biyoaktif peptidlerin birikimi gosterilmistir.
Bu tez calismasinda, CathAS!'°%* farelerinden tiiretilen noroglia ve fibroblast hiicre
hatlarinda otofajik akisin diizenlenmesinde lizozomal CathA enziminin roliiniin
arastirilmasi1 amaglanmistir. Bu amagla; otofaji belirtegleri icin RT-PCR, Western Blot ve
Immunositokimyasal analizler yapildi. Tez ¢alismas sonuglari, katalitik olarak eksik olan
CathA'nin, otofajik substratlarin ikincil birikimi ve otofaji isaretleyici genlerin
ekspresyonundaki degisiklikler ile otofajik mekanizmada bozulmaya neden oldugunu
gostermistir. Katalitik olarak aktif olmayan CathA enzimi nedeniyle kisa biyoaktif
peptitlerin birikmesi, bozulmus otofajik aki ile iligkili olabilir. Otofajiyi indiikleyen
Rapamisin ve Aclik tedavi kosullari, ikincil otofajik substratlarin birikiminin
temizlenmesiyle katalitik olarak inaktif CathA enzimi nedeniyle bozulmus otofajik akis1

geri dondiirebilir.
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CHAPTER 1

INTRODUCTION

1.1. Lysosome

Lysosomes, as a mean of “lytic bodies”, was firstly discovered and introduced in
rat liver as new cytoplasmic members by de Duve in 1955 (de Duve et al., 1955).
Lysosomes are cytoplasmic organelles found in eukaryotic cells which are enclosed by
membranes and contain several hydrolytic enzymes. These hydrolytic enzymes,
hydrolases, are soluble and work in acidic pH values and they play a role to maintain
cellular homeostasis by hydrolyzing the macromolecules (de Duve et al., 1955; de Duve
et al., 1959).

Lysosomes contain hydrolases to degrade the biological materials which were
taken from outside the cell (extracellular) or inside the cell (intracellular). Extracellular
biological materials are hydrolyzed using the endocytosis pathway, intracellular
biological materials are also hydrolyzed using the autophagy mechanism and both of the
cellular events are finalized in lysosomes. Endocytosis is the internalization of the
components or cargoes from the plasma membrane and the degradation of those
internalized components in lysosomes. Lipids and integral proteins of the plasma
membrane and extracellular environment work in harmony to invaginate the extracellular
components and invaginated components are routed to the lysosome in the specific
compartments, called as “endosomes”. On the other hand, autophagy is the degradation
and recycling of the cell’s own components. Dysfunctional, misfolded, or half-aged
macromolecules, long-lived organelles, etc. are subjected to the lysosome in
membraneous vesicles or in non-membranous ways for their degradation by using
autophagy mechanism in the cell. Both of these lysosome-routed cellular mechanisms,
endocytosis and autophagy are interconnected with each other (Birgisdottir and Johansen,
2020).

More than 50 hydrolase enzymes have been identified so far which are proteases,

glycosidases, phosphatases, nucleases, sulfatases, and lipases. Most of the lysosomal acid



hydrolases are synthesized in ribosomes of the rough Endoplasmic Reticulum (ER) as
proenzyme. Synthesized proenzymes are directed to the lumen of the ER and then, they
are translocated to the Golgi apparatus via ER-Golgi intermediate compartment. In the
cis-Golgi compartment, the mannose residue of the enzymes is phosphorylated to form
mannose 6-phosphate (M6P). This phosphorylation is required to routing of the enzyme
to the lysosome via M6P receptors that direct the enzymes to the endo-lysosomal pathway
by late endosome vesicles. These clathrin-coated endosomal vesicles arrive at lysosomes
and hydrolase enzymes are separated from M6P receptors and then released into the
lysosomes where they are enzymatically active (Braulke and Bonifacino, 2009).
Lysosomes have a vital role in cells and failures in the lysosomes or digestive
lysosomal hydrolases lead to several diseases which are known as lysosomal storage
disorders (LSDs). More than 70 different LSD have been identified so far and most of the
disorders are single-gene disorders and inherited as autosomal recessively. LSDs are
caused by mutations in genes that encode the lysosomal enzymes or proteins and these
mutations lead to accumulation of substrates in the lysosome. LSDs are rarely seen
diseases and affect 1/5000 births on average. Most severe forms of LSDs are faced in
infancy or childhood (early-onset) and also some LSD patients are classified as adult-
onset. These groups of disorders mainly affect the central nervous system (CNS), and
peripheral organs such as kidney, liver, lungs, etc. and they show progressive

neurodegeneration in patients (Platt et al., 2018).

1.2. Lysosomal Proteases

Proteases are a group of enzymes in lysosomes that have a pivotal role in the
degradation of proteins or peptides into the building blocks. As a first, proteases had been
mentioned by Levene PA in 1905. Alongside the degradation of peptides into amino
acids, proteases are required in specialized reactions of proteolytic events and handling
of the new proteins. Proteases are included in a bunch of cellular activities such as
regulation of protein-protein interaction, replication and transcription of DNA,
proliferation, and differentiation of cells, neurogenesis, fertilization etc. They are
classified into six subgroups according to the catalytic group of active sites: threonine
proteases, cysteine proteases, aspartic proteases, metalloproteases, glutamic proteases,

and serine proteases such as Cathepsin A (Lopez-Otin and Bond, 2008).



Lysosomal proteases are serine, cysteine, or aspartic protease family. Their
expression patterns differ from tissue to tissue or from cell to cell. Proteases work as gears
of a machine in the process of proteolytic degradation. In addition to their main functions
of protein or peptide degradation, lysosomal proteases are involved in the processing of
antigens in endosomes, initiation of programmed cell death mechanism apoptosis,
processing of hormones, and digestion of the cellular matrix components in extracellular
space (Brix, 2005).

1.3. Cathepsin Enzyme Family

Cathepsins are protease enzymes that are generally located in highly acidic
lysosomes and could be secreted out of the cell. As an addition to their proteolytic
functions, Cathepsins can play a role in several cellular activities such as antigen
processing in immune response, degradation of chemokines, etc. The Cathepsin family is
divided into the 3 subfamily depending on the amino acid in their active sites that are
serine protease Cathepsins (Cathepsin A and G), cysteine protease Cathepsins (Cathepsin
B,C,F,H, K L,O,S,V, X, and W) and aspartic protease Cathepsins (Cathepsin D and
E) (Table 1.1). Their highest enzymatic activity is shown in acidic pH conditions but
some Cathepsins have a broad spectrum of enzymatic activity in changing pH conditions
in and out of the cell. Expression and localization patterns of Cathepsins vary from tissue
to tissue or cell type to cell type. Dysregulated or mutated Cathepsin expression and
enzymatic activity is associated with several diseases with clinical symptoms such as
inflammatory neurological disorders, neurodegenerative diseases, cardiovascular
disorders, and cancer. For example, a deficiency of lysosomal Cathepsin A leads to a rare
type of LSD, Galactosialidosis (Yadati et al., 2020).

Table 1.1: Cathepsin protease subfamilies and members

Cathepsin Enzymes

Serine Protease Cathepsins Cathepsin A and G
Cysteine Protease Cathepsins CathepsinB,C,F,H,K, L, 0, S, V, X, and
w

Aspartic Protease Cathepsins Cathepsin D and E




1.4. Lysosomal Cathepsin A (CathA)

Lysosomal Cathepsin A (CathA) is a member of the serine protease family which
has carboxypeptidase, deamidase, and esterase activity in different pH conditions, and
CathA enzyme is encoded by CTSA gene. It has a highly similar homology as structural
with yeast carboxypeptidase Y (Hiraiwa, 1999). Besides its catalytic activities, it
constitutes a lysosomal multienzyme complex (LMC) with B-galactosidase (3-Gal) and
a-neuraminidase (Neul) to protect them from hydrolytic degradation in lysosomes.
Thanks to this protective function, it is also known as Protective Protein/Cathepsin A
(PPCA). Although Cathepsin A enzyme can form another enzymatic complex, cell
surface elastin receptor (CSER), on the plasma membrane with Neul and elastin-binding
protein (EBP) to involve and regulate elastic fiber formation. The catalytic and protective
functions of Cathepsin A are distinct from each other. Lysosomal Cathepsin A is
produced as 54 kDa one-chain proenzyme. This proenzyme is cleaved into the two-chain
(32/20 kDa) mature and active form of lysosomal CathA by an extraordinary proteolysis
mechanism (Bonten et al., 2014).

Lysosomal Cathepsin A is a serine carboxypeptidase enzyme within the pH 4.5.-
5.5 and it has also esterase and deamidase activities in neutral pH conditions. Lysosomal
Cathepsin A enzyme is able to degrade short bioactive peptides that are vasoactive
peptides including endothelin-1, angiotensin-I, bradykinin, and neuropeptides including
oxytocin and substance P (Bonten et al., 2014). Endothelin-1 (ET-1) is 21 amino acids
vasoconstrictor peptide and plays a role in the regulation of blood pressure. ET-1 is highly
abundant in the cardiovascular system and highly expressed in especially vascular
endothelium but several cell types in the human body can express ET-1 such as epithelial
cells, macrophages, astrocytes, microglias, oligodendrocytes, neurons, kidney and lung
cells, etc (Davenport et al., 2016). This peptide is inhibited by CathA from its carboxy
terminus. Cathepsin A deficient human galactosialidosis patients’ fibroblast cells and
autopsied patients’ brains show high amounts of ET-1 abundance (Itoh et al., 2000). As
an addition to this study; catalytically inactive Cathepsin A knock-in mouse model,
CathAS'®” and Scpepl, Cathepsin A homolog, double deficient mouse model
CathAS'*%/Scpepl” has shown a significantly high level of ET-1 in lung and blood
plasma compared to age-matched WT (Pan et al., 2014). Oxytocin is 9 aa neuropeptide

and plays a role in the processing of mammalian social relationships and acts. This



neuropeptide is highly expressed in pervo- and magnocellular neurons in the
paraventricular nucleus of the hypothalamus but its receptors are highly abundant in the
hippocampus region of mammalian brains (Breton and Zingg, 1997; Rocicki et al., 2022).

Lysosomal CathA associates with Neul and B-Gal glycosidases to form a
lysosomal multienzyme complex to prevent these enzymes in highly acidic lysosomes
(Figure 1.1). Neul and B-Gal glycosidases are involved in glycolipid and glycoprotein
degradation. Neul is a sialidase enzyme that is encoded by NEU1 gene in humans, it
cleaves the sialic acid residues in the glycoconjugates, and GLB1 gene product B-Gal
enzyme removes galactose moieties from glycoproteins and glycolipids. Lysosomal
CathA is required for the transport, activation, and stabilization of the Neul enzyme and
it increases the enzymatic half-life of 3-Gal enzyme (Gorelik et al., 2021). Defects in the
lysosomal Cathepsin A enzyme result in glycoprotein storage disorder, Galactosialidosis
(GS) (OMIM #256540), with secondary complete deficiency of Neul and partial
deficiency of B-Gal enzymes (~15-20% enzymatic activity) (Gorelik et al., 2021). GS is
a very rare and recessively inherited disease, also its clinical symptoms are very similar
to sialidosis (OMIM #256550) which is caused by mutations in the Neul enzyme.
Galactosialidosis reflects typical features of LSDs with coarse face, hydrops fetalis,
vision and hearing loss, seizures, cognitive disabilities, etc. Galactosialidosis is classified
into the 3 subtypes according to the age of onset and symptoms severity which are early
infantile GS, late infantile GS, and juvenile/adult form of GS. The most severe form of
GS is the early infantile form and patients start to show symptoms between birth to 3-
months old of age. Early infantile GS patients also develop visceromegaly, cardiac and
renal failures and they die within 1 year of age mostly caused by heart and kidney

abnormalities (Annunziata and d’Azzo, 2017)



Lysosome

Figure 1.1: Representative schematic illustration of lysosomal multienzyme complex

1.5. Cathepsin A Animal Models

To study the molecular functions of lysosomal CathA and the pathophysiology of
Galactosialidosis, two different mouse models of lysosomal CathA have been generated:
CathA knock-in mice (CathAS'®®) and CathA knock-out mice (CathA™), respectively
(Annunziata and d’Azzo, 2017).

CathA” mouse model is homozygous knocked-out for the null mutation at Ctsa
gene region which encodes Cathepsin A enzyme. Both of the functions of lysosomal
Cathepsin A, protective and catalytic functions, are blocked in this mouse model and
nearly zero Cathepsin A activity is observed. This mouse model presents the symptoms
of an early infantile form of GS and secondary complete deficiency of Neul enzymatic
activity and partial deficiency of B-Gal enzymes are seen in this mouse model. Lysosomal
vacuolation and expansion in the cells of some peripheral organs and the central nervous
system are seen in the first week after the birth in CathA”- mouse model. When the disease
progresses, pathological changes could be detected in the reticuloendothelial system of
mice, splenomegaly, cardiac system failures, and oligosacchariduria that is caused by
secondary deficiency of Neul enzyme. CathA” male mice are infertile because of

impaired sperm mobility resulting from some dysregulations in the blood-epididymal



barrier. This knock-out mouse model has a reduced life span, and generally dies between
6-9 months of age (Annunziata and d’Azzo, 2017).

CathAS™®%” js a catalytically inactive knock-in mouse model in that serine amino
acid was replaced with alanine amino acid in the active catalytic domain of CathA enzyme
coding sequence in Ctsa gene. On the other hand, the protective function of lysosomal
CathA is preserved in this mouse model, so the lysosomal CathA enzyme in CathAS1%4
mice is able to form LMC with Neul and B-Gal glycosidases. Because of the capable of
CathAS® forming a LMC, secondary deficiencies of Neul and 8-Gal enzymes are not
seen, and both of these enzymes show catalytic activity in the fractions of tissues which
are obtained from CathAS'*® mice. A targeted point mutation in the active site of the
CathA enzyme in CathAS®*A mice resulted in nearly zero carboxypeptidase activity of
CathA enzyme but immunohistochemical staining, Western Blot, and Northern Blot
results showed the presence of CathA enzyme in protein and mRNA levels. Catalytically
inactive CathAS% mice are fertile, sign no developmental defect, and a normal life span
is seen in this mouse model (Seyrantepe et al., 2008).

The inhibitory role of CathA enzyme on the short bioactive peptides (endothelin-
1, angiotensin-I, bradykinin, oxytocin, and substance P) is shown in vitro studies
(Jackman et al., 1990; Jackman et al., 1992). Also, in vivo role of lysosomal CathA in the
degradation of short bioactive peptides was shown in catalytically inactive CathAS'%A
male mice. Enzyme-linked immunosorbent assay (ELISA) results in 3- and 6-month-old
CathAS** mice and their age-matched WT littermates concluded accumulation of short
bioactive peptides in kidney, liver, lung, brain tissue lysates and in serum because of the
deficiency of the catalytic activity of lysosomal CathA enzyme (Timur et al., 2016). Also,
hippocampal accumulations of endothelin-1 and oxytocin in 3-, 6- and 12-month-old
CathAS™® mice compared to WT were presented using the immunohistochemical
staining method. In relation to this accumulation in the hippocampus region of CathASL%A
mice brains, some neurobehavioral abnormalities are reported in CathAS*®A mice such as

impairment in learning and long-term memory (Calhan and Seyrantepe, 2017).

1.6. Autophagy



Autophagy is the cellular degradation pathway of the macromolecules, organelles,
pathogens, etc. to maintain cellular homeostasis that is taken place in the lysosome of all
eukaryotes. The autophagy mechanism is used to recycle long-lived or non-mandatory
macromolecules into building blocks to provide a source for newly synthesized
macromolecules or to obtain energy sources under stress conditions. Also, this cellular
degradation pathway is highly required for the digestion of damaged or superfluous
organelles such as mitochondria (mitophagy), peroxisome (pexophagy), lysosome
(lysophagy), etc. Three primary types of autophagy have been identified that are
macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) and all
three autophagy types are finalized in highly acidic lysosome (Figure 1.2).
Macroautophagy required a membranous structure, which is called as “autophagosome”
to deliver cytoplasmic cargo to the lysosome, on the contrary, any membranous vesicle
is not involved in microautophagy and CMA. Unless otherwise stated, autophagy refers
to macroautophagy (Feng et al., 2014; Yang and Klionsky, 2010; Parzych and Klionsky,
2014).

Autophagy is tightly regulated in cells; some intra- or extracellular stresses and
conditions may lead to upregulation or downregulation of autophagic flux to maintain
cellular homeostasis and dysregulation of autophagy has a role in the pathology of several
diseases such as neurodegeneration, cancer, and infectious diseases. Starvation, nutrient
or growth factor deprivation, and infection of cells by pathogen result in the upregulation
of autophagy in cells. Also, several chemical agents are used to regulate autophagy (He
and Klionsky, 2009). Rapamycin is one of the well-known inducers of autophagy that
inhibits the mTOR complex and it is widely used to reverse impaired autophagic
machinery (Sarkar et al., 2009). Earle’s Balanced Salt Solution (EBSS) is a nutrient-free
cell culture medium to induce autophagy by mimicking and triggering starvation
condition (Min et al., 2013). Starvation-induced autophagy for the clearance of
accumulated substrates was one of the used therapy models in several lysosomal storage
disorders such as Niemann-Pick and Fabry diseases (Sarkar et al., 2013; Lieberman et al.,
2012).
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Figure 1.2: Three types of autophagy (Source: Myerowitz et al., 2021).

In the autophagic machinery, as a first, the cytoplasmic content will be degraded,
environed by phagophore structure that double-membrane intracellular structure. Then,
the double-membrane phagophore is expanded and closed to generate an autophagosome
structure. Formed autophagosome structure docks and fuses with the lysosome to form
an autophagosome where acidic hydrolytic degradation occurs. Several proteins,
enzymes, and protein or enzyme complexes have a crucial role in this tightly regulated
cellular event (Figure 1.3) (Misuzhima et al., 2002; Feng et al, 2014).
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Figure 1.3: Representative schematic presentation of the macroautophagy pathway
(Source: Gump and Thorburn, 2011).



Numerous proteins, enzymes, and protein or enzyme complexes have crucial roles
in the regulation of autophagic flux. One of the core components of autophagic flux
regulation is autophagy-related (Atg) genes proteins/enzymes which have been primarily
worked on yeast organisms. The discovery of Atg proteins has led to a shifting of the
autophagy study perspective from the morphology to the molecular level. Atg proteins
are found in the nucleation/initiation, elongation, and termination steps of autophagy. A
group of Atg proteins is crucially involved in autophagosome formation and so, they are
termed as “the core autophagy machinery”: (i) Atgl/ULK complex, (ii) transmembrane
Atg9 system, (iii) the PtdIns3-kinase (PtdIns3K) complex and (iv) two ubiquitin-like
proteins, Atg8/LC3 and Atgl2. These four core autophagy machinery complexes are
routed to the phagophore assembly site (PAS) where autophagosome formation begins
(Yang and Klionsky, 2010; Feng et al., 2014). Atgl, Atgll, Atgl3, Atgl7, Atg29, and
Atg31 are involved in Atgl/ULK complex which is the primary complex for
autophagosome formation induction and its regulation in yeast. In mammalian cells,
ULKZ1/2 complex is consisted of ULK1/2 (Atgl mammalian homolog), ATG13 (Atgl3
mammalian homolog), C120rf44/ATG101 and RB1CC1/FIP200 (Atgl7 mammalian
homolog). ULK1 kinase would be activated in 2 ways: AMP-activated protein kinase-
dependent (senses glucose starvation) and independent (senses amino acid starvation). In
nutrient-rich conditions, the mammalian target of rapamycin complex 1 (mMTORCL1)
inhibits the ULK1/2 complex by phosphorylating it and prevents AMP-activated protein
kinase interaction with the ULK1/2 complex. In contrast, mMTORCL1 is no longer able to
interact with the ULK1/2 complex, and therefore ULK1/2 complex is activated in
mammalian cells under nutrient deficiency or starvation (Feng et al., 2014; Laplante and
Sabatini, 2013). Also dephosphorylated ULK1/2 complex activates by phosphorylating
AMBRA1 and Beclin-1 proteins which are the members of the Ptdins3K complex.
Activation of PtdIns3K complex members leads to the recruitment of lipid kinase Vps-
proteins complex into the ER to form the lipid bilayer of the autophagosome (Feng et al.,
2014; Russell et al., 2013).

ATG9 is a transmembrane protein where localized in small vesicles in the trans-
Golgi network and it has a multifunctional role in autophagic machinery. ATG9 has a
cycling system; transporting of ATG9 from the trans-Golgi network to the PAS is
regulated by ATG11, ATG23, and ATG27, and anterograde transport of serving ATG9s
into the initial site where they are stored, is also regulated by ATG1, ATG2, ATG13, and

ATG18. ATG9 recruits the lipids from donor sources which are required for
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autophagosome formation and transporting them into PAS. In addition to the role of lipid
transferring to the forming autophagosome, ATG9 acts like a membrane scaffold during
the autophagosome formation (Feng et al., 2014; Mari et al., 2011; Orsi et al., 2010).

Nucleation of the phagophore and autophagosome assembly is followed by
autophagosome membrane elongation/expansion by the Ub1 protein conjugation system.
LC3 (mammalian ortholog of yeast Atg8), known as MAP1LCS3, is recruited to the
autophagosome membrane and plays a role in autophagosome formation, elongation, and
fusion with lysosomes. LC3 protein is modified post-translationally; ATG4B cuts the
glycine amino acid in the C-terminal of pro-LC3 for the forming of LC3-1 which is a
cytosolic form of LC3. Cytosolic LC3-I is converted to the autophagosome-associated
form of LC3, LC3-Il, with the addition of phosphatidylethanolamine (PE) to its C-
terminus. The E1-like enzyme, ATG7 (mammalian ortholog of yeast Atg7), has a role in
the conjugation of the PE to LC3-1 to form LC3-I1. Also, ATG7 is involved in the ATG5-
ATG12 conjugation system. LC3 is frequently used to monitor autophagic flux, activity,
and level of the organisms in healthy or disease state (Feng et al., 2014; Mizushima et al.,
2011; Tanida et al., 2004).

p62, also called as SQSTM1/p62, is a multifunctional protein that has a pivotal
role in autophagy. p62 is responsible for recognizing and targeting ubiquitinated cargo to
the autophagosome by interacting with the autophagosome membrane-associated LC3-
I1. Additionally, studies have revealed that p62 is degraded through the autophagy-
lysosomal pathway. This is also called selective autophagy since p62 recognizes
ubiquitinated cellular materials and incorporates them into the autophagic process via its
chaperone-like function. As the LC3-II protein level is a marker of autophagy, the p62
protein level is frequently evaluated, particularly as a marker of the termination stage of
autophagy. (Feng et al., 2014; Ichimura and Komatsu, 2010; Bitto et al., 2014).

Lysosomal markers are crucial in autophagy as they are used to identify
autophagolysosomes, monitor their fusion with lysosomes, and thereby track autophagic
flow. Lysosomal associated membrane protein-1 and -2 (LAMP-1 and LAMP-2) are
lysosomal membrane integral glycoproteins that are frequently used as lysosomal
markers (Eskelinen, 2006; Mizushima et al., 2010). The interaction between LAMP-1
and LC3 helps with the fusion of autophagosomes with lysosomes by recruiting
lysosomal-associated membrane proteins to the autophagosome membrane. LAMP-1 and
LC3 interaction is crucially evaluated to identify autophagosomes and autophagosome-

lysosome fusion. (Yoshii and Mizushima, 2017; Mizushima et al., 2010; Pugsley, 2017;
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Yim and Mizushima, 2020). As an addition to LAMP-1-LC3, several studies have shown
that in autophagic machinery, LAMP-1 and p62 interact with each other for the
degradation of ubiquitinated intracellular materials. LAMP-1-p62 interaction is one of
the markers for monitoring autophagosome formation and tracking of autophagosome-
lysosome fusion (Yoshii and Mizushima, 2017; Mizushima et al., 2010; Bjerkey et al.,
2006; Yim and Mizushima, 2020). Intra- or extracellular stressors or several disease
conditions can lead to impaired autophagic flux which results in the accumulation of LC3
and p62 proteins as secondary autophagic substrates (Yoshii and Mizushima, 2017;
Runwal et al., 2019).

1.7. Cathepsins and Autophagy

Cathepsins are acid hydrolase enzymes with diverse functions which are mostly
localized and work in endo/lysosomal compartments. In addition to their role in the
lysosome, cathepsins are also involved in cellular processes such as apoptosis, immune
response, and energy metabolism by being present in the extracellular space and
cytoplasm. As a lysosomal hydrolase enzyme, cathepsins have a role in the degradation
of their several cellular substrates in the endo/lysosomal compartment and so they are
involved in autophagic flux (Figure 1.4) (Yadati et al., 2020; Miiller et al., 2012). For
example, the initiation of autophagy, formation of autophagosome, and fusion of
autophagosome and lysosome are not affected in the deficiency of Cathepsin L in mouse
embryonic fibroblasts but the degradation of autophagosomal content is impaired
(Dennemérker et al., 2010). Also, Cathepsin S deficiency causes increased
autophagosome number (Yang et al., 2014).
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Figure 1.4: Role of cathepsins in macroautophagy. Dysfunctional, long-lived, or
superfluous macromolecules or organelles are subjected to degradation via
autophagy within the double-membrane vesicle, also known as isolation
membrane (IM). Then, autophagosome (AP) formation is followed (1). AP
fuses with the lysosome (Ly) to form autophagolysosome (APLY) (2), and
cellular cargo is degraded with lysosomal enzymes. Residual body (RB)
formation (3) after lysosomal degradation is limited in healthy cellular
conditions. In cathepsin deficiency conditions, IM, AP, or APLy formation
is not primarily affected (4,5). Lack of proteolytic activity of cathepsins
results in non-degraded cellular cargos, an increased number of large APLy
vesicles (6), and dysregulated cellular homeostasis caused by impaired

autophagic flux (Source: Miiller et al., 2012).

Cuervo and her colleagues have identified that lysosomal CathA has a regulatory
role in chaperone-mediated autophagy (CMA). Serine carboxypeptidase CathA
hydrolyzes the splice variant of LAMP2, LampZ2a, which is a rate-limiting factor of CMA.
Cuervo’s study has shown that an increased amount of Lamp2a in the lysosomal
membrane caused by the reduced rate of LampZ2a degradation results in higher levels of
CMA in Galactosialidosis patients fibroblasts and Galactosialidosis mouse model
(CathA™) tissues (Cuervo et al., 2003).
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1.8. Aim of the Thesis Study

In this thesis study, the aim was to investigate the role of lysosomal Cathepsin A
enzyme, without its catalytic activity, in autophagic flux. To achieve this aim, we have
used fibroblast and neuroglia cell lines which were generated from 1-month-old
catalytically inactive Cathepsin A mice (CathAS!%°A) and their wild-type littermates.
Previously, the accumulation and distribution of short bioactive peptides in the tissues of
CathAS!%A mice were demonstrated because of the lack of catalytic activity of lysosomal
CathA. The effect of accumulated short bioactive peptides in CathAS®® mice on
autophagic flux has been sub-aimed in this thesis study. Altogether, this thesis study helps
us to understand whether the lysosomal Cathepsin A enzyme has a regulatory role in the
regulation of autophagic flux in vitro through its serine carboxypeptidase catalytic

activity.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Breeding of Mice

Catalytically inactive lysosomal Cathepsin A mouse model, CathAS!A which
carries a point mutation by replacing serine amino acid with alanine in the active catalytic
site was generated by Prof. Dr. Volkan Seyrantepe during post-doctoral studies
(Seyrantepe et al. 2008). The homozygote point mutation carrying mouse was bred with
C57BL/6 which is a wild-type mouse strain, to generate heterozygote male and female
mice. As an F1 generation, generated male and female heterozygote mice (CathA*/S190A)
were bred with each other to generate homozygote colonies which are homozygote
CathASL0ASI90A and CathA** control littermates. After the generation of homozygote
CathAS® and CathA** colonies, mutant and control colonies were purely interbred
only. Breeding pairs from siblings were selected to reduce and minimize genetic

variations among mice that could arise in subsequent generations.

2.2. Genotyping of Mice

Mice genotyping was done from the genomic DNA which was extracted from cut
tail tissues of mice. The cut tails were incubated overnight within the 250 pl tissue lysis
buffer (containing pH 7.6 1M Tris-Base (10 %), 0.2M Ethylenediamine Tetraacetic Acid
(EDTA), sodium dodecyl sulfate (SDS, 20%) and 5M NaCl (4%)) and 6 pul Proteinase K
solution (main stock was diluted to 25 pg/ul) in shaker incubator at 55°C and 70 rpm. On
the following day, the samples were centrifuged for 10 minutes at 14000 rpm. After the
centrifuge, obtained supernatants were taken into the new eppendorf tubes and 500 pl
isopropanol (100%) was added also the new tubes. Precipitated DNA was collected and
taken into the new eppendorf tubes which included 70% ethanol. Then, the eppendorf
tubes were centrifuged at 14000 rpm for 1 minute and the supernatant was withdrawn

from the eppendorf tubes and the eppendorf tubes were air dried to completely remove
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the remaining 70% ethanol for 15 minutes. Precipitated DNA was incubated within the
100 pl ultra-pure water for 1 hour at 55°C for dissolving of the DNA. DNA concentrations
were measured by using a Nanodrop spectrophotometer (ND-100).

Polymerase chain reaction (PCR) was set to identify CathAS!®A and the wild-
type control group using 100ng genomic DNA. In addition to genomic DNA; primers (50
pmol for forward and reverse), dNTPs (10 mM), Taq polymerase (1.5 units, Invitrogen),
MgCl2 (1.5 mM), Tris-HCI (10 mM) and KCI buffer (50 mM) including 10% DMSO
were involved in the 50 ul PCR reaction mixture. Primers that are allele-specific for
CathAS and CathA*"* were used (Table 2.1). PCR conditions were 1x cycle at 95°C
for 30 seconds; 30x cycles at 95°C for 30 seconds, at 60°C for 45 seconds, at 72°C for 45
seconds; 1x cycle at 72°C for 5 minutes. After the PCR; to reveal the CathAS!®A allele,
an enzyme-cutting reaction was set up because the CathAS!%A allele contains an enzyme
recognition site for Ndel enzyme. 20 ul of the first PCR product, 20 units of Ndel (New
England Biolabs) in 1X enzyme buffer were incubated for 3 hours.

Table 2.1: Primer sequences that were performed in genotyping

Gene Primer Sequence
CathAS90A ScreenF GGTGGCGGAGAACAATTATG
ScreenR AACAGAAGTGGCACCCTGAC

2.3. Neuroglia Cell Line Generation

Neuroglia cells in the central nervous system (CNS) are composed of microglia
cells, astrocyte cells, and oligodendrocyte cells (Aschner et al., 1999). Adult Brain
Dissociation Kit (MACS Miltenyi Biotec, 130-107-677) and Adult Neuron Isolation Kit
(MACS Miltenyi Biotec, 130-126-602) were used to isolate neuroglia cells from CathA**
and CathASA mice. Enzyme A, Enzyme P, Buffer Z, Buffer Y, Debris Removal
Solution (10X), Red Blood Cell Removal Solution, and Non-neuronal cell biotin antibody
cocktail were provided within the Adult Brain Dissociation Kit and Adult Neuron
Isolation Kit by the manufacturer. Additionally, gentleMACS™ Dissociator (Miltenyi
Biotec, 130-093-235), gentleMACS™ C Tubes (Miltenyi Biotec, 130-096-334),
MACS® SmartStrainers (70 um, Miltenyi Biotec, 130-098-462), MACS Magnetic
MultiStrand (130-042-303), MACS® BSA Stock Solution (Miltenyi Biotec, 130-091-

16



376) and 10X Dulbecco’s Phosphate Buffered Saline (D-PBS, Biowest, X0520) were
procured to isolate neuroglia cells. Dissociation of adult neural tissue, cell debris removal,
red blood cell removal, and magnetic separation of neuron and non-neuron (neuroglia)
using non-neuron specific antibody cocktail steps were followed during the isolation of
neuroglia cells, respectively and all of these steps were done in Class Il Laminar Cabin
(Mars Safety Class 2, SCANLAF).

2.3.1. Dissociation of Adult Neural Tissue

40-days old CathA** and CathAS'*® mice were sacrificed using the cervical
dislocation method and the whole brains of the mice were dissected into the cortex,
thalamus, cerebellum, and hippocampus region. The cortex regions of the mouse brains
were weighed as 100 mg. The cortex regions of mice brains were washed with cold D-
PBS to completely remove blood from the cortex regions and the cortex regions were cut
into smaller pieces using lancets. The brain particles were transferred to C tubes
containing enzyme mix 1 which was a mixture of 50 ul Enzyme P and 1900 pl Buffer Z.
C tubes were placed on the Dissociator and the program “m_brain_01” registered on the
Dissociator was run. C tubes were then incubated at 37°C for 15 minutes in an incubator.
C tubes were again placed on the Dissociator and the program “m_brain_02” registered
on the Dissociator was run. After the second program on the Dissociator, enzyme mix 2
which was the mixture of 10 ul Enzyme A and 20 pl Buffer Y, was added to each C tube,
and C tubes were incubated at 37°C for 15 minutes in an incubator. After the incubation,
C tubes were centrifuged at 800 rpm for 1 minute to collect the samples at the bottom.
SmartStrainers (70 pm) were placed for each brain on 50 ml falcon tubes and
SmartStrainers were moistened using 3 ml of cold D-PBS. Centrifuged brain tissues were
mixed by pipetting and they were taken from a C tube and applied to the SmartStrainers.
10 ml of cold D-PBS was put into the C tubes to collect all homogenized brain tissue, C
tubes were shaken and it was applied onto the SmartStrainers. After the liquid phase
completely passed through the strainer, the cell suspensions collected in a 50 ml falcon
tube were centrifuged at 300 xG for 10 minutes at 4°C, and supernatants were completely
removed from the falcon tubes. The cell debris removal step was proceeded using cell

pellets.
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2.3.2. Cell Debris Removal

Cell pellets were gently resuspended with 1550 pul cold D-PBS, cell suspensions
were transferred to 15 ml falcon tubes and 450 pl cold Debris Removal Solution also was
added to 15 ml falcon tubes. Cell suspension and cold Debris Removal Solution were
mixed gently by pipetting up and down. 450 ul cold D-PBS was also overlayed gently on
the mixture. Falcon tubes were centrifuged at 3000xG for 10 minutes at 4°C with full
acceleration and brake. Three phases had formed after centrifugation and the top two
phases are completely removed from the falcon tubes. The bottom phase containing
falcon tubes was filled up with 15 ml with cold D-PBS and falcon tubes were inverted 4-
5 times very carefully. Then, the falcon tubes were centrifuged at 1000 xG for 10 minutes
at 4°C with full acceleration and brake. Supernatants were completely discarded from the

falcon tubes. The procedure was followed with the Red Blood Cell Removal step.

2.3.3. Red Blood Cell Removal

1X Red Blood Cell Removal Solution was prepared by diluting the 10X Red
Blood Cell Removal Solution with double-distilled water (ddH-O) and cell pellets in the
15 ml falcon tubes were resuspended with 500 ul 1X Red Blood Cell Removal Solution
and cell suspension were incubated at 4°C for 10 minutes. PB buffer was prepared by
mixing MACS® BSA Stock Solution with cold D-PBS in a 1:20 ratio. After incubation,
5 ml of PB buffer was added to each falcon tube, falcon tubes were centrifuged at 300 XG

for 10 minutes at 4°C, and supernatants were completely aspirated after the centrifuge.

2.3.4. Magnetic Separation of Neuron and Non-neuron Cells

The remaining cell pellets were resuspended with PB buffer. 20 ul Non-neuronal
cell biotin antibody cocktail was added onto the resuspended cell pellets, then the samples
were incubated at 4°C for 10 minutes. PB buffer was added so that the total volume was
500 pl. After this stage, the magnetic separation section was followed. LS columns were
placed in a magnetic field by MACS Magnetic MultiStrand (magnetic separator) and

washed with 3 ml of PB buffer. Cell mixtures were loaded onto the columns and the
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flowing solutions were collected. The columns were washed with 2x1 ml of PB buffer
and combined with the eluted solution from the previous step. The columns were
separated from the magnetic separator and placed under 15 ml of the falcon, and glia cells
were collected with a syringe by adding 3 ml of PB buffer. Supernatants were removed
after the collected samples were centrifuged at 800 rpm for 10 minutes. Remaining cell
pellets were resuspended with 100 ul Dublecco’s Modified Eagle Medium (DMEM,
Gibco, 12491015) containing 10% Fetal Bovine Serum (FBS, Gibco, A4766801) and 1%
Penicillin-Streptomycin (Pen-Strep, Gibco, 15140122). Finally, the resuspended
neuroglia cells were seeded as primary cells into a T25 cell culture flask (Greiner,
690160) containing 5 ml of DMEM (10% FBS, 1% Pen-Strep). Resuspended cells were
incubated for 2 days at Thermo Scientific™ Midi 40 CO2 Incubator (ThermoFisher
Scientific, 3403) with the conditions of 5% CO., 37°C and 75% humidity to wait for the
cells to recover from the stress condition and show their morphology. After 2 days, the
cells were immortalized by following the steps which are explained in detail in section
2.5.

2.4. Fibroblast Cell Line Generation

40-days old CathA*"* and CathAS*** mice which were used in neuroglia isolation
were used to establish fibroblast cell lines. Thus, both fibroblast and neuroglia cell lines
were established from the same mice and two isolation protocols were applied
simultaneously. After the mice were killed with cervical dislocation, the skin sample was
first cleaned with 70% alcohol in rats whose chest hair was shaved. A 1 cm? biopsy
sample was taken from the shaved skin surface and the biopsy sample was cut into small
pieces using a scalpel. Well-shredded mouse skin pieces were placed in a T25 cell flask
containing 5 ml of DMEM (10% FBS, 1% Pen-Strep), and fibroblast cells were waited
to adhere to the flask surface by showing morphology for 2 days. At the end of 2 days,
the skin pieces were completely removed from the T25 cell flask, and the cells were
gently washed with 1X PBS. The cells were immortalized by following the steps which

are explained in detail in section 2.5.
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2.5. Immortalization of Neuroglia and Fibroblast Cells

Immortalization of primary cells is one of the most preferred experimental tools
because cells derived from animal or human tissues have a limited ability to divide and
therefore have a limited number of passages before entering the senescence and
senescence-related death stage. Previous studies, immortalized cells; demonstrate that
primary cells can maintain their shape, properties, and function and can replace primary
cells to provide suitable and reliable experimental materials for basic scientific research,
clinical treatments, bioengineering pharmaceuticals, and vaccine studies (Guo et al.,
2022).

The packaging cell line, named as PA317 LXSN 16E6E7 (ATCC, CRL2203),
was used for the immortalization of primary CathA** and CathAS'*°* fibroblast and
neuroglia cells. This cell line was obtained by introducing a retrovirus vector,
pPLXSN16EG6E?7, into the Psi-2 ecotrophic cell line. Packaging cells containing the vector
were grown at a concentration of 50-75% in antibiotic-free media. The culture medium
was collected from these cells and passed through a 0.45 um filter and diluted at the
suggested ratio by the manufacturer. Then, 8 ug/ml polybrene (Sigma-Aldrich, TR-1003)
was added to the final. The virus/polybrene solution was added to primary fibroblast and
neuroglia cells obtained from mice and incubated for 2 hours at 37°C. Then, the polybrene
was added to the DMEM solution at a final 4 ug/ml and incubated for another 5 hours.
Cells were seeded at various dilutions and selected for 10 days by adding geneticin
(Gibco, 10131027) to DMEM (10% FBS, 1% Pen-Strep).

2.6. Cell Culture Treatments

Immortalized CathA** and CathAS'A fibroblast and neuroglia cells were grown
in an incubator at 37°C, 5% CO2, and 75% humidity. DMEM (10% FBS, 1% Pen-Strep)
was removed during the passage, and after the cells were washed with 1X PBS, 1ml of
0.25% (w/v) trypsin-0.53mM EDTA (ThermoFisher Scientific, 25200056) solution was
added to them and incubated at 37°C for about 5 minutes. The cells detached from the
surface were centrifuged at 800 rpm for 5 minutes by adding 3 ml of DMEM (10% FBS,
1% Pen-Strep) on them. Cells were diluted at certain ratios and continued to be grown in
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T75 cell culture flasks (Greiner, 658170) adding 10-12 ml of DMEM (10% FBS, 1% Pen-
Strep) in an incubator at 37°C, 5% CO2, and 75% humidity. During culture, DMEM (10%
FBS, 1% Pen-Strep), was renewed every 2-3 days. After the cells reached 70%
confluency, they were grown in 100 mm? cell culture dishes (Greiner Cellstar®, 664160)
under different treatment conditions, separately for each cell type and each genotype for
molecular biological analysis. The treatment conditions to the cells were as follows: (i)
non-treated condition (None), (ii) Rapamycin treatment for 1 hour with a final
concentration of 200 nM (Rapamycin), (iii) incubation with starvation medium EBSS
for 2 hours (Starvation) and (iv) During the incubation with EBSS medium for 2 hours,
Rapamycin is added to the EBSS medium at the end of the first 1 hour, with a final
concentration of 200 nM (Starvation-Rapamycin). For rapamycin treatment, 1M stock
Rapamycin (Enzo Life Sciences, BML-A275-0005) solution dissolved in 100% DMSO
(ThermoFisher Scientific, 85190) was added into DMEM or EBSS medium at a ratio of
1:5000 to 200 nM.

2.7. Real-Time PCR (RT-PCR)

Protocol for RT-PCR was performed by following the isolation of RNA, synthesis
of cDNA, and RT-PCR steps, respectively.

2.7.1. Isolation of RNA

1 mL GeneZol (GeneAid) was added into the falcon tubes which separately
contained none-treated, rapamycin-treated, starvation medium incubated, and rapamycin-
treated after starvation medium incubated CathA*™* and CathAS!®A fibroblast and
neuroglia cell pellets harvested from 100 mm? flasks, and incubated for 5 minutes at room
temperature. At the end of the incubation, samples were transferred into the 1.5 mL
eppendorf tubes, 200 ul chloroform was added into each eppendorf tube, the samples
containing eppendorf tubes were shaken gently for 3-4 times and samples were incubated
at room temperature for 2 minutes. The samples were centrifuged at 15000 rpm for 15
minutes at +4°C for phase separation. After the centrifuge was completed, RNA

containing the colorless upper phase was taken into new 1.5 mL eppendorf tubes
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containing 500 ul isopropanol for the precipitation of RNA, mixture in the new eppendorf
tubes was pipetted several times, incubated for 10 minutes at room temperature and the
samples were centrifuged at 15000 rpm for 10 minutes at +4°C. After the centrifugation,
the supernatant was completely removed and 1 ml 70% ethanol was put on the remaining
pellets for the washing. The eppendorf tubes were carefully and briefly vortexed and
centrifuged at 7500 rpm for 5 minutes at +4°C. Alcoholic supernatant was discarded and
RNA pellet containing eppendorfs were air-dried for 5-10 minutes at 55°C. For the
resuspension of the RNA pellets, 50-100 ul RNase-free water was put into the eppendorf
tubes and the eppendorf tubes were incubated in water-bath at 55°C for 15 minutes to
completely dissolve RNA. RNA concentrations of the samples were measured in
NanoDrop Spectrophotometer (ND-1000).

2.7.2. Synthesis of cDNA

RNA samples were converted to cDNAs using a cDNA Synthesis Kit (Abcam).
The reaction mixture was prepared so that 50 ng/ul of cDNA was obtained from each
sample at the end of the reaction according to the manufacturer’s instructions. Novo
RTase (200 unit/ul), 5X RT Buffer, dNTPs (10mM), random primers (10uM), and
calculated volume of RNA and water depending on the concentration of RNAs for each
sample were included in the reaction mixture with a total volume of 20 ul. cDNA
converting reaction conditions were as follows: 1X cycle at 25°C for 10 minutes, 1X
cycle at 55°C for 15 minutes and 1X cycle at 72°C for 5 minutes.

To check whether the RNAs were successfully converted to cDNA, normal PCR
for GAPDH was set up in each of the samples from the cDNA conversion reaction. PCR
mixture for the GAPDH gene was as follows: 50 ng of cDNA, forward and reverse
primers for GAPDH (0.8 mM), dNTP mix (10 mM), 1X buffer including MgCl> and 2
units of Invitrogen Taq DNA Polymerase (ThermoFisher) with a total volume of 25 pl of
reaction. GAPDH PCR reaction was run in the conditions that 1X cycle at 95°C for 2
minutes; 30X cycles at 95°C for 20 seconds, at 65°C for 15 seconds, at 72°C for 20
seconds; 1X cycle at 72°C for 3 minutes. After the PCR, the sample’s reaction products

were subjected to agarose gel electrophoresis in 1% agarose gel at 95 volts for 35 minutes.
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2.7.3. RT-PCR

Roche LightCycler® 96 System with Roche LightCycler 480 SYBR Green |
Master Mix were used for calculation and measurement of relative expression levels of
genes which were listed in Table 2.2 with their product length sizes. Forward and reverse
primers (0.4 uM), 1X Roche LightCycler 480 SYBR Green | Master Mix, and 75 ng
cDNA were added to the reaction tube to measure each gene’s relative expression pattern
with a total volume of 20 ul of reaction. RT-PCR reaction conditions were as follows: 1X
cycle at 95°C for 10 minutes; 45X cycles at 95°C for 20 seconds, at 58°C for 20 seconds,
at 72°C for 20 seconds. This reaction was repeated 3 times for each sample and the
average level of gene expression in each sample was measured by averaging the 3 results.
These gene expression levels were normalized to the GAPDH gene, which is a
housekeeping gene, and so the gene expression ratio of each gene was obtained. Statistical

analyses were done using the Two-way ANOVA method on GraphPad Prism.

Table 2.2: Forward and reverse primers of autophagy-marker genes

Gene Primer Sequences Product Length
(bp)
Beclin-1 | F:5’-GAGGAGCAGTGGACAAAAGC-3’ 112 bp
R: 5’-CAAACATCCCCTAAGGAGCA-3’
ATG9 F:5’-GTGCTTATTGCCCTCACCAT-3’, 179 bp

R: 5’-GGCATGTAGTGGATGTGTGC-3”

ATG7 F: 5°-GTCGTCTTCCTATTGATGGACACC-3’ 93 bp
R: 5’-CAAAGCAGCATTGATGACCAGC-3’

p62 F: 5>-TGTGGAACATGGAGGGAAGAG-3’ 67 bp
R: 5’-TGTGCCTGTGCTGGAACTTTC-3’

LAMP2 | F: 5>-TAACATCAACCCTGCCACAA-3’ 176 bp
R: 5’-AAGCTGAGCCATTAGCCAAA-3’

GAPDH | F:5’-CCCCTTCATTGACCTCAACTAC-3’ 347 bp

R:5’-ATGCATTGCTGACAATCTTGAG-3’
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2.8. Western Blot

Isolation of proteins, Bradford assay, and SDS-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) steps were followed respectively for the Western Blot

method.

2.8.1. Isolation of Proteins

To obtain protein lysates from fibroblast and neuroglia cells treated in the above-
mentioned conditions, cell groups were homogenized in 100 pl RIPA buffer (TritonX100
(1%), NaCl (150 mM), Glycerol (10%), HEPES (50 mM), TrisBase (50 mM), PMSF
(1%, Sigma-Aldrich) and Protease inhibitor cocktail (1%, Sigma-Aldrich)), a protein lysis
solution, using a homogenizer. After the cell lysates were homogenized in RIPA solution,
they were kept on ice for 1 hour by vortexing every 10 minutes and centrifuged at 14000
rpm for 15 minutes at 0°C after 1 hour. After centrifugation, the supernatants containing
the proteins were transferred to new eppendorf tubes.

2.8.2. Bradford Assay

Bradford Assay was performed to determine the concentration of isolated proteins
from cell samples in ug/ul. The protein samples which were isolated from treated and
untreated fibroblast and neuroglia cell lines, were diluted in 1/100 ratio (4 ul protein
sample+396 ul dH-0). Diluted protein samples were put into the 96-well plate as 50 ul,
together with the BSA solutions prepared at different concentrations (100, 80, 40, 20, and
10 ng/ul), in order to obtain a standard curve. Then, 200 pl of Bradford Reagent (BioRad)
was added to the protein samples. After the samples were incubated with Bradford
Reagent for 10 minutes, absorbance values were measured at 595 nm wavelength in
Microplate Reader (BioRad). A standard curve graph was drawn using the absorbance
values of diluted BSA solutions at different concentrations, and the concentration of each

protein sample was calculated using the equation obtained from this standard curve graph.
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Finally, loading protein samples were prepared such that the amount of protein in each
sample was 20 pg by adding an appropriate amount of water and in 1/4 ratio of loading
dye containing glycerol (40%), Tris-HCI (ph 6.8, 240 mM), SDS (8%), Bromophenol
blue (0.04%) and B-mercaptoethanol (5%).

2.8.3. SDS-PAGE

Resolving gel (10%) was prepared that as shown in Table 2.3, and poured into
glasses that were clamped between plastic frames. 2 ml of isopropanol was added on top
of the resolving gel in order to prevent air gaps that may occur in the resolving gel. After
the resolving gel polymerized, the isopropanol was removed from the glasses, and the
stacking gel prepared as indicated in Table 2.3 was poured onto the resolving gel. In
addition, with the pouring of the stacking gel, suitable combs were placed between the
glasses to form the wells to be loaded. After the stacking gel frozen and polymerized, the
inserted comb was removed from between the glasses, and the glass was separated from
the plastic frames and placed in the tank containing the running buffer containing
TrisBase (0.25 M), Glycine (1.92 M) and SDS (1%). Previously prepared loading protein
samples were boiled at 95°C for 10 minutes and loaded into the wells with the protein
ladder (BioRad). Loaded protein samples were run at 120V until switching from stacking
gel to resolving gel. After the protein samples were transferred to the stacking gel, they
were separated by running for approximately 90 minutes. Proteins run in SDS-PAGE
were transferred to the nitrocellulose membrane (BioRad) in the transfer chamber within
the transfer sandwich. Proteins in the transfer cassette filled with pH 9.2 transfer buffer
which consisted of TrisBase (48 mM), glycine (39 mM), and methanol (20%) were
transferred at 250 mA for 75 minutes. After the completion of the transfer, the membranes
(blots) were incubated in the blocking solution (milk powder (5%) dissolved in 1X PBS-
T (0.005% Tween20)) for 1 hour at room temperature for blocking. After blocking, the
blots were washed 3 times for 5 minutes in 1X PBS.

The washed blots were then incubated at +4°C overnight with diluted primary
antibodies which were anti-LC3 (1:10000, Cell Signaling Technology, 2775S), anti-
SQSTM1/p62 (1:10000, Cell Signaling Technology, 16177) and anti-3-actin (1:10000,
Cell Signaling Technology, 13E5), dissolved in the red solution (Phenol Red (0.04%),
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NaAzide (0.02%), BSA (5%) in pH 7.5 1X PBS-T). The washed blots were then
incubated at +4°C overnight with diluted primary antibodies in the red solution (Phenol
Red (0.04%), NaAzide (0.02%), BSA (5%) in pH 7.5 1X PBS-T) which were anti-LC3
(1:2000, Cell Signaling Technology, 2775S), anti-SQSTM1/p62 (1:2000, Cell Signaling
Technology, 16177) and anti-B-actin (1:10000, Cell Signaling Technology, 13E5). The
next day, overnight incubated blots were washed 3 times for 5 minutes in 1X PBS.
Washing was followed by incubation of the blots for 1 hour at room temperature with the
HRP-conjugated secondary antibody (Jackson ImmunoResearch Lab)secondary
antibodies dissolved in the blocking solution used in the blocking process. After the
secondary antibody incubation, the blots were washed 3 times for 5 minutes and the
proteins were visualized using LuminataTM Forte Western HRP Substrate (Millipore) on
a computational imaging system (Fusion SL, Vilber Lourmat). This Western Blot
protocol was repeated 3 times for each cell line’s treated and non-treated samples and the
average level of proteins in each sample was measured by averaging the 3 results. LC3
and p62 protein levels were normalized to B-actin protein level which is an internal
loading control. Statistical analyses were done using the Two-way ANOVA method on

GraphPad Prism.

Table 2.3: Stacking and resolving gel ingredients for SDS-PAGE

5% Stacking Gel 10% Resolving Gel
3.5 ml dH20 5 ml dH20
1.5 ml pH 6.8, 1M Tris-HCI (Upper 3 ml pH 8.8, 1M Tris-HCI (Lower
Buffer) Buffer)
1 ml 30% Acrylamide-Bis (BioRad) 4 ml 30% Acrylamide-Bis (BioRad)
60 pul Ammonium persulfate 60 ul Ammonium persulfate
60 ul SDS 60 ul SDS
6 ul Tetramethylethylenediamine 6 ul Tetramethylethylenediamine

2.9. Immunocytochemistry (ICC)
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Immunocytochemistry (ICC) was performed for co-localize displaying of
autophagic flux in treated and untreated fibroblast and neuroglia cells together with LC3
and p62, which are proteins involved in autophagic machinery, and LAMP1 protein,
which is a lysosome marker. Fibroblast and neuroglia cells were seeded on a 24-well plate
on circular slides and treated under the above-mentioned conditions after appropriate
confluency. After the treatment times of the cells were completed, the medium was
removed from the wells, and the cells were washed 3 times for 5 minutes with 1X PBS.
Rinsed cells were incubated with 500 ul, paraformaldehyde (PFA, 4%, PFA dissolved in
1X PBS) for 1 hour for fixation. After fixation, cells were washed 5 times for 5 minutes
with 1X PBS to completely remove PFA. After that, cells were incubated for 30 minutes
with 500 pl TritonX100 (0.5%, TritonX100 dissolved in 1X PBS) for permeabilization.
Cells were then incubated with 500 pl blocking solution (Goat Serum (10%), BSA (4%),
TritonX100 (0.003%), glycine (0.3 M) dissolved in 1X PBS) for 1 hour at room
temperature to block non-specific binding. After blocking solution incubation, cells were
incubated overnight at 4°C with primary antibody solutions involving blocking solution
which were anti-LC3 (1:200, Cell Signaling Technology, 2775S)/anti-LAMP1 (1:500,
Abcam, ab24170) and anti-SQSTM1/p62 (1:200, Cell Signaling Technology, 16177)/
anti-LAMP1 (1:500, Abcam, ab24170). Cells were washed 3 times for 5 minutes with 1X
PBS the next day. Washing steps were followed by incubation of the cells for 1 hour at
room temperature with secondary antibodies (ab175476, Alexa Fluor®-568 and
ab150077 Alexa Fluor®-488) involving blocking solution, and later on, cells were
washed 3 times for 5 minutes with 1X PBS. The slides with treated and non-treated
fibroblast and neuroglia cells were mounted with Fluoroshield mounting medium DAPI
(Abcam). Cell images were obtained using a fluorescent microscope (Olympus BX53)
under the appropriate wavelength of each protein and co-localization analysis of green
and red fluorescences were processed using ImageJ. Statistical analyzes were performed
using the Two-way ANOVA method in terms of "protein intensity/cell” by dividing the

fluorescent green and red fluorescence by the number of cells in the image.
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CHAPTER 3

RESULTS

3.1. Genotyping of Mice

PCR was performed to detect wild-type and knock-in mutant alleles. Wild-type
(CathA*"™), knock-in mutant (CathASI®AS1904) “and heterozygote (CathA*S1%A) mice
were genotyped depending on the amplified PCR products.

cl
(>N
A
n g
N NS
500 bp
350 bp
250 bp 250 bp
— 100 bp

Figure 3.1. AGE image of PCR amplifications of Ctsa gene which was Ndel digested.
ScreenF and ScreenR primers generated a 350-bp single fragment in CathA**
mice; 350-,250- and 100-bp fragments in heterozygous CathA*/S*%0A mice:

250- and 100-bp fragments in homozygous CathAS!%0AS190A mijce,

3.2. Autophagic Machinery Analysis

To investigate whether there is an alteration in autophagic machinery and flux in
fibroblast and neuroglia cells of catalytically inactive knock-in CathA mouse model,

CathAS®A through gene and protein expression analysis were done. RT-PCR, Western
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Blot, and Immunocytochemistry methods were performed to analyze autophagic flux
with autophagy markers which are Beclin-1, ATG9, ATG7, p62, and LAMP2 in gene
expression and LC3, p62, and LAMP1 in protein expression.

3.2.1. RT-PCR

Quantitative RT-PCR was performed to see the alterations in gene expression
levels of autophagic marker genes. Beclin-1, ATG9, ATG7, p62, and LAMP2 relative gene
expression levels were measured and analyzed in neuroglia and fibroblast cells of
CathA*"* and CathAS'*** mice
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Figure 3.2. Relative gene expression ratios of autophagy marker genes of CathA*"* and
CathAS™®® mice derived neuroglia cells in non-treated (none) and autophagy-
inducing  treatment  conditions  (Rapamycin,  Starvation, and
Rapamycin+Starvation). Gene expression levels of Beclin-1 (A), Atg9 (B),
Atg7 (C), p62 (D), and LAMP2 (E) were normalized to the GAPDH gene.
(n=3;*p<0,05,**p<0,01,***p<0,001,****p<0,0001) Expression ratios were
calculated by ACT method and 2-way-ANOVA analysis was used to

determine p-values via GraphPad Prism.
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Beclin-1 gene expression level was significantly increased in non-treated (None)
CathAS® neuroglia cells compared to non-treated (None) CathA*™* neuroglia cells.
Beclin-1 expression level of CathA** neuroglia cells significantly increased after the
Starvation condition compared to non-treated (None) CathA** neuroglia cells, while no
significant change in Beclin-1 expression level was detected in Rapamycin and
Rapamycin+Starvation conditions. On the other hand, all the autophagy-inducing
conditions which were Rapamycin, Starvation, and Rapamycin+Starvation, led to a
significant increase in Beclin-1 expression level of CathAS®%A neuroglia cells compared
to non-treated (none) CathAS%°” neuroglia cells (Figure 3.2.A).

In the perspective of Atg9 gene expression level, a significant increase was seen
in CathAS*%A neuroglia cells, compared to CathA** neuroglia cells in non-treated (None)
condition. Among the autophagy-inducing treatment conditions, only the Starvation
condition resulted in a statistically significant increase in Atg9 expression in CathA**
neuroglia cells, whereas all autophagy-inducing treatment conditions which were
Rapamycin, Starvation, and Rapamycin+Starvation, resulted in a significant decrease in
Atg9 expression in CathAS'*% neuroglia cells (Figure 3.2.B).

Atg7 gene expression level was also significantly increased in non-treated (None)
CathAS® neuroglia cells compared to non-treated (None) CathA** neuroglia cells. No
significant change in the Atg7 gene expression level of CathA** neuroglia cells was seen
in autophagy-inducing treatment conditions which were Rapamycin, Starvation, and
Rapamycin+Starvation.  In  CathAS!®*  neuroglia  cells, Rapamycin  and
Rapamycin+Starvtion conditions significantly increased the Atg7 gene expression level
compared to non-treated (None) CathAS!®* neuroglia cells, while no significant
difference was detected in the Atg7 gene expression level in Starvation condition. (Figure
3.2.C).

p62 gene expression level was significantly high in non-treated (None) CathAS1%A
neuroglia cells, compared to non-treated (None) CathA** neuroglia cells. When
autophagy-inducing treatment conditions were applied to CathA*"* neuroglia cells, the
p62 gene expression level was significantly increased only in the Starvation condition,
while it showed insignificant increases in the other treatment conditions which were
Rapamycin and Rapamycin+Starvation, compared to their non-treated (None) condition.
On the other hand, autophagy-inducing conditions were applied to the catalytically
inactive CathAS neuroglia cells, it was determined that the p62 gene expression level

increased in all conditions compared to the untreated conditions. (Figure 3.2.D).
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LAMP2 gene expression level was significantly increased in non-treated (None)
CathAS® neuroglia cells compared to non-treated (None) CathA*™* neuroglia cells.
None of the autophagy-inducing conditions resulted in a statistically significant change
in the gene expression level of LAMP2 in CathA** and CathAS*®®* neuroglia cells.
Nevertheless, the gene expression level of LAMP2 slightly increased in Rapamycin and
Starvation conditions in CathA*"* neuroglia cells and slightly decreased in Rapamycin
and Rapamycin+Starvation conditions in CathAS®%A neuroglia cells (Figure 3.2.E).

To summarize in general, according to the quantitative RT-PCR results we have
done; It was found that the gene expression levels of the autophagy-related genes Beclin-
1, Atg9, Atg7, p62, and LAMP2 were significantly increased in non-treated CathAS!%4
neuroglia cells compared to non-treated CathA*'* neuroglia cells. Subsequently, various
alterations were seen in CathAS!*%*and CathA** neuroglia cells after both cell types were
treated with autophagy-inducing conditions which were Rapamycin, Starvation, and
Rapamycin+Starvation (Figure 3.2).
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Figure 3.2. Relative gene expression ratios of autophagy marker genes of CathA** and

CathAS®% mice derived fibroblast cells in non-treated (none) and autophagy-

inducing  treatment  conditions  (Rapamycin,  Starvation, and
Rapamycin+Starvation). Gene expression levels of Beclin-1 (A), Atg9 (B),
Atg7 (C), p62 (D), and LAMP2 (E) were normalized to the GAPDH gene.
(n=3;*p<0,05,**p<0,01,***p<0,001,****p<0,0001) Expression ratios were
calculated by ACT method and 2-way-ANOVA analysis was used to

determine p-values via GraphPad Prism.
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Non-treated (none) CathA*™* mouse-derived fibroblast cells’ expression level of
the Beclin-1 gene was significantly increased compared to CathAS®® mouse-derived
fibroblast cells’ Beclin-1 gene expression level. The gene expression level of Beclin-1 in
CathA*"* fibroblast cells decreased significantly only in Rapamycin+Starvation condition
among autophagy-inducing conditions compared to non-treated (none) condition, while
a statistically insignificant decrease was determined in Rapamycin and Starvation
conditions. In catalytically inactive CathAS% fibroblast cells, while the Beclin-1 gene
expression level did not significantly change after any autophagy-inducing treatment
compared to the non-treated (None) condition, there was an insignificant increase in the
Starvation condition and an insignificant decrease in the Rapamycin+Starvation
condition (Figure 3.3.A).

The expression level of the Atg9 gene was significantly increased in non-treated
(none) CathA*'* fibroblast cells compared to non-treated (none) CathAS*®°A fibroblast
cells. Rapamycin and Rapamycin+Starvation treatments led to a significant decrease in
the gene expression level of Atg9 in CathA*'* fibroblast cells compared to non-treated
(None) condition and in the meantime, a slight but not statistically significant decrease in
the gene expression level of Atg9 in CathA*'* fibroblast cells after Starvation treatments
was seen. On the other hand, the Atg9 gene expression level of CathAS fibroblast cells
significantly increased with Rapamycin+Starvation treatment and the expression level of
Atg9 slightly but insignificantly decreased after Rapamycin and Starvation treatment
conditions (Figure 3.3.B).

Atg7 gene expression level of non-treated (None) CathA** fibroblast cells was
significantly high compared to non-treated (None) CathAS'®A fibroblast cells. Rapamycin
and Rapamycin+Starvation autophagy-inducing treatments resulted in a statistically
significant decrease in the expression level of the Atg7 gene in CathA*'* fibroblast cells
compared to the non-treated (none) condition, while the Starvation treatment condition
resulted in slight but not significant decrease of the expression level of Atg7 gene in
CathA*'* fibroblast cells compared to non-treated (none) condition. The gene expression
level of Atg7 of CathAS'®® fibroblast cells significantly changed by increasing only after
Rapamycin treatment condition among the autophagy-inducing conditions compared to
non-treated CathAS!% fibroblast cells (Figure 3.3.C).

In non-treated (none) CathA*"* fibroblast cells, compared to non-treated (None)
catalytically inactive CathAS'* fibroblast cells, the gene expression level of p62 was

significantly increased. Starvation treatment led to statistically significant increased p62
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gene expression level in CathA** fibroblast cells compared to non-treated (None)
condition; Rapamycin and Rapamycin+Starvation conditions did not significantly change
the gene expression level of p62 in CathA** fibroblast cells. The p62 gene expression
level in CathAS!®® fibroblast cells was not changed by Rapamycin treatment compared
to the non-treated condition but increased significantly under the Starvation and
Rapamycin+Starvation treatment conditions (Figure 3.3.D).

The expression level of the LAMP2 gene in non-treated (None) CathA*"*

fibroblast cells was also significantly high compared to non-treated (None) CathASL%A
fibroblast cells. Only the Starvation treatment condition significantly increased the gene
expression level of LAMP2 in CathA*™* fibroblast cells compared to the non-treated
(None) condition. None of the autophagy-inducing treatment conditions which were
Rapamycin, Starvation, and Rapamycin+Starvation, did not affect significantly the
expression level of the LAMP2 gene in CathAS® fibroblast cells compared to the non-
treated (None) condition (Figure 3.3.E).
In summary, according to quantitative RT-PCR results and analyses; It was determined
that the expression levels of Beclin-1, Atg9, Atg7, p62, and LAMP2 genes, which are
known to be genes associated with autophagic flux, were significantly higher in non-
treated CathA*'* fibroblast cells compared to non-treated (None) CathAS®A fibroblast
cells. In these autophagy-related gene levels of both cell groups, after treatment with
autophagy-inducing conditions, alterations were detected compared to their non-treated
states (Figure 3.3).

3.2.2. Western Blot

Western Blot analyses for autophagy marker LC3 and p62 proteins were

performed for CathA*"* and CathAS'®®A mice-derived neuroglia and fibroblast cells.
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Figure 3.4. The representative Western Blot analysis for autophagy detection of CathA*'*

and CathAS neuroglia cells in non-treated (None) and autophagy-inducing
Rapamycin (Rapa), Starvation (Stv) and Rapamycin+Starvation (Rapa+Stv)
conditions. (A) Immunoblot analyses of LC3 and B-actin proteins, (B)
immunoblot analyses of p62 and B-actin proteins, (C) densitometric analysis
graph of LC3-II protein intensities which were normalized to B-actin
intensities and (D) densitometric analysis graph of p62 protein intensities
which were normalized to B-actin intensities. 3-actin was used as an internal
loading  control. (n=3;*p<0,05,**p<0,01,***p<0,001,****p<0,0001)
Immunoblot gel images were processed using ImageJ, and the Two-way

ANOVA analysis method was used to determine p-values via GraphPad Prism.
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The anti-LC3 antibody (1:10000, Cell Signaling Technology, 2775S) which was
used in our Western Blot analysis, indicated LC3-1, the cytosolic form of LC3, and LC3-
I1, the autophagosome-linked form of LC3 (Feng et al., 2014; Mizushima et al., 2011;
Tanida et al., 2004).

LC3-II protein level of non-treated (None) CathAS®®A neuroglia cells was
determined as significantly increased compared to non-treated (None) CathA** neuroglia
cells. In CathA** neuroglia cells, under autophagy-inducing  Starvation and
Rapamycin+Starvation, the LC3-I1 protein level was statistically significantly decreased
compared to the non-treated (none) condition, while no change in LC3-I1 protein level
was observed after Rapamycin treatment. LC3-1l, which was found to accumulate
significantly in non-treated (None) CathAS'®®A neuroglia cells compared to non-treated
(None) CathA** neuroglia cells, was significantly decreased under all autophagy-
inducing treatment conditions, however, there was no significant change in increased
LC3-I1 protein level after Rapamycin treatment (Figure 3.4.A and C).

When CathAS'®® and CathA*"* neuroglia cells were compared in terms of p62
protein levels, the p62 protein level of non-treated (None) CathAS!%* neuroglia cells was
found to be significantly higher than non-treated (None) CathA** neuroglia cells. While
none of the autophagy-inducing Rapamycin, Starvation, and Rapamycin+Starvation
treatment conditions led to significant change in the protein level of p62 in CathA**
neuroglia cells compared to non-treated (None) condition, there was a slightly decreased
p62 protein level in Rapamycin treatment and slightly increased p62 protein level in
Starvation and Rapamycin+Starvation condition compared to non-treated (None)
condition. In catalytically inactive CathAS'®%A neuroglia cells, increased p62 protein level
was statistically significantly reduced after autophagy-inducing Rapamycin, Starvation,
and Rapamycin+Starvation treatment conditions compared to non-treated (None)
condition (Figure 3.4.B and D).
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Figure 3.5. The representative Western Blot analysis for autophagy detection of CathA*'*

and CathAS™® fibroblast cells in non-treated (None) and autophagy-inducing
Rapamycin (Rapa), Starvation (Stv) and Rapamycin+Starvation (Rapa+Stv)
conditions. (A) Immunoblot analyses of LC3 and B-actin proteins, (B)
immunoblot analyses of p62 and B-actin proteins, (C) densitometric analysis
graph of LC3-II protein intensities which were normalized to B-actin
intensities and (D) densitometric analysis graph of p62 protein intensities
which were normalized to B-actin intensities. 3-actin was used as an internal
(n=3;*p<0,05,**p<0,01,***p<0,001,****p<0,0001)

Immunoblot gel images were processed using ImageJ, and the Two-way

loading  control.

ANOVA analysis method was used to determine p-values via GraphPad Prism
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As in neuroglia cell lines, the LC3-Il protein level of non-treated (None)

CathAS® fibroblast cells was significantly higher compared to non-treated (None)
CathA*'* fibroblast cells. When control cells were treated under autophagy-inducing
conditions, the LC3-11 protein level was significantly reduced under Starvation and
Rapamycin+Starvation conditions compared to the non-treated (None) condition, while
a statistically insignificant decrease was observed after Rapamycin treatment. On the
other hand, LC3-I1 protein level in CathAS!®A fibroblast cells was also significantly
decreased under Starvation and Rapamycin+Starvation conditions, compared to the non-
treated (None) condition, while there was no statistically significant change in the
Rapamycin treatment condition (Figure 3.5.A and C).
The p62 protein level of non-treated (None) CathAS*®* fibroblast cells was significantly
increased compared to non-treated (None) CathA** fibroblast cells. The autophagy-
inducing conditions Rapamycin, Starvation, and Rapamycin+Starvation treatments
resulted in a statistically insignificant reduction in p62 protein levels of control cells
compared to the non-treated (None) condition. The accumulated p62 protein level in
CathAS™®* fibroblast cells was statistically significantly decreased in all autophagy-
inducing conditions compared to non-treated (None) condition of CathAS*® fibroblast
cells (Figure 3.5. B and D).

3.2.3. Immunocytochemistry (ICC)

Immunocytochemical analyses were performed to determine whether the
autophagy mechanism is affected in the absence of the catalytic activity of the lysosomal
Cathepsin A enzyme and, if so, to determine the accumulation of secondary autophagic
substrates. Immunostaining and co-localized analysis of autophagy-related LC3-LAMP1
and p62-LAMP1 proteins were done in CathA*'* and CathAS'°®A mice-derived neuroglia

and fibroblast cells.
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Figure 3.6. (A) Immunostaining of LC3 and LAMP1 proteins in CathA*"* and CathAS1%4
neuroglia cells. (B) LC3 (green fluorescent signals) protein intensity/cell
graph. (C) LAMPL1 (red fluorescent signals) protein intensity/cell graph.
Images were taken at 100X magnification by using the same light intensity
differing only in fluorescent filter type. Fluorescent signals of proteins were
measured by using ImageJ and the Two-way ANOVA analysis method was
used to determine p-values (*p<0,05,**p<0,01,***p<0,001,****p<0,0001).

It was determined that LC3 and LAMP1 protein intensity levels were significantly
higher in non-treated (None) neuroglia cells isolated from catalytically deficient
CathAS®A mice compared to non-treated (None) CathA*"* neuroglia cells isolated from
age-matched CathA** mouse (Figure 3.6.A, B and C).

While autophagy-inducing Rapamycin, Starvation, and Rapamycin+Starvation
conditions did not cause a statistically significant decrease, compared to non-treated
(none) condition, in LC3 protein intensity level of CathA*"* neuroglia cells which was
reflected by protein-specific fluorescent signals, there was a slight increase after
Rapamycin treatment and a slight decrease after Starvation and Rapamycin+Starvation
conditions. In CathAS™% neuroglia cells, compared to the non-treated (None) condition,
the LC3 protein intensity level was found to be significantly reduced after Starvation and
Rapamycin+Starvation treatment conditions, but no change was observed in the LC3
protein intensity level of CathAS!®” neuroglia cells after the Rapamycin treatment
condition (Figure 3.6.A and B).

The intensity level of LAMP1 protein, which was used as a lysosome marker, in
CathA** neuroglia cells increased in all autophagy-inducing treatment conditions
compared to non-treated (None) condition, but these increases were not statistically
significant. On the other hand, the LAMP1 protein intensity level in CathAS**A neuroglia
cells was also decreased in all autophagy-inducing treatment conditions compared to the
non-treated (None) condition, while the decrease in LAMP1 protein intensity level after
only the Rapamycin+Starvation condition was statistically significant (Figure 3.6.A and
C).
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Figure 3.7. (A) Immunostaining of p62 and LAMP1 proteins in CathA*'* and CathAS1%A
neuroglia cells. (B) p62 (green fluorescent signals) protein intensity/cell
graph. (C) LAMPL1 (red fluorescent signals) protein intensity/cell graph.
Images were taken at 100X magnification by using the same light intensity
differing only in fluorescent filter type. Fluorescent signals of proteins were
measured by using ImageJ and the Two-way ANOVA analysis method was
used to determine p-values (*p<0,05,**p<0,01,***p<0,001,****p<0,0001).

The p62 protein intensity level of non-treated (None) CathAS!*4 neuroglia cells
was significantly high compared to non-treated (None) CathA** neuroglia cells.
Autophagy-inducing Starvation and Rapamycin+Starvation treatment conditions resulted
in a significant decrease in the p62 protein intensity level of CathA*"* neuroglia cells
compared to non-treated condition. On the other hand, the protein intensity level of p62
significantly reduced in all of the autophagy-inducing conditions which were Rapamycin,
Starvation, and Rapamycin+Starvation treatments, in CathAS®® neuroglia cells
compared to non-treated (None) condition (Figure 3.7. A and B).

In non-treated (None) CathAS!%* neuroglia cells the LAMP1 protein intensity
level was also significantly increased compared to non-treated (None) CathA*'* neuroglia
cells. It was determined that the LAMP1 protein intensity levels of CathA** neuroglia
cells significantly increased after Starvation and Rapamycin+Starvation autophagy-
inducing treatment conditions compared to non-treated (None) condition. As a contrast,
the LAMP1 protein intensity level of CathAS!®®A neuroglia cells was significantly
decreased with Starvation and Rapamycin+Starvation treatment conditions compared to

its non-treated (None) condition (Figure 3.7. A and C).
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Figure 3.8. (A) Immunostaining of LC3 and LAMP1 proteins in CathA*'* and CathAS!®*
fibroblast cells. (B) LC3 (green fluorescent signals) protein intensity/cell
graph. (C) LAMPL1 (red fluorescent signals) protein intensity/cell graph.
Images were taken at 100X magnification by using the same light intensity
differing only in fluorescent filter type. Fluorescent signals of proteins were
measured by using ImageJ and the Two-way ANOVA analysis method was
used to determine p-values (*p<0,05,**p<0,01,***p<0,001,****p<0,0001).

The LC3 protein intensity level of non-treated (None) CathAS*® fibroblast cells
was significantly increased compared to non-treated (None) CathA** fibroblast cells.
The level of LC3 protein intensity in CathA** fibroblast cells was significantly increased
in the Starvation treatment condition compared to the non-treated (None) condition and
statistically significantly decreased in the Rapamycin+Starvation treatment condition.
There was no difference in LC3 protein intensity level in CathA*'* fibroblast cells treated
with the rapamycin condition. On the other hand, the LC3 protein intensity level of
CathAS!%A fibroblast cells decreased significantly compared to non-treated (None)
condition after all autophagy-inducing treatment conditions (Figure 3.8.A and B).

As a result of the immunocytochemical staining and analyses we performed, it
was observed that the intensity level of LAMP1 protein, which is a lysosome marker
protein, increased significantly in non-treated (None) CathAS!* fibroblast cells
compared to non-treated (None) CathA*'* fibroblast cells. After all autophagy-inducing
treatment conditions, it was determined that the LAMP1 protein intensity level in
CathA*'* fibroblast cells was significantly increased compared to the non-treated (none)
condition. The LAMP1 protein intensity levels of CathAS!%A fibroblast cells were
significantly reduced after the Rapamycin and Rapamycin+Starvation treatment
conditions compared to the non-treated (none) condition, but did not change significantly

after the Starvation treatment condition (Figure 3.8.A and C).
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Figure 3.9. (A) Immunostaining of p62 and LAMP1 proteins in CathA** and CathAS1®%A
fibroblast cells. (B) p62 (green fluorescent signals) protein intensity/cell
graph. (C) LAMPL1 (red fluorescent signals) protein intensity/cell graph.
Images were taken at 100X magnification by using the same light intensity
differing only in fluorescent filter type. Fluorescent signals of proteins were
measured by using ImageJ and the Two-way ANOVA analysis method was
used to determine p-values (*p<0,05,**p<0,01,***p<0,001,****p<0,0001).

The p62 protein intensity level of non-treated (None) CathAS'* fibroblast cells
was significantly high compared to non-treated (None) CathA** fibroblast cells. The
level of p62 protein intensity in CathA** fibroblast cells after Rapamycin and
Rapamycin+Starvation treatment conditions was significantly reduced compared to the
non-treated (None) condition, while there was no statistically significant change after the
Starvation treatment condition. After the autophagy-inducing Rapamycin, Starvation, and
Rapamycin+Starvation conditions, the p62 protein intensity level of CathAS°A fibroblast
cells was statistically reduced compared to the non-treated (none) condition (Figure 3.9.A
and B).

Non-treated (none) CathAS! fibroblast cells’ LAMPI protein intensity level
was significantly increased rather than the LAMP1 protein intensity level of non-treated
(none) CathA*'* fibroblast cells. After autophagy-inducing conditions were applied to
CathA*'* fibroblast cells, only the Rapamycin+Starvation treatment condition showed a
significant change, increasing the LAMP1 protein intensity level compared to the non-
treated (none) condition; there was an insignificant increase in the LAMP1 protein
intensity level of the CathA*'* fibroblast cells after the Rapamycin treatment condition,
while there was an insignificant increase in the LAMP1 protein intensity level of the
CathA*'* fibroblast cells after the Starvation treatment condition compared to non-treated
(none) condition. The LAMP1 protein intensity level of CathAS*®* fibroblast cells was
significantly decreased after autophagy-inducing Rapamycin and Rapamycin+Starvation
treatment conditions, there was an insignificant decrease with Starvation treatment

condition compared to non-treated (none) condition (Figure 3.9.A and C).

47



CHAPTER 4

DISCUSSION

Serine protease family member lysosomal Cathepsin A which is known as shortly
CathA or PPCA, is a multifunctional enzyme with distinct protective and catalytic
functions (Hiraiwa et al., 1999). It forms a lysosomal multienzyme complex (LMC) with
Neuraminidase-1 (Neul) and B-Galactosidase (3-Gal) enzymes to protect them from
hydrolytic degradation in the highly acidic lysosome. Also, it has a pivotal role in the
routing of the Neul enzyme to the lysosome and enzymatic activation and stabilization
of'the Neul enzyme (D’Azzo et al., 1982; Bonten et al., 2014). Lysosomal CathA enzyme
has carboxypeptidase activity at acidic pH values (4.5-5.5) and deamidase/esterase
activity at neutral pH values on the degradation of a group of short bioactive peptides
such as Endothelin-1, substance P and oxytocin (Jackman et al., 1990). Lysosomal
Cathepsin A plays a role in the hydrolytic inhibition of vasoactive peptides which are
endothelin-1, bradykinin, and angiotensin, and neuropeptides which are oxytocin and
substance P (Bonten et al., 2014).

CathAS!%A js a catalytically inactive knock-in Cathepsin A mouse model in which
serine on the aminoacid position of 190 was replaced with alanine as a point mutation.
CathAS!%A mouse model is only mutated in its catalytic function; the protective function
is preserved to form LMC with Neul and (-Gal enzymes (Seyrantepe et al., 2008). In
vivo role of lysosomal CathA enzyme on the degradation of short bioactive peptides was
firstly studied in the CathAS*®A mouse model: vasoactive and neuropeptides significantly
accumulate in the different tissues and serum of the 3- and 6-month-old CathAS'*** and
their WT littermates. Also, hippocampal accumulation of endothelin-1 and oxytocin
peptides were shown in 3-, 6- and 12-month-old CathAS%%A mice compared with age-
matched WT mice, and accumulation of these peptides was associated with several
cognitive inabilities in CathAS'*A mice.

Autophagy is an intracellular and lysosome-routed process for degradation and
recycling into the building blocks of lipids, proteins, nucleic acids, damaged or
superfluous organelles, etc. to maintain cellular homeostasis (Ichimiya et al., 2020).
Autophagy is mainly divided into the 3 subtypes which are macroautophagy,

microautophagy, and chaperone-mediated autophagy (CMA) and unless otherwise stated,

48



autophagy refers to macroautophagy. Unlike microautophagy and CMA, in the
macroautophagy pathway, the substrates to be degraded are transported to the lysosome
by double-membrane structures called "autophagosome™ and fuse the autophagosome
with the lysosome, resulting in the enzymatic hydrolyze of the cellular cargoes (Parzych
and Klionsky, 2014). Autophagic machinery is evolutionary conserved and tightly
regulated in eukaryotic cells (King, 2012). Autophagic machinery is initiated with
phagophore formation, elongated with complete closure of the autophagosome
membrane, and terminated with the fusion of autophagosome and lysosome to degrade
intracellular components (Yu et al., 2018; Sengul et al., 2023). Cuervo and her colleagues
have shown that Cathepsin A has a regulatory role on the CMA via hydrolyzing of the
Lamp2a which is a rate-limiting factor of CMA (Cuervo et al., 2003). In order to
understand whether the lysosomal Cathepsin A enzyme has a role in the regulation of the
autophagy mechanism in vitro, the autophagic flux in neuroglia and fibroblast cell lines
we established from the CathAS!%°A mouse, which is a mouse model with the catalytically
inactive Cathepsin A enzyme, were compared with CathA** mouse’ neuroglia and
fibroblast cell lines analyzing Western Blot, RT-PCR and Immunocytochemistry (ICC)
methods for the first time.

Beclin-1 is a member of the lipid kinase complex which is Beclin-1-Vps34-Vps35
and Beclin-1 has a role in the initiation of autophagy by inducing vesicle nucleation (Del
Grosso et al., 2019; Lee et al., 2015). Our gene expression analyses using the quantitative
RT-PCR method have shown that the gene expression level of Beclin-1 in CathAS!%A
neuroglia cells was significantly increased compared to CathA** neuroglia cells (Figure
3.2.A), while the Beclin-1 gene expression level in CathAS!A fibroblast cells was
significantly lower compared to CathA** fibroblast cells (Figure 3.3.A). In Pompe
disease, a lysosomal storage disease, analysis of muscle biopsy samples of patients has
shown that the Beclin-1 gene expression level is upregulated (Nascimbeni et al., 2012).
In the Hexa-/-Neu3-/- mouse, which is an early onset mouse model of Tay-Sachs disease,
the level of Beclin-1 gene expression was analyzed in 4 different brain regions (cortex,
cerebellum, thalamus, and hippocampus) of 2 and 5-month-old mice compared to age-
matched WT mice and it was shown that transcription level of Beclin-1 was both up and
downregulated in different brain region and different age of mice (Sengul et al., 2023).
The deficiency of catalytic activity of the lysosomal Cathepsin A enzyme causes
alterations in the transcriptional expression of the Beclin-1 gene by showing different

patterns in neuroglia and fibroblast cells which were established from the catalytically
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inactive CathAS*A mouse, compared to the CathA** neuroglia and fibroblast cells.
When autophagy-inducing Rapamycin, Starvation, and Rapamycin+Starvation
conditions were applied to CathAS'®® neuroglia cells, the increased Beclin-1 gene
expression level was significantly decreased in all autophagy-inducing conditions
compared to non-treated (None) CathAS%A neuroglia cells (Figure 3.2.A). Especially
after the Starvation treatment condition, Beclin-1 gene expression levels in CathAS19A
and CathA*™* neuroglia cells were found to be very close to each other ((Figure 3.2.A).
None of the autophagy-inducing conditions significantly altered the Beclin-1 gene
expression level of Cathepsin cells compared to the non-treated (None) condition, but the
Starvation treatment condition slightly increased the Beclin-1 gene expression level,
while the expression level of the Beclin-1 gene was slightly decreased after the
Rapamycin+Starvation condition (Figure 3.3.A). As a result, while the expression level
of Beclin-1 in CathAS'®” neuroglia cells responded significantly to all autophagy-
inducing conditions, no statistically significant change was observed in CathAS9A
fibroblast cells under autophagy-inducing conditions. The closest Beclin-1 gene
expression pattern in both of CathAS®®A neuroglia and fibroblast cells was observed
under Starvation condition.

Atg9 is a transmembrane protein and has a pivotal role in the initiation of
autophagy by recruiting the lipids forming the bilayer structure of the autophagosome
from donor sources and Atg9 serves as a membrane scaffold for the autophagosome
formation (Feng et al., 2014; Mari et al., 2011; Orsi et al., 2010). Quantitative RT-PCR
analyses we performed revealed that the Atg9 gene expression level in CathAS9A
neuroglia cells was significantly high compared to CathA** neuroglia cells and the gene
expression level of Atg9 was low in CathAS** fibroblast cells compared to CathA**
fibroblast cells (Figure 3.2.B and 3.3.B). In studies of Hexa-/-Neu3-/- mice, an early-
onset mouse model of Tay-Sachs disease and shown to have impaired autophagic flux,
the level of Atg9 gene expression in the cerebellum of 2-month-old Hexa-/-Neu3-/- mice
was significantly high compared to 2-month-old WT mice. On the other hand, the Atg9
gene expression level in the cerebellum of 5-month-old Hexa-/-Neu3-/- mice was
significantly reduced compared to 5-month-old WT mice (Sengul et al., 2023). Like the
changes in the Beclin-1 gene expression level, it has been observed that the deficiency of
the catalytic activity of the Cathepsin A enzyme causes alterations in CathAS%0A
neuroglia and fibroblast cells, albeit with different patterns. Autophagy-inducing

Rapamycin, Starvation, and Rapamycin+Starvation treatment conditions have resulted in
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a significant decrease in the gene expression level of Atg9 in CathAS!%A neuroglia cells
compared to non-treated (none) condition and the most similar Atg9 gene expression
level in CathA*"* neuroglia cells were seen in CathAS*®A neuroglia cells treated with the
Starvation condition (Figure 3.2.B). In CathAS®%A fibroblast cells, the gene expression
level of Atg9 was slightly but not significantly decreased with Rapamycin and Starvation
treatment conditions, as a contrast, the Atg9 gene expression level of CathAS1%A
fibroblast cells significantly increased in the Rapamycin+Starvation treatment condition
(Figure 3.3.B). In conclusion, the Atg9 gene expression profile was altered in both of
catalytically inactive CathAS®%A mouse-derived neuroglia and fibroblast cells compared
to CathA*"* neuroglia and fibroblast cells but with different expression patterns.

Atg7 is an E1-like enzyme and is involved in the cytosolic LC3-I conversion to
the autophagosome-associated LC3-11 with the addition of phosphatidylethanolamine
(PE) (Feng et al., 2014). Our RT-PCR data have shown that the gene expression level of
Atg7 was significantly high in CathAS!®A neuroglia cells compared to CathA*"* neuroglia
cells (Figure 3.2.C). On the contrary, CathAS!® fibroblast cells’ Atg7 gene expression
level was significantly decreased compared to CathA*"* fibroblast cells (Figure 3.3.C). In
the cerebellum, cortex, hippocampus, and thalamus brain regions of 2- and 5-month-old
Hexa-/-Neu3-/- mice, which is an early-onset mouse model Tay-Sachs disease, have
shown altered Atg7 gene expression profile (Sengul et al., 2023). Deficiency of catalytic
activity of lysosomal Cathepsin A enzyme resulted in the alterations in the gene
expression profile of Atg7 in neuroglia and fibroblast cells of CathAS!%°A mouse
compared to CathA** mouse. The Atg7 gene expression level in CathAS®°A neuroglia
cells increased significantly after Rapamycin and Rapamycin+Starvation conditions and
slightly increased after the Starvation treatment condition compared to the non-treated
(None) condition (Figure 3.2.C). In CathAS*®A fibroblast cells, the gene expression level
of Atg7 significantly increased after the Rapamycin+Starvation treatment condition
compared to the non-treated (None) condition (Figure 3.3.C). Our results suggest that
especially autophagy-inducing Starvation and Rapamycin+Starvation conditions
increased the Atg7 gene expression level in catalytically inactive CathAS%A neuroglia
and fibroblast cells.

p62, known as SQSTM1/p62, recruits the ubiquitinated cargo into the forming
autophagosomes in the selective autophagy by interacting with LC3-11 (Bjerkey et al.,
2006). Our transcriptional analyses related to the p62 gene expression ratio have shown

that the gene expression level of p62 in CathAS%9A neuroglia cells was significantly high
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compared to CathA** neuroglia cells (Figure 3.2.D). Surprisingly, in CathAS!%A
fibroblast cells, the gene expression level of p62 is significantly lower than in CathA**
neuroglia cells’ (Figure 3.3.D). Pompe disease patients” muscle biopsy samples showed
transcriptionally upregulated p62 levels (Nascimbeni et al., 2012). Also, the early-onset
Tay-Sachs mouse model, Hexa-/-Neu3-/- mouse, showed higher p62 gene expression
levels in cerebellum, hippocampus, and thalamus brain regions of 2- and 5-month-old
mice compared to age-matched WT counterparts (Sengul et al., 2023). Our gRT-PCR
analyses have revealed that the catalytic activity of the lysosomal Cathepsin A enzyme
leads to alterations in the gene expression level of p62 in neuroglia and fibroblast cells.
It was determined that the p62 gene expression level was significantly increased in both
CathAS!®A neuroglia and fibroblast cells in Starvation and Rapamycin+Starvation
treatment conditions, which are autophagy-inducing conditions, compared to non-treated
(none) conditions of the cell lines. After the rapamycin treatment condition, the p62 gene
expression level was significantly increased in CathAS®® neuroglia cells, while no
difference was observed in CathAS'®A fibroblast cells (Figure 3.2.D and 3.3.D). In
conclusion; Starvation, and Rapamycin+Starvation treatment conditions have induced
autophagic biogenesis via autophagy marker p62 gene expression.

Lysosomal associated membrane protein-2 (LAMP2) gene encodes lysosomal
transmembrane proteins and the mutations affecting the LAMP2 gene, lead to glycogen-
stored lysosomal storage disease, Danon disease. It has a tissue-specific expression
pattern and differs in tissue or cell types (Eskelinen, 2006). LAMP2 gene’s transcriptional
product is a rate-limiting factor of CMA and lysosomal CathA enzyme has catalytic
activity on the degradation of LAMP2 protein (Cuervo et al., 2003). Deficiency of
catalytic activity of CathA enzyme have resulted in different LAMP2 gene expression
levels in neuroglia and fibroblast cells compared to their CathA** counterparts: the gene
expression level of LAMP2 gene in CathAS!A neuroglia cells significantly reduced
compared to CathA*"* neuroglia cells, on the other hand, significantly reduced LAMP2
gene expression level was analyzed in CathAS*®A fibroblast cells compared to CathA*"*
fibroblast cells (Figure 3.2.E and 3.3.E). Significantly increased LAMP2 gene expression
was reported in Hexa-/-Neu3-/- mice which is an early-onset Tay-Sachs mouse model
(Seyrantepe et al., 2018). Like other autophagy-related genes, we analyzed in this study,
the LAMP2 gene expression level was altered in both CathAS**°A mice-derived neuroglia
and fibroblast cells with different expression patterns. None of the autophagy-inducing

conditions were found to cause a significant change in the LAMP2 gene expression level
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of neither CathAS!%A neuroglia nor CathAS®A fibroblast cells compared to non-treated
(none) condition (Figure 3.2.E and 3.3.E). When the CathAS'®® neuroglia or fibroblast
cells were treated with Rapamycin, Starvation, or Rapamycin+Starvation conditions,
significant changes were observed in the expression levels of other autophagy-related
genes, Beclin-1, Atg9, Atg7, and p62, while no significant change was observed in the
LAMP2 gene expression level. We think that this is due to the fact that the LAMP2
protein is a known substrate of the lysosomal Cathepsin A enzyme. The other autophagy-
related genes we analyzed in this thesis study do not have a known substrate relationship
with the lysosomal Cathepsin A enzyme. Therefore, we conclude that the increased
LAMP2 protein level in the absence of Cathepsin A enzyme, previously shown by Cuervo
et al, does not significantly change the gene expression level of LAMP2 in conditions
that trigger basal autophagy with the catalytically inactive Cathepsin A enzyme.

In conclusion regarding our quantitative RT-PCR results which we performed for
catalytically inactive CathAS** neuroglia and fibroblast cells compared with CathA**
counterparts: the deficiency of catalytic activity of lysosomal Cathepsin A enzyme results
in alterations in the autophagic biogenesis in meaning of transcriptional level for the
autophagy-related Beclin-1, Atg9, Atg7, p62 and LAMP2 genes. These changes showed
different expression patterns in CathAS!®A neuroglia and fibroblast cells compared to
CathA*"* cells. We think that the reason for the different expression patterns for the
autophagy-related genes that we analyzed in neuroglia and fibroblast cells with
catalytically deficient lysosomal Cathepsin A enzyme, compared to CathA** cells, is due
to the different expression levels of autophagy-related genes at the basal level in CathA*"*
neuroglia and fibroblast cells. Because the expression levels of autophagy-related genes
in both CathAS* neuroglia and CathASA fibroblast cells are very close to each other,
the expression levels of these genes in CathA** neuroglia and CathA** fibroblast cells
are very different from each other. This may be related to the fact that the basal level of
autophagy is different in different cell types and therefore the expression levels of
autophagy-related genes are also different. Another reason why the transcriptional levels
of autophagy-related genes are different at basal level in CathA** neuroglia and fibroblast
cells may be related to the different expression of lysosomal Cathepsin A at gene and
protein levels in these cell types. As a conclusion, the deficiency of catalytic activity of
lysosomal Cathepsin A enzyme has led to alterations in the transcriptional level of
autophagy-related genes in neuroglia and fibroblast cells. Additionally, it has been

determined that autophagy-inducing Starvation and Rapamycin+Starvation conditions
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may restore the altered expression levels of autophagy-related genes in CathAS!%A
neuroglia and fibroblast cells.

We analyzed the autophagic LC3 and p62 proteins using Western Blot and
Immunocytochemistry methods and LAMPL protein using the Immunocytochemistry
method in order to investigate whether there is an impairment in the autophagic flux in
the deficiency of catalytic activity of lysosomal Cathepsin A enzyme in neuroglia and
fibroblast cells. LC3 protein is involved in the formation and elongation of
autophagosomes and is also required for the fusion of autophagosomes and lysosomes
(Feng et al., 2014). In the autophagic machinery, extra-autophagosome linked LC3-1I is
converted to cytosolic LC3-I, and intra-autophagosome linked LC3-I1 is hydrolyzed by
lysosomal enzymes. The protein level of LC3-1l is evaluated as an autophagosomal
marker of autophagy and is frequently used for monitoring the autophagic flux (Yoshii
and Mizushima, 2017). Ubiquitin-binding scaffold protein p62 transports the
ubiquitinated autophagic substrates into the formed autophagosome by interacting with
LC3-1l and the p62 protein level is analyzed to monitor the autophagic flux also,
especially for the termination of autophagy (Bjerkey et al., 2006; Bitto et al., 2014).
LAMP-1 is a lysosomal integral membrane protein that is a commonly used lysosome
marker in autophagic studies (Eskelinen, 2006). Increased LAMP1 protein levels and
disturbed turnover of LAMP1 have been shown in several impaired autophagic flux
lysosomal storage diseases such as Niemann-Pick type C disease patients’ fibroblasts
(Pugach et al., 2018), Pompe disease patients’ fibroblasts (Meikle et al., 1999), Cystinosis
mouse model (Ctsn”) fibroblast cells and tissue samples (Napolitano et al., 2015). Studies
have proven that secondary accumulation of autophagic substrate proteins, such as LC3-
Il and p62, is a common case in the defected or impaired autophagic flux such as several
lysosomal storage diseases (LSD) (Settembre et al., 2008; Fukuda et al., 2006).

Our Western Blot results have revealed that LC3-Il protein, which is an
autophagosome-associated form of LC3 protein (Yoshii and Mizushima, 2017), was
accumulated in CathASA neuroglia cells compared to CathA** neuroglia cells (Figure
3.4.A and C). Also, it was determined that the LC3-II protein level of CathAS%A
fibroblast cells was significantly increased compared to CathA*"* fibroblast cells (Figure
3.5.A and C). Immunocytochemical analysis results we performed in these neuroglia and
fibroblast cells for the protein level of LC3 also confirmed the Western Blot results: There
was a significantly high number of LC3(+) vesicles in both of the CathAS!*°A neuroglia
and CathAS'®A fibroblast cells compared to CathA*"* counterparts (Figure 3.6 A and B,
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Figure 3.8.A and B). As mentioned before, the protein level of LC3 represents the
accumulation of autophagosomes (Sengul et al., 2023) and the accumulation of
autophagosomes previously reported in various LSDs which autophagic flux is impaired
and resulting from mutations in lysosomal enzymes such as Pompe disease (Fuduka et
al., 2006), type 1A mucopolysaccharidoses (Settembre et al., 2008), Danon disease
(Tanaka et al., 2000), type IV mucolipidosis (Jennings Jr et al., 2006) and mouse model
of Tay-Sachs disease (Sengul et al., 2023). Our study demonstrated, consistent with
previous studies, significantly accumulated protein level of LC3-11 in the catalytically
inactive Cathepsin A mouse model, CathAS*®*A derived neuroglia and fibroblast cells
and proportionally with this accumulated LC3 protein, increased number of
autophagosomes in these CathAS'®* neuroglia and fibroblast cells compared to CathA**
neuroglia and fibroblast cells. When the CathAS!®A neuroglia and fibroblast cells were
treated with autophagy-inducing conditions; according to the Western Blot results, while
it was observed that accumulated LC3 protein in Starvation and Rapamycin+Starvation
conditions decreased significantly, there was no significant decrease in these cell groups
after Rapamycin condition compared to non-treated (none) condition (Figure 3.4.A and
C, Figure 3.5.A and C). On the other hand, our Immunocytochemical analyses have
shown that while the Starvation and Rapamycin+Starvation treatment conditions
significantly reduced the accumulated LC3 protein in CathAS!®A neuroglia cells, all of
the autophagy-inducing conditions which were Rapamycin, Starvation, and
Rapamycin+Starvation, significantly reduced the protein level of the LC3 in CathASI%4
fibroblast cells compared to non-treated (None) condition. Considering all these results,
it may be said that autophagy-inducing Starvation and Rapamycin+Starvation conditions
are more effective in the clearance of the significantly accumulated LC3 protein in both
CathAS*®A neuroglia and fibroblast cells.

The protein level of p62 was significantly increased in both the CathAS!%A
neuroglia and fibroblast cells compared to their CathA** counterparts (Figure 3.4.B and
D, Figure 3.5.B and D). Also, the Immunocytochemical analyses we performed have
shown the accumulated level of p62 protein in CathAS**A neuroglia and fibroblast cells
compared to CathA*"* neuroglia and fibroblast cells, respectively (Figure 3.7 A and B,
Figure 3.9.A and B). p62/SQSTM1 protein transports the ubiquitinated autophagic cargo
into the autophagosome and is generally associated with the termination of autophagy
(Sengul et al., 2023; Feng et al., 2014). Like other autophagic proteins, degradation of the

p62 protein takes place in the termination of autophagic machinery along with
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ubiquitinated autophagic substrates (Bjerkey et al., 2006). Significantly increased level
of the p62 protein has been previously reported in the various LSDs resulting from
deficiency of the lysosomal enzymes, such as in Gaucher disease mouse model brain (Sun
and Grabowski, 2010), Npc’ mouse brain (Liao et al., 2007), Pompe disease mouse
model muscle fibers (Raben et al., 2008), Fabry disease patients fibroblasts (Chévrier et
al., 2010), type IV mucolipidosis disease patients fibroblast (VVergarajauregui et al., 2008)
and Tay-Sachs disease mouse model brain (Sengul et al., 2023). Elevated levels of
p62/SQSTM1 protein in CathAS'®*A neuroglia and fibroblast cells which is consistent
with previous studies, have demonstrated the impairment in the termination of autophagic
flux in the deficiency of catalytic activity of lysosomal Cathepsin A enzyme. According
to the Western Blot analyses we performed; Rapamycin, Starvation, and
Rapamycin+Starvation conditions, which are autophagy-inducing conditions, statistically
significantly decreased the increased p62 protein level in CathAS!%% neuroglia cells. As
a parallel to the Western Blot results, according to the Immunocytochemistry analyses
we performed, it was observed that the p62 protein level decreased significantly under all
autophagy-inducing conditions compared to non-treated (none) condition (Figure 3.4.B
and D, Figure 3.7.A and B). In the CathAS!%A fibroblast cells, both the Western Blot and
Immunocytochemical analyses have demonstrated that Rapamycin, Starvation, and
Rapamycin+Starvation treatment conditions led to a significant decrease in the elevated
p62 protein level compared to non-treated (none) condition (Figure 3.5.B and D, Figure
3.9.A and B). These analyses show that in CathAS!®™A neuroglia cells, especially
Starvation and Rapamycin+Starvation conditions are effective treatment conditions for
the clearance of the accumulated p62 proteins, while in CathAS!®A fibroblast cells, all
autophagy-inducing conditions are effective to restore the accumulated p62 protein level.
LAMPL1 protein level, which is one of the proteins we analyzed during
immunocytochemical analyzes, was found to be significantly higher in both CathAS%A
neuroglia cells and CathAS* fibroblast cells compared to CathA** cells (Figure 3.6.A
and C, Figure 3.8.A and C). Increased LAMPL1 protein level has also been previously
demonstrated in some lysosomal storage diseases in which the autophagic pathway is
disturbed by mutations in lysosomal enzymes such as Niemann-Pick type C disease
patients’ fibroblasts (Pugach et al., 2018), Pompe disease patients’ fibroblasts (Meikle et
al.,, 1999), Cystinosis mouse model (Ctsn-/-) fibroblast cells and tissue samples
(Napolitano et al., 2015). The elevated level of LAMP1 we demonstrated in this study

may present the impaired autophagy-lysosomal system in the deficiency of catalytic
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activity of lysosomal Cathepsin A. Determining whether the increased LAMP1 protein
expression in CathAS!A neuroglia and fibroblast cells indicates an increase in the
number of lysosomes or is due to the higher number of LAMP1 presence in enlarged
lysosomal membranes is difficult to explain with our results, so further investigations are
needed to clearly explain the increased protein level of LAMP1 resulting from the
catalytically deficient lysosomal Cathepsin A. In CathAS%A neuroglia cells, compared
to non-treated (None) condition, autophagy-inducing  Starvation and
Rapamycin+Starvation conditions have effectively reduced the elevated level of LAMP1
protein (Figure 3.6.A and C). On the other hand, all of the autophagy-inducing treatment
conditions resulted in decreasing in the LAMP1 protein level in CathAS!%A fibroblast
cells compared to the non-treated (None) condition (Figure 3.8.A and C). In conclusion,
Starvation and Rapamycin+Starvation treatment conditions seem appropriate to
significantly reduce the increased LAMP1 protein level in CathAS®A neuroglia and

fibroblast cells, as well as the degradation of accumulated LC3 and p62 proteins.
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CHAPTER 5

CONCLUSION

In this study, | investigated whether the role of the catalytic activity of lysosomal
Cathepsin A enzyme in the regulation of autophagic flux in neuroglia and fibroblast cells
established from CathAS'® mouse which is a catalytically inactive Cathepsin A mouse
model.

RT-PCR analyzes | performed in CathAS®® neuroglia and fibroblast cells with
their CathA** counterparts for the autophagy marker genes which were Beclin-1, ATG9,
ATG7, p62 and LAMP2, have demonstrated that deficiency of catalytic activity of
lysosomal Cathepsin A enzyme leads to alterations in the expression profiles of
autophagy marker genes. Additionally, these alterations in expression level were seen
with CathAS%A neuroglia and CathAS%A cells showing different patterns compared to
CathA*"* cells. In more detailed perspective, the expression levels of autophagy marker
genes in both CathAS® neuroglia and CathAS%A fibroblast cells were almost the same,
whereas the basal expression levels of these genes in CathA** cells were very different
and so, resulted in alterations with different patterns for these genes in the two different
cell lines.

Western Blot and Immunocytochemistry analyses | performed have demonstrated
that LC3, p62, and LAMP1 proteins accumulated significantly in neuroglia and fibroblast
cells in the deficiency of catalytic activity of the lysosomal Cathepsin A enzyme. As
mentioned above (Settembre et al., 2008; Fukuda et al., 2006), the secondary
accumulation of these autophagic proteins is considered an indicator of impaired
autophagic flux. In conclusion, we think that the catalytic activity of the lysosomal
Cathepsin A enzyme plays a role in the proper completion of the autophagic flux in the
cell. The impaired autophagic flux caused by the deficiency of the catalytic activity of the
lysosomal Cathepsin A enzyme may be due to the inability to degrade the short bioactive
peptides, which are known to be the substrate of the lysosomal Cathepsin A enzyme and
accumulated in different tissues of CathAS'®® mice, by autophagy at the cellular level.
We used Rapamycin, a chemical agent, starvation, which is a type of cellular stress, and

a combination of these two conditions to restore the autophagic flux, which we showed
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to be impaired at the cellular level in the deficiency of catalytic activity of lysosomal
Cathepsin A enzyme. As a result of the analyzes we performed at the level of gene and
protein expression, we decided that all the treatment conditions which were Rapamycin,
Starvation, and Rapamycin+Starvation may effective in the clearance of the accumulated
LC3, p62, and Lampl proteins in catalytically inactive CathAS®A neuroglia and
fibroblast cells.

5.1. Future Directions

To better understand the role of the catalytic activity of the lysosomal Cathepsin
A enzyme in the regulation of autophagy, more detailed analyzes can be performed on
the lysosomes and their functionalities in CathAS'®®* neuroglia and fibroblast cells. It
should be clarified that impaired autophagic machinery and incompleteness of autophagic
flux in the deficiency of catalytic activity of lysosomal Cathepsin A enzyme is resulted
from whether the inability of fusion of autophagosomes and lysosomes to form
autophagolysosomes or inability to complete degradation of cellular autophagic cargoes
and autophagic proteins in the autophagolysosomes.

The theory that the impaired autophagic flux caused by catalytically inactive
Cathepsin A enzyme in vitro is due to this reason, should be strengthened by determining
the protein levels of short bioactive peptides, which were previously shown to accumulate
in different tissues of CathAS'®®* mice. In addition, measuring the levels of these
bioactive peptides under Starvation and Starvation+Rapamycin conditions, which have
been shown to be effective in the repairing of impaired autophagic flux in CathAS%A
neuroglia and fibroblast cells, will also be important for a better understanding of short
bioactive peptides’ biology under autophagy-inducing conditions. In addition to this in
vitro study, it may be required that analyze the autophagic flux in vivo in different age
groups, especially in 5 different tissues of the CathAS!*®* mice, which were previously
shown to accumulate short bioactive peptides.

As a last, the basal level of chaperone-mediated autophagy in CathAS**A neuroglia and
fibroblast cells and in different tissues of the CathAS'®®* mouse can also be analyzed
because the role of Cathepsin A enzyme in chaperone-mediated autophagy was
previously reported. Additionally, the levels of chaperone-mediated autophagy and

macroautophagy in CathAS® neuroglia and fibroblast cells and in different tissues of
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the CathAS%A mouse may be analyzed comparatively to demonstrate whether there is
any relation between 2 different types of autophagy such as compensatory or competitor

relation.
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