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ABSTRACT
USING THE SOCIAL AMOEBA Dictyostelium discoideum AS A MODEL TO
STUDY CLN5 DISEASE
William David Kim
The neuronal ceroid lipofuscinoses (NCLs), collectively referred to as Batten disease, are
a group of neurodegenerative diseases that affect all ages, primarily children. Batten disease
is caused by mutations in 1 of the 13 ceroid lipofuscinosis neuronal (CLN) genes (CLN1-
CLN8, CLN10-CLN14), each of which causes an NCL subtype when mutated. One of the
NCL subtypes, CLN5 disease, is caused by mutations in the CLN5 gene. CLN5 is a soluble
lysosomal protein that localizes to the endoplasmic reticulum (ER), the Golgi complex, the
cytoplasm, and extracellularly. CLNS5 has four putative molecular functions, including as a
ceramide synthase, glycoside hydrolase, depalmitoylase, and
bis(monoacylglycerol)phosphate synthase. CLN5 plays various roles within the cell, such
as lipid metabolism, autophagy, and proteasome degradation. However, the function and
the exact pathway in which CLN5 is involved are unclear. CLNS5 is secreted and contains
a signal peptide sequence via bioinformatics analysis. Furthermore, there are currently 70
CLNS5 disease-causing mutations reported in the NCL mutation database. 12 CLN5 disease-
causing mutations have been studied thus far in terms of their cellular impact, as well as
the release of CLN5 to a certain extent. However, there is a lack of research into the
functionality of the signal peptide in CLN5 and an in-depth analysis of the molecular
impact of mutations in CLN5 disease. Consequently, this Ph.D. thesis focused on using
comparative transcriptomics to reveal biological pathways affected by cln5-deficiency,
revealing mechanisms that regulate the secretion of CIn5 and CtsD, and using

Dictyostelium to gain insights into the molecular effects of mutations in CLN5 disease.



Comparative transcriptomics reveal many differentially expressed genes that are linked to
phenotypes observed in cIn5-deficient cells and identified pathways affected in other CLN5
disease models, such as autophagy. Furthermore, novel findings, like affected expression
of lysosomal enzymes and pathways, including secretion, are identified within the
comparative transcriptomics analysis. Subsequently, this research also shows the secretory
role of the signal peptide in CIn5 and CtsD. Finally, this Ph.D. thesis revealed that
mutations in CLN5 disease affect the lysosomal biology and secretion of CIn5 and other

lysosomal enzymes.

KEYWORDS: Batten disease, CLN5 disease, CLN5, CTSD, Dictyostelium discoideum,
enzymes, genes, lysosome, mutation, secretion, signal peptide.
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1.0. GENERAL INTRODUCTION

1.1. THE NEURONAL CEROID LIPOFUSCINOSES

The neuronal ceroid lipofuscinoses (NCLs), collectively referred to as Batten disease, are
neurodegenerative diseases caused by genetic mutations in the ceroid lipofuscinosis
neuronal (CLN) genes (CLN1-CLN8, CLN10-CLN14), each of which results in a subtype
of NCL (e.g., mutations in CLN1 lead to CLN1 disease) (Butz et al., 2020; Simonati &
Mole, 2022). Recently, a new subtype of Batten disease, denoted as CLN15 disease, has
been identified and is caused by mutations in the TBC1 domain-containing kinase gene
(Liu et al., 2013; Chong et al., 2016; Beck-Wadl et al., 2018). Although distinct in genetic
mutations, all NCL subtypes, except CLN14 disease, display a common feature of
pathological intra-lysosomal accumulation of ceroid lipofuscin, a biological aggregate of
lipids, metals, and proteins including subunit C of the mitochondrial ATP synthase
(SCMAS) (Palmer et al., 1992; Tyynela et al., 1993; Kousi et al., 2012; Staropoli et al.,
2012; Haltia & Goebel, 2013; Metz et al., 2018). One of the focuses within the NCL field
is revealing the underpinning mechanism of SCMAS accumulation (Jolly et al., 1993;
Seehafer & Pearce, 2006). Many hypotheses have been proposed, one suggesting that
ceroid lipofuscin accumulation occurs through a Schiff-base reaction, resulting in the
SCMAS protein being glycated/lapidated (Jolly et al., 1993; Jolly et al., 2002). Other
researchers postulated alternative mechanisms of intra-lysosomal ceroid lipofuscin
accumulation including compromised mitochondrial function leading to increased reactive
oxygen species that can crosslink lipids with SCMAS and impair its protein turnover,
altered lysosomal function such as lysosomal enzymes, or perturbed intracellular

trafficking pathways that direct vesicular compartments and biological compounds to the



lysosome such as autophagy (Seehafer & Pearce, 2006). Although the exact mechanism of
ceroid lipofuscin accumulation in lysosomes remains uncertain, this accumulation has been
detected within neurons and other cell types (Rietdorf et al. 2020). At a macroscale level,
Batten disease affects all ages, predominantly children (Butz et al., 2020; Simonati & Mole,
2022). Individuals diagnosed with Batten disease manifest various clinical symptoms,
including continual degenerative capability in their movement, vision, and cognition, as
well as epileptic seizures and a reduced lifespan (Butz et al., 2020; Simonati & Mole, 2022).
Unfortunately, there is no cure for this devastating disease due to a lack of knowledge in
the biological processes and molecular functions associated with most of the CLN proteins.
However, there is currently a temporary treatment for CLN2 disease with the administration
of cerliponase alfa or Bineura, an enzyme replacement therapy, but it has only been shown

to delay the progression of the disease (Lewis et al., 2019).

1.2. CLN5 DISEASE

CLNS5 disease is an NCL subtype caused by mutations in the CLN5 gene (Butz et
al., 2020). CLNS5 is translated into a 407 aa long type Il transmembrane-bound protein
within the endoplasmic reticulum (ER) and is found within the Golgi complex, lysosomes,
and extracellularly (Isosomppi et al., 2002; Jules et al., 2017). The first 92 aa of the CLN5
peptide sequence, shown with bioinformatics tools, encodes a signal peptide (SP) sequence
(Moharir et al., 2013; Jules et al., 2017; Huber & Mathavarajah, 2018a). This sequence is
cleaved by the signal peptide peptidase/signal peptide peptidase-like intramembrane
protease family within the ER, leading to a soluble enzyme that is directed to the lysosome
(Isosomppi et al., 2002; Lyly et al., 2009; Schmiedt et al., 2010; Jules et al., 2017; Huber

& Mathavarajah et al. 2018a). Consistent with that proteins containing a SP are secreted



proteins, many researchers found that CLN5 is secreted (Isosomppi et al., 2002; Moharir et
al., 2013; Hughes et al., 2014; Huber & Mathavarajah, 2018a). However, there is a lack of
knowledge about whether this SP plays a role in the secretion of CLNS5.

CLNS5 is further proteolytically processed via cysteine proteases within lysosomes
to form the mature CLN5 protein (De Silva et al., 2015). In its mature form, CLN5
putatively functions as a depalmityolase, a glycoside hydrolase, a ceramide synthase, or a
bis(monoacylglycerol)phosphate (BMP) synthase (Haddad et al., 2012; Huber &
Mathavarajah, 2018a; Luebben et al., 2022; Medoh et al., 2023). Although the function of
CLNS5 is not well defined, many studies reveal interactions and processes in which CLN5
is involved. CLNS5 interacts with proteins within the CLN protein family including protein
palmitoyl thioesterase 1 (PPT1), tripeptidyl peptidase 1 (TPP1), CLN3, CLNG6, and CLNS8,
which was postulated that the CLN protein family are involved at different stages within a
single pathway (Vesa et al., 2002; Persaud-Sawin et al., 2007; Lyly et al., 2009; Huber,
2023). Outside of the CLN proteins, CLN5 also interacts with sortilin, a lysosomal sorting
receptor (Mamo et al., 2012). Loss of CLN5 prevents sortilin and another lysosomal sorting
receptor, denoted as cation-independent mannose-6-phosphate receptor (CI-MPR), in
endosomes from being recycled in the Golgi complex, but are rather degraded in the
lysosome (Mamo et al., 2012). In addition to this process, CLN5 is involved in other
biological processes within the eukaryotic cell, including but not limited to lipid
metabolism, biometal regulation, and autophagy (Haddad et al., 2012; Grubman et al.,
2014; Leinonen et al., 2017; Adams et al., 2019; McLaren et al., 2021). Although research
on CLNS5 has been extensive, the exact molecular function and the pathway in which CLN5

precisely plays a role remain unclear.



Many research studies show that autophagy is a process that is commonly affected
in the NCLs, including CLN5 disease (Kim et al., 2022). Autophagy is an intracellular
process that breaks down organelles and protein cargo linked with a ubiquitin tag (as
reviewed in Kocaturk & Gozuacik, 2020). One of the main focuses in CLN5 disease
research includes investigating the role of CLN5 in autophagy. Many studies show that the
effect of loss of CLN5 is complex on the autophagy pathway. For example, the process of
regulating autophagy is affected as an increased amount of beclin-1 (BECNL1) is observed
in mice with CIn5-deficiency (Leinonen et al., 2017). Furthermore, the ratio of LC3-I1-
LC3-I and the amount of p62/sequestosome 1 (SQSTML1), a receptor for protein cargo
delivery to autophagosomes for degradation, were elevated in CLN5-deficient mice. This
indicates that fusion between autophagosomes-lysosomes and autophagic protein turnover
are affected, respectively (Leinonen et al., 2017). Other CLN5 disease models also showed
these dysregulated events, including sheep neuronal cells, HeLa cells, and patient-derived
fibroblasts, along with both sheep and human neuronal cells deficient in CLN5 showing
decreased lysosomal acidity (Best et al., 2017; Adams et al., 2019; Basak et al., 2021; Yasa
etal., 2021). Finally, loss of CLN5 impacted the activity of the lysosomal protein cathepsin
B (CTSB) and slowed the movement of lysosomes within human neurons (Basak et al.,
2021). Overall, autophagy is a process that is affected in CLN5 disease, but further research
is required to pinpoint the exact mechanism that is affected within this pathway.

There are 70 distinct mutations linked to CLNS5 disease reported as of January 2025
(https://www.ucl.ac.uk/ncl-disease/mutation-and-patient-database/mutation-and-patient-
datasheets-human-ncl-genes/cIn5). There is heterogeneity behind CLN5 disease, with
different onsets and pathological classifications for each mutation in this disease. However,

premature death ensues for all individuals who inherited mutations linked to CLNS5 disease.



In CLN5 disease research, most of the research focuses on the p.Tyr343* mutation, which
causes the common late-infantile form of CLN5 disease (Vesa et al., 2002; Schmiedt et al.,
2010; Yasa et al., 2021). In addition to this mutation, there are other nonsense mutations
caused by either a frameshift or missense mutation, along with duplication and missense
mutations. Only a select few mutations in CLN5 disease are studied in terms of their impact
on the intracellular localization of CLNS5, its binding with protein partners, its function
within lysosomes, and in biological processes including autophagy (Isosomppi et al., 2002;
Vesa et al., 2002; Schmiedt et al., 2010; Moharir et al., 2013; Qureshi et al., 2018; Adams
et al., 2019; Luo et al., 2020; Yasa et al., 2021). However, most of the CLN5 disease-
causing mutations remain unknown regarding their overall impact on individuals, along
with a lack of information on the biochemical and cellular impacts of most of the CLN5

disease-causing mutations.

1.3. USING THE SOCIAL AMOEBA Dictyostelium discoideum AS A BIOMEDICAL
MODEL TO STUDY BATTEN DISEASE

Many organismal models have been used to study human diseases, such as large-
scale models like mouse, sheep, and canine, and at a microscale, including but not limited
to lower eukaryotic models of yeast, nematode, and fruit fly (Huber, 2016). In addition to
this list, Dictyostelium discoideum is a powerful model in disease research (Mathavarajah
et al., 2017). Dictyostelium discoideum is a social amoeba that contains a unicellular-
multicellular life cycle and is dependent on nutrient availability (Figure 1) (Mathavarajah
et al., 2017; Huber et al., 2022). When nutrients are present (e.g., liquid medium and
bacteria), Dictyostelium discoideum cells are unicellular and divide via mitosis. Under

nutrient deprivation, single cells release cyclic-adenosine monophosphate (CAMP) radial



signals and chemotax into multiple segregated aggregates denoted as mounds. Following
mound formation, cells differentiate into various multicellular structures, including
structures resembling a finger, a slug, and eventually a fruiting body. The fruiting body
contains a sorus, a structure containing live spores, which is held on top of the stalk. Finally,
the spores within the sorus germinate once introduced to a nutrient-rich environment.
Dictyostelium is a powerful model in studying diseases, in particular neurological
diseases, as its genome encodes many homologs associated with neurodegeneration, such
as Huntington’s, Tay-Sachs disease, and Batten disease (Haver & Scaglione, 2021). The
Dictyostelium genome encodes many CLN-like proteins (Table 1) (Huber, 2021).
Moreover, Dictyostelium is the only early eukaryote that contains a CLN5-like protein,
CIn5, and is 30% identical to the human CLNS5 protein (Huber & Mathavarajah, 2018a).
Finally, Dictyostelium has a rapid proliferation rate, and biological processes from humans
are conserved within this model. Thus, novel discoveries can be quick and allow
researchers to translate work done in Dictyostelium into mammalian and human cell models

(Huber, 2016).

1.4 FINDINGS REGARDING Dictyostelium CIn5

Dictyostelium CIn5 localizes to the ER, the cytoplasm, and the cellular cortex
(Huber & Mathavarajah, 2018a). Like human CLN5, Dictyostelium CIn5 is glycosylated,
predicted to contain a SP, and is secreted (Huber & Mathavarajah, 2018ab). Furthermore,
Dictyostelium CIn5 has been shown to interact with other Cln proteins, including tripeptidyl
peptidase 1B (TpplB) (homolog of human tripeptidyl peptidase 1 (TPP1)), cathepsin D
(CtsD), and a homolog of cathepsin F (CTSF), which is consistent with previous findings

in other models (Huber & Mathavarajah, 2018a). Loss of cIn5 results in aberrant



phenotypes during growth, including reduced cellular proliferation, affected cytokinesis,
and reduced folic acid-mediated chemotaxis (McLaren et al., 2021). During multicellular
development, cIn5-deficiency in Dictyostelium reduces many processes, including
aggregation, cAMP-mediated chemotaxis, and cellular adhesion, and enhances
multicellular development after mound formation (Huber & Mathavarajah, 2018b;
McLaren et al., 2021). Considering these aberrant phenotypes, autophagy is impacted
during growth (McLaren et al., 2021). During growth, elevated amounts of ubiquitin-
positive proteins and increased numbers of autophagosomes are present, suggesting
elevated basal autophagic activity. Furthermore, loss of two autophagy genes (atg), atgl
and atg9, reduces the secretion of CIn5, indicating that these proteins and the process of
autophagy regulate the secretory mechanism of CIn5 (McLaren et al., 2021). Along with
this, Dictyostelium CIn5 interacts with the human hexosaminidase A (HEXA) homolog, N-
acetylglucosaminidase (NagA), and is highly co-expressed with each other in human
tissues (McLaren et al., 2021). This suggests that these two proteins participate in and
regulate the same pathway, such as autophagy (McLaren et al., 2021). However, the

secretory processes that modulate the release of CIn5 are not well understood.

1.5. RESEARCH OBJECTIVES

The main objective of this PhD thesis is using Dictyostelium as a model to study
CLNS5 disease. Since previous research in Dictyostelium revealed the function of CIn5 as a
glycoside hydrolase, aberrant phenotypes associated with loss of cIn5, and proteins that
play arole in the secretion of CIn5 (Huber & Mathavarajah, 2018ab; McLaren et al., 2021),
one of the aims of this thesis is to conduct comparative transcriptomics to reveal biological

pathways affected by loss of cIn5. In this data chapter, | hypothesize that CIn5 participates



in biological processes within the cell, and that there would be a selection of differentially
expressed genes that encode proteins involved in cIn5-deficient phenotypes. Not
surprisingly, the hypothesis is supported through our RNA sequencing analysis as there are
differentially expressed genes (DEGs) associated with cell proliferation, cytokinesis,
aggregation, and autophagy, as well as genes associated with secretion being affected
(Chapter 3) (Kim & Huber, 2022). Since affected secretion is present in many NCL
subtypes, including CLNS5 disease as shown in our previous work (Huber & Mathavarajah,
2018ab; Huber, 2021; Kim & Huber, 2022), we investigate the role of the SP in CIn5 and
CtsD (Chapter 4). | hypothesize that the SP in CIn5 and CtsD modulates their secretion,
and loss of the SP prevents the release of these proteins. In removing the SP from these
proteins, we found that these proteins are trapped within the cell, indicating a functional
role of secretion for this amino acid sequence in CIn5 and CtsD (Huber et al., 2024). We
also found that loss of signal peptide motif in CtsD alters CIn5 secretion while the reverse
is not true (Huber et al., 2024). Finally, we show that an ER stress response is induced when
CIn5 is trapped in the ER via N-terminal GFP tagging in WT cells. As the SP is a segment
of CIn5 affecting its trafficking, we use Dictyostelium to explore the molecular impact of
CLNG5 disease-causing mutations (Chapter 5). I hypothesize that mutations in CLN5 disease
impact processes within the cell, suggesting dysregulation in biological and cellular
processes in which CIn5 is involved. We show that mutations in CLN5 disease affect the
lysosomal biology of the cell, including lysosome biogenesis and both the intracellular and
extracellular activity of lysosomal enzymes. Furthermore, mutant forms of CIn5 alter the
ubiquitin-proteasome system and the secretion of both CIn5 and other lysosomal proteins.
Altogether, this section of the PhD thesis highlights the heterogeneity of CLN5 disease.

Overall, these results collected from this PhD thesis reveal novel insights into a few



mechanisms which CIn5 plays a role in, the functional role of the SP in CIn5 and CtsD, and
further our understanding of the molecular effects of mutations linked to CLN5 disease.
This Ph.D. thesis is presented in a manuscript style and includes a general
introduction, preface, three thesis chapters, and concludes with a general discussion. The
PhD thesis sections are broken down as follows: 1) General Introduction, 2) a data chapter
on comparative transcriptomics in cln5-deficiency published in Frontiers in Genetics (Kim
& Huber, 2022), 3) a data chapter on the processes modulating the secretion of CIn5 and
CtsD - parts of the data published in Traffic (Huber et al., 2024), 3) a data chapter focusing
on using Dictyostelium to reveal novel insights into the molecular impact in CLN5 disease-
causing mutations - currently in submission for a publication (Kim et al., unpublished), and
5) ageneral discussion that summarizes all findings from the research with this PhD thesis

along with shedding some light into future direction of this research.



1.6. FIGURES AND TABLES
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Figure 1. The Dictyostelium discoideum lifecycle. (A) Dictyostelium cells undergo
mitosis and are unicellular during its growth phase. Single cells aggregate when nutrients
are depleted, and cells undergo various morphological changes, which end in a fruiting
body composed of a stalk holding a sorus on top. The sorus contains live spores, which
germinate under nutrient-rich conditions and restart the lifecycle. (B) A visual
representation of the use of Dictyostelium in research. Figure is from Huber et al. (2022).
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Table 1. A table containing the Dictyostelium CLN-like and human CLN proteins,

and the extracellular detection of Dictyostelium Cln proteins. Table is from Huber

(2021).
Human D. discoideum
Extracellular location
Bakthavatsalam
NCL NCL-related Accession and Gomer, Huber,
subtype  protein Molecular function of NCL-related protein number Homolog dictyBase ID 2010* 2017
CLNA1 PPT1 Thioesterase that removes palmitate residues NP_000301  Ppt1 DDB0233880 Yes Yes
from proteins
CLN2 TPP1 Serine protease that cleaves peptide bonds in ~~ NP_000382 Tpp1A DDB0234303 No No
proteins Tpp1B DDB0306176  Yes Yes
Tpp1C DDB0185020  Yes Yes
Tpp1D DDB0309140 No No
Tep1E DDB0304592 No No
Tpp1F DDB0214912  Yes Yes
CLN3 CLN3 Transmembrane protein with unknown function ~ NP_000077  CIn3 DDB0233983 No No
CLN4 DNAJCS Co-chaperone involved in intracellular NP_079495 DDB_G0280017 DDB0306688 No No
trafficking Ddj1 DDB0215016  No No
CLNS CLN5S Hydrolase that breaks glycosidic bonds in NP_006484 Cin5 DDB0234077 No Yes
complex sugars
CLNB CLN6 ER-resident protein with unknown function NP_060352 No homolog
CLN7 MFSD8 Transmembrane protein with unknown function ~ NP_689991  Mfsd8 DDB0307149  No No
CLN8 CLN8 ER-resident protein with unknown function NP_061764  No homolog
CLN10 CTSD Aspartyl protease that cleaves peptide bondsin ~ NP_001900  CtsD DDB0215012  Yes Yes
proteins
CLN11 GRN Secreted protein with unknown function NP_002078 Gm DDB0238428 No No
CLN12  ATP13A2 Transmembrane protein with unknown function ~ NP_071372  Kil2 DDB0237611  No No
CLN13  CTSF Cysteine protease that cleaves peptide bonds ~ NP_003784  CprA DDB0201647  No Yes
in proteins CprB DDB0214998  No Yes
DDB_G0291191 DDB0252831 Yes Yes
CLN14 KCTD7 Cytosolic protein with unknown function NP_694578  Kctd9 DDB0231824 No No
DDB_G0269760 DDBO0238663 No No
DDB_G0285861 DDB0346929  No No
DDB_G0269022 DDB0347388 No No

*Bakthavatsalam and Gomer (2010), and Huber (2017) used LC-MS/MS to identify secreted proteins during D. discoideum development.
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2.2. ABSTRACT

Mutations in CLN5 cause a subtype of neuronal ceroid lipofuscinosis (NCL) called CLN5
disease. The NCLs, commonly referred to as Batten disease, are a family of
neurodegenerative lysosomal storage diseases that affect all ages and ethnicities globally.
Previous research showed that CLN5 participates in a variety of cellular processes.
However, the precise function of CLN5 in the cell and the pathway(s) regulating its
function are not well understood. In the model organism Dictyostelium discoideum, loss of
the CLN5 homolog, cIn5, impacts various cellular and developmental processes including
cell proliferation, cytokinesis, aggregation, cell adhesion, and terminal differentiation. In
this study, we used comparative transcriptomics to identify differentially expressed genes
underlying cIn5-deficiency phenotypes during growth and the early stages of multicellular
development. During growth, genes associated with protein
ubiquitination/deubiquitination, cell cycle progression, and proteasomal degradation were
affected, while genes linked to protein and carbohydrate catabolism were affected during
early development. We followed up this analysis by showing that loss of cIn5 alters the
intracellular and extracellular amounts of proliferation repressors during growth and
increases the extracellular amount of conditioned medium factor, which regulates CAMP
signalling during the early stages of development. Additionally, cIn5 cells displayed
increased intracellular and extracellular amounts of discoidin, which is involved in cell-
substrate adhesion and migration. Previous work in mammalian models reported altered
lysosomal enzyme activity due to mutation or loss of CLN5. Here, we detected altered
intracellular activities of various carbohydrate enzymes and cathepsins during cIn5 growth
and starvation. Notably, cIn5- cells displayed reduced -hexosaminidase activity, which

aligns with previous work showing that D. discoideum CIn5 and human CLN5 can cleave
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the substrate acted upon by [-hexosaminidase. Finally, consistent with the differential
expression of genes associated with proteasomal degradation in cIn5- cells, we also
observed elevated amounts of a proteasome subunit and reduced proteasome 20S activity
during cIn5 growth and starvation. Overall, this study reveals the impact of cIn5-deficiency
on gene expression in D. discoideum, provides insight on the genes and proteins that play
a role in regulating CIn5-dependent processes, and sheds light on the molecular

mechanisms underlying CLNS5 disease.

Keywords: Batten disease, CLN5, Dictyostelium discoideum, enzyme activity, neuronal

ceroid lipofuscinosis, proteasome, RNA-seq
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2.3. INTRODUCTION
The neuronal ceroid lipofuscinoses (NCLs), also known as Batten disease, are a family of
neurodegenerative diseases linked to mutations in 13 ceroid lipofuscinosis neuronal (CLN)
genes (CLN1-8, CLN10-14) (Schulz et al., 2013; Mole and Cotman, 2015). Each of the 13
different subtypes of NCL are characterized by the lysosomal accumulation of
autoflourescent lipid-protein aggregates called ceroid lipofuscin in neurons, as well as other
cell types outside the central nervous system (Palmer et al., 1992; Mole and Cotman, 2015).
The accumulation of ceroid lipofuscin has been associated with numerous clinical
symptoms, including seizures, reduced motor, visual, and cognitive function, as well as a
reduced lifespan (Schulz et al., 2013; Mole and Cotman, 2015). While most of the CLN
genes have been studied, the precise cellular mechanisms impacted by CLN gene mutations
remain elusive.

Mutations in CLN5 cause the CLNS5 disease subtype of NCL (Schulz et al., 2013;
Mole and Cotman, 2015). CLNS5 is a soluble lysosomal and extracellular protein that is
predicted to function as either a glycoside hydrolase or depalmitoylase (Isosomppi et al.,
2002; Hughes et al., 2014; Jules et al., 2017; Huber and Mathavarajah, 2018a; Basak et al.,
2021b; Luebben et al., 2022). CLN5 has been linked to several cellular processes,
including, but not limited to, endosomal sorting, biometal homeostasis, sphingolipid
metabolism, and autophagy (El Haddad et al., 2012; Mamo et al., 2012; Grubman et al.,
2014; Doccini et al., 2020; McLaren et al., 2021). However, like most CLN proteins, the
association of CLN5 with a defined biological pathway is still under investigation.

Dictyostelium discoideum is a eukaryotic microbe that is used as a biomedical
model system for studying a variety of human diseases, including the NCLs (Huber, 2016;

Huber et al., 2022). The D. discoideum life cycle is comprised of single cell and
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multicellular phases that allow for a diversity of fundamental cellular and developmental
processes to be examined in great biochemical detail (Mathavarajah et al., 2017). During
the growth phase of the life cycle, haploid amoebae feed on a food source (in nature:
microorganisms in the soil; in the laboratory: bacteria and nutrient-rich liquid media) and
divide mitotically. When starved, amoebae initiate a 24-h multicellular developmental
programme that begins with the chemotactic aggregation of cells. The multicellular mounds
that form then undergo a series of morphological changes to form motile slugs. During the
later stages of multicellular development, cells within slugs terminally differentiate to form
fruiting bodies composed of stalk cells and viable spores that can restart the life cycle when
nutrients become available.

The D. discoideum genome encodes homologs for 11 of the 13 human CLN proteins
(Huber, 2016; Huber et al., 2020). Our previous work showed that the homolog of human
CLNS5, CIn5, has glycoside hydrolase activity and is secreted (Huber and Mathavarajah,
2018a). Our work also linked the function of CIn5 in D. discoideum to cell proliferation,
cytokinesis, folic acid-mediated chemotaxis, and autophagy during growth, and since
CAMP-chemotaxis, aggregation, and developmental timing during multicellular
development (Huber and Mathavarajah, 2018b; McLaren et al., 2021).

In this study, we used comparative transcriptomics to identify genes that are
impacted by cIn5-deficiency in D. discoideum during growth and after 4 h of starvation
(when cIn5 expression is maximal) (Stajdohar et al., 2017). During growth, genes
associated with protein ubiquitination/deubiquitination, cell cycle progression, and
proteasomal degradation were affected, while genes linked to protein and carbohydrate
catabolism were affected in cells starved for 4 h. We then showed that loss of cIn5 affects

the levels of proliferation repressors during growth and proteins required for cCAMP-
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mediated chemotaxis and adhesion during the early stages of multicellular development.
Finally, we showed that deletion of cIn5 affects the activities of lysosomal enzymes and
the proteasome. Together, this study examines the impact of cIn5-deficiency on the D.
discoideum transcriptome and provides further insight into the multifaceted role of CLN5

in the eukaryotic cell.

2.4. MATERIALS AND METHODS
2.4.1. CELL LINES, MEDIA, AND ANTIBODIES

AX3 (hereafter referred to as WT, parental cell line of cIn5") and cIn5 cells were
maintained on SM/2 agar containing Klebsiella aerogenes (Fey et al., 2007). Cells used in
experiments were cultured axenically in nutrient-rich medium (HL5) at 22°C and 150 RPM
(Formedium, Hunstanton, Norfolk, United Kingdom). HL5 was supplemented with
streptomycin sulfate (300 pg/ml) and ampicillin (100 pg/ml) to prevent bacterial growth.
Blasticidin S hydrochloride (10 pg/ml) was used to select cln5- cells. For all experiments,
cells were harvested during the mid-log phase of growth (1-5 x 106 cells/ml). KK2 buffer
was formulated as follows: 0.7 g/L K2HPO4, 2.2 g/L KH2PO4, pH 6.5. Mouse monoclonal
anti-cortexillin-1 (CtxA) (241-438-1) (Faix et al., 2001), mouse monoclonal anti-
cortexillin-11 (CtxB) (232-238-10) (Faix et al., 2001), mouse monoclonal anti-discoidin
(Dsc) (80-52-13) (Wetterauer et al., 1993), mouse monoclonal myosin heavy chain type Il
(MhcA) (56-396-5) (Pagh and Gerisch, 1986), mouse monoclonal anti-proteasomal subunit
(PS) (159-183-10) (Schauer et al., 1993), and mouse monoclonal anti-proteasomal subunit
5 (PS5) (171-337) (Schauer et al., 1993) were purchased from the Developmental Studies
Hybridoma Bank (University of lowa, lowa City, lowa, United States). Mouse monoclonal

anti-B-actin (SC-47778) was purchased from Santa Cruz Biotechnology Incorporated
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(Dallas, Texas, United States). Rabbit polyclonal anti-autocrine proliferation repressor
(AprA) (Brock and Gomer, 2005), rabbit polyclonal anti-counting factor-associated protein
D (CfaD) (Bakthavatsalam et al., 2008), and rabbit polyclonal anti-conditioned medium
factor (CmfA) (Jain et al., 1992) were generous gifts from Dr. Richard Gomer (Texas A&M
University, Texas, United States). HRP-linked secondary antibodies were purchased from

New England Biolabs Canada (Whitby, Ontario, Canada).

2.4.2. RNA PREPARATION

Cells grown in suspension were deposited onto Petri dishes containing HL5
medium and left to adhere to the dish for at least 1 h at 22°C (Figure 2A). The medium was
replaced with fresh HL5S medium containing ampicillin (100 pg/ml) and streptomycin
sulphate (300 pg/ml) and left overnight to allow for two mitotic doubling times. The
following day, growth-phase cells and cells starved for 4 h in KK2 buffer were harvested
and stored at —80°C for future use. A 4-h starvation timepoint was selected since this is
when cIn5 is maximally expressed in D. discoideum (http://dictyexpress.biolab.si/)
(Stajdohar et al., 2017). Growth-phase and starved cells from —80°C storage were lysed
and RNA was extracted using the Monarch Total RNA Miniprep Kit according to the
manufacturer’s instructions (New England Biolabs Canada, Whitby, Ontario, Canada). A
total of three biological replicates each for growth and starvation were submitted for RNA

sequencing (RNA-seq) analysis.

2.4.3. RNA SEQUENCING AND BIOINFORMATICS
RNA-seq was performed by The Centre for Applied Genomics at the Hospital for

Sick Children (Toronto, Ontario, Canada). All RNA samples were prepared with a stranded
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poly(A) mRNA library preparation kit (NEBNext, New England Biolabs Canada, Whitby,
Ontario, Canada) and the quality of RNA was determined using a Bioanalyzer (Agilent
Technologies, Santa Cruz, California, United States). The RNA-seq analysis for all mnRNA
libraries were done through an Illumina NovaSeq SP flowcell PE100 sequencer (San Diego,
California, United States). Adaptor sequences attached to the raw paired reads were
removed with Trimmomatic (Bolger et al., 2014). The quality of the raw paired reads from
the sequencer was assessed with FastQc
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The D. discoideum
reference genome acquired from the Ensembl database was indexed with hierarchical
indexing for spliced alignment of transcripts 2 (HISAT2) and the paired reads were mapped
onto the indexed reference genome with HISAT2 (Kim et al., 2019). To obtain read counts,
FeatureCounts was used on the mapped reads (Liao et al., 2014). The differential gene
expression analysis was done using the DeSeq2 version of statistical analysis of RNA-seq
data tools (SARTools) package (Love et al., 2014; Varet et al., 2016). In the SARTools
parameters, an alpha value of 0.05 along with the Benjamin-Hochberg (BH) multiple-
testing correction were used in the differential gene expression analysis. Furthermore, a
log2 fold change threshold of 1.25 was applied on the list of differentially expressed genes
(DEGS) (Kim & Huber, 2022). Logically accelerated gene ontology term finder (LAGO)
was used for gene ontology (GO) term enrichment analyses of the DEGs (Boyle et al.,
2004). A p-value of 0.05, combined with the Benjamin-Hochberg (BH) correction was
applied. Within each GO term enrichment analysis (e.g., biological process, molecular
function, and cellular component), only annotated genes that were identified by the LAGO

database were used.
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2.4.4. ENZYME ACTIVITY ASSAYS

Growth-phase cells and cells starved for 4 h were lysed with 0.1% NP40 in 0.05 M
2-(N-morpholino) ethanesulfonic acid (MES) (pH 6.5). All enzyme activity assays were
performed using equal amounts of protein from whole cell (WC) lysates (100-200 pg).
Proteins in WC lysates were quantified using a Qubit 2.0 Fluorometer (Fisher Scientific
Company, Ottawa, Ontario, Canada). Each assay was performed in triplicate and measured
using a Synergy HTX multi-mode plate reader (BioTek Instruments Incorporated,
Winooski, Vermont, United States). All activity values were subtracted from values
acquired from the blank solution. Enzyme activities in cIn5- WC lysates were standardized
against activities in WC lysates from WT cells. Data were statistically analyzed using the

one-sample t-test and a p-value < 0.05 was considered significant.

2.4.4.1. a-MANNOSIDASE and B-GLUCOSIDASE

For a-mannosidase, methods were adapted from Loomis (1970). Briefly, WC
lysates were added to 5 mM acetate buffer (pH 5.0) containing a final concentration of 5
mM para-nitrophenyl-o-D-mannopyranoside substrate (N2127, Sigma Aldrich Canada,
Oakville, Ontario, Canada). For B-glucosidase, methods were adapted from Coston and
Loomis (1969) using a final concentration of 10 mM para-nitrophenyl-p-D-
glucopyranoside substrate (487507, Sigma Aldrich Canada, Oakville, Ontario, Canada) in
50 mM acetate buffer (pH 5.0). For both assays, reaction mixtures were incubated at 35°C
for 45 min, quenched with an equal volume of 1 M Na>COs, and activity was measured at

405 nm absorbance.

2.4.4.2. a-GLUCOSIDASE
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Methods were adapted from Wimmer et al. (1997). Briefly, WC lysates were added
to 0.1 M sodium succinate (pH 6.0) containing 2 mM p-nitrophenyl-a-D-glucopyranoside
substrate (487506, Sigma Aldrich Canada, Oakville, Ontario, Canada). Reactions were
incubated at 65°C for 1 h and then quenched with two equal volumes of 1 M Na>COsa.

Activity was measured at 395 nm absorbance.

2.4.4.3. a- AND B-GALACTOSIDASE

Methods were adapted from Kilpatrick and Stirling (1976) and Maruhn (1976). The
a-galactosidase activity assay was performed using 2 mM para-nitrophenyl o-D-
galactopyranoside substrate (N0877, Sigma Aldrich Canada, Oakville, Ontario, Canada) in
citrate/phosphate buffer (pH 4.5), while the B-galactosidase activity assay contained a
reaction solution of 5 mM ortho-nitrophenyl-f-D-galactopyranoside substrate (48712-M,
Sigma Aldrich Canada, Oakville, Ontario, Canada) in 100 mM citrate buffer (pH 4.0). In
both assays, the reaction solutions were incubated at 37°C for 45 min. The a-galactosidase
reactions were quenched with an equal volume of 1 M sodium glycinate (pH 10.4). B-
galactosidase reactions were terminated using an equal volume of 2-amino-2-methyl-

propanol/HCI buffer. Activity was measured at 405 nm absorbance.

24.4.4 PALMITOYL-PROTEIN THIOESTERASE 1

Methods were modified from van Diggelen et al. (1999). Briefly, WC lysates were
added to 0.2 mM 4-methylumbelliferyl 6-thio-palmitate-p-D-glucopyranoside substrate
(19524, Cedarlane Labs, Burlington, Ontario, Canada) in Mcllvain’s phosphate/citrate
buffer containing 15 mM dithiothreitol and 0.375% (v/v) Triton X-100 (pH 4.0). Reactions

were incubated for 1 h at 37°C and then stopped by heating the solution for 2 min at 95°C.
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1 U of B-glucosidase enzyme (from almonds, dissolved in distilled water containing 0.2%
(w/v) bovine serum albumin) (Sigma Aldrich Canada, Oakville, Ontario, Canada) was
added to the cooled reaction mixture while adjusting the pH to 5 with NaOH. The samples
were left at 37°C for 1 h and then an equal volume of 0.5 M Na,CO3/NaHCO3 buffer
containing 0.025% (v/v) Triton X-100 (pH 10.7) was added to terminate the reaction.
Fluorescence was detected using the following filters: 360/40 nm excitation, 460/40 nm

emission.

2.4.45. TRIPEPTIDYL PEPTIDASE 1

Methods were adapted from Stumpf et al. (2017). Briefly, WC lysates were
combined with 120 uM Ala-Ala-Phe-7-amido-4-methylcoumarin tripeptidyl peptidase 1
(TPP1) substrate (A3401, Sigma Aldrich Canada, Oakville, Ontario, Canada) in buffer
containing 100 mM sodium acetate/150 mM NaCl/0.1% (v/v) Triton X-100 (pH 4.5).
Reactions were incubated at 37°C for 1 h in the dark, after which time an equal volume of
quenching solution (100 mM sodium acetate, 150 mM NacCl, pH 4.3) was added to stop the
reaction. Fluorescence was detected using the following filters: 360/40 nm excitation,

460/40 nm emission.

2.4.4.6. CATHEPSIN D AND CATHEPSIN F

Cathepsin D (CTSD) enzymatic activity was assessed using the CTSD Activity
Assay Kit according to the manufacturer’s instructions (10013-596, VWR International,
Mississauga, Ontario, Canada) and fluorescence was detected using the following filters:
360/40 nm excitation, 460/40 nm emission. Cathepsin F (CTSF) activity was measured

using a method adapted from Fonovic et al. (2004). Briefly, WC lysates were mixed with
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5 pg/ml pepsin (10108057001, Sigma Aldrich Canada, Oakville, Ontario, Canada) (pH
4.5-5.0). Reactions were preincubated for 1 h at 37°C, after which time 1 pM Z-FR-AMC
substrate (80350BP, Cedarlane Labs, Burlington, Ontario, Canada), as well as 0.1 M
sodium phosphate buffer containing 1 mM EDTA and 0.1% (v/v) PEG 600 (pH 6.5) were
added to the reaction mixture. The reaction was adjusted to a final DMSO content of 5%
(v/v) and then incubated at 27°C for 1 h. Fluorescence was detected using the following

filters: 360/40 nm excitation, 460/40 nm emission.

2.4.4.7. CATHEPSIN B

Methods were adapted from Barrett (1980). Briefly, samples were mixed with
reaction buffer (352 mM KH2PO4, 48 mM Na2HPO4, 4 mM disodium EDTA)
supplemented with fresh cysteine at a final concentration of 8 mM. Reactions were
preincubated for 5 min at 40°C, after which time they were incubated for 1 h at 40°C in the
presence of 1.5 mM of fluorogenic cathepsin B (CTSB) substrate (219392, Sigma Aldrich
Canada, Oakville, Ontario, Canada). Reactions were stopped with two equal volumes of
100 mM sodium chloroacetate/30 mM sodium acetate/70 mM acetic acid buffer (pH 4.3)
and fluorescence was detected using the following filters: 360/40 nm excitation, 460/40 nm

emission.

2.4.4.8. N-ACETYLGLUCOSAMINIDASE

Methods were adapted from Loomis (1969) and Huber and Mathavarajah (2018a).
Briefly, WC lysates were mixed with 4.2 mM para-nitrophenyl N-acetyl-f-D-
glucosaminide substrate (N9376, Sigma Aldrich Canada, Oakville, Ontario, Canada) in 100

mM acetate buffer (pH 5.0). Reactions were incubated for 5 min at 35°C. An equal volume
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of 1 M NaxCOs was added to stop the reaction. Activity was measured at 405 nm

absorbance.

2.4.5. PROTEASOME ACTIVITY

Proteasomal activity was assessed using the Proteasome 20S Activity Assay Kit
according to the manufacturer’s instructions (MAK172, Sigma Aldrich Canada, Oakuville,
Ontario, Canada). Briefly, growth-phase cells and cells starved for 4 h were lysed with
0.1% (v/v) NP40 in 0.05 M MES buffer (pH 6.5) and equal protein amounts (100-150 pg)
from WC lysates were used in the assay. Proteins in WC lysates were quantified using a
Qubit 2.0 Fluorometer. Samples were incubated for 1 h at 37°C and activity was measured
using a Synergy HTX multi-mode plate reader and the following filters: 360/40 nm
excitation, 460/40 nm emission. All activity values were subtracted from the blank solution
and reads obtained from the cIn5" line were normalized to WT activity values. Data were
statistically analyzed using the one-sample t-test and a p-value of <0.05 was considered

significant.

2.4.6. SDS-PAGE AND WESTERN BLOTTING

WC lysates were prepared from growth-phase cells and cells starved for 4 h. In
addition, WT and cIn5 conditioned media (CM) was collected during growth and
conditioned buffer (CB) was collected after 4 h of starvation. CM and CB were clarified
through centrifugation (4°C/1500 RPM/5 min). Protein concentrations were determined
using a Qubit 2.0 Fluorometer. SDS-PAGE and western blotting were performed using
standard methods (2-hour incubation at 22°C for primary and secondary antibodies in 5%

(w/v) milk/TBST. The following antibody dilutions were used: anti-AprA (1:1,000), anti-

29



CfaD (1:1,000), anti-CtxA (1:2,000), anti-CtxB (1:2,000), anti-MhcA (1:1,000), anti-CmfA
(1:1,000). anti-Dsc (1:1,000), anti-PS (1:1,000), anti-PS5 (1:1,000), and anti-p-Actin
(1:1,000). All primary antibodies used for western blotting detected proteins at molecular
weights that were consistent with previous studies (see Section 2.4.1 for citations). HRP-
linked secondary antibodies were used at a dilution of 1:2,000. The ChemiDoc Imaging
System (Bio-Rad Laboratories Canada, Mississauga, Ontario, Canada) was used to
digitally scan the immunoblots. Protein bands were quantified using Fiji/ImageJ and values
obtained from WC lysates were normalized to the corresponding levels of B-Actin
(Schindelin et al., 2012). Values obtained from cIn5" samples were standardized against
WT values and the one-sample t-test was used to assess statistical significance. A p-value

of <0.05 was considered significant.

2.5. RESULTS
2.5.1. COMPARATIVE TRANSCRIPTOMICS REVEALS THE EFFECTS OF cIn5-
DEFICIENCY ON GENE EXPRESSION IN D. discoideum

Previous work in D. discoideum linked the function of CIn5 to cell proliferation,
cytokinesis, folic acid-mediated chemotaxis, and autophagy during growth, and cyclic
adenosine monophosphate (CAMP)-mediated chemotaxis, adhesion, and aggregation
during the early stages of multicellular development (Huber and Mathavarajah, 2018b;
McLaren et al., 2021). To gain insight into the molecular mechanisms underlying cln5-
deficiency phenotypes in D. discoideum and the biological pathways impacted by the loss
of cIn5, we performed RNA-seq analysis on growth-phase cells and cells starved for 4 h in
KK2 buffer. We chose the 4-hour timepoint since this is when cIn5 expression is maximal

(Stajdohar et al., 2017). The list of DEGs was filtered to include only those genes with a
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log2 fold change of 1.25 (increase or decrease) and a p-value < 0.05. A volcano plot was
generated to visualize the profile of DEGs (Figure 2B). RNA-seq revealed 2324 unique
DEGs in cIn5- cells during growth that included 1041 upregulated genes and 1283
downregulated genes (including cIn5) (Table 2). After 4 h of starvation, 644 genes were
upregulated in cIn5 cells and 394 were downregulated (including cIn5), totalling 1038
unique genes.

During growth, the most significantly downregulated genes were those encoding
heat shock proteins (hspE-1, hspG3, hspG4, hspG5, hspG6, hspG7, hspG8, hspG12, hspH,
hspJ, hspM, dnajal) and genes involved in protein ubiquitination (ubgG, ubgH, ubgl, ubqJ,
DDB_G0285907) (Kim & Huber, 2022). Conversely, the most significantly upregulated
genes were those associated with cell cycle progression, including but not limited to,
subunits of the anaphase-promoting complex (anapc3, anapc5, anapc6, anapc7, anapcl0),
and genes involved in mitosis, such as kinesin-related genes (kif2, kif4, kif10, kif12, kif13)
(Castro et al., 2005; Nag et al., 2008; Tikhonenko et al., 2009; Koonce, 2020). During
starvation, genes related to development (cotC, cotD, cotE) were significantly
downregulated in cIn5 cells. In contrast, genes encoding ADP-ribosylation factors (arrJ,
arrH, arrK), which modulate the trafficking of endocytic and secretory vesicles, and
ponticulin-like proteins (ponC1, ponC2, ponC3, ponC4, ponC5), which are involved in
actin bundling and cell-cell adhesion, were the most significantly upregulated genes in
cIn5-deficient cells (Ingalls et al., 1989; Shariff and Luna, 1990; Chia et al., 1993; Li and

Guo, 2022).

252. GO TERM ENRICHMENT ANALYSES OF DIFFERENTIALLY

EXPRESSED GENES IN cIn5 CELLS
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As a first step towards analyzing DEGs during growth and starvation, we performed
GO term enrichment analyses using LAGO; an online program that clusters genes based
on common biological processes they have been associated with, molecular functions of
the proteins encoded by the genes, and the subcellular localizations of the proteins (Boyle
et al., 2004). For this analysis, we excluded those genes that were uncharacterized (e.g.,
annotated, but unknown function) (Table 2). Out of 2324 DEGs during growth, this resulted
in a list of 1603 genes for biological process, 1586 genes for molecular function, and 1652
genes for cellular component. During growth, DEGs associated with cln5-deficiency are
linked to a variety of biological processes including macroautophagy (20 genes), protein
ubiquitination (60 genes) and deubiquitination (15 genes), proteasomal-mediated ubiquitin-
dependent protein catabolism (56 genes), signal transduction (147 genes), and lipid
metabolism (111 genes) (Kim & Huber, 2022). Proteins encoded by DEGs during growth
have kinase activity (75 genes), hydrolase activity (330 genes), and bind to a variety of
biological substrates (e.g., protein, 228 genes; carbohydrates, 296 genes; lipids, 44 genes;
nucleotides, 323 genes; ions, 535 genes). In addition, the protein products of the DEGs
primarily localize to the nucleus (446 genes), ubiquitin ligase complex (37 genes), cell
periphery (171 genes), plasma membrane (139 genes), cytoplasm (672 genes), and cellular
components associated with cell division (e.g., microtubule organizing centre, 29 genes;
spindle pole, 11 genes; spindle, 20 genes; microtubule cytoskeleton, 39 genes; kinetochore,
10 genes; centromeric region of the chromosome, 15 genes; chromosome, 73 genes).

Like growth, only characterized genes (e.g., annotated with a known or predicted
function) from the starvation DEG list were used in LAGO analyses, which included 657,
669, and 728 genes for biological process, molecular function, and cellular component,

respectively (Table 2). DEGs during starvation are involved in several biological processes

32



including signal transduction (83 genes), protein phosphorylation (42 genes), and catabolic
processes involving carbohydrates (8 genes) and proteins (51 genes) (Kim & Huber, 2022).
Proteins encoded by the DEGs during starvation have a variety of molecular functions
including kinase (37 genes) and hydrolase (125 genes) activity and bind to a variety of
substrates (carbohydrates, 113 genes; ions, 221 genes; nucleotides, 123 genes; proteins,
100 genes). Additionally, some GO terms related to molecular function were only observed
in DEGs during starvation including ubiquitin conjugation (8 genes), cysteine-type
endopeptidase activity (14 genes), and actin binding (19 genes). Finally, proteins encoded
by DEGs during starvation are associated with lysosomes (25 genes), secretory vesicles (8
genes), the cell periphery (118 genes), the cytoplasm (320 genes), the plasma membrane
(78 genes), and extracellularly (20 genes). Overall, LAGO analyses revealed that loss
of cIn5 influences the expression of hydrolases and genes involved in protein processing
during growth and starvation. In addition, LAGO analyses revealed clusters of DEGs
involved in lipid metabolism during growth and carbohydrate metabolism during
starvation. Lastly, cln5-deficiency appears to impact the expression of genes that encode

proteins within the secretory pathway during starvation.

2.5.3. DIFFERENTIALLY EXPRESSED GENES ASSOCIATED WITH cIn5-
DEFICIENCY PHENOTYPES DURING GROWTH

In D. discoideum, cIn5-deficiency reduces cell proliferation and impairs cytokinesis
during growth (McLaren et al., 2021). Here, RNA-seq revealed that loss of cIn5 affects the
expression of several genes that encode proteins related to cell proliferation including, but
not limited to, kinases (aurK and cdkl, increased; gkgA-1, LRRK family protein kinase,

decreased), and proteins involved in cell division (rblA, cdc45, and cycB) (all increased)
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(Kim & Huber, 2022) (Luo et al., 1995; Sharma et al., 1999; Li et al., 2008; Phillips and
Gomer, 2010; Sanchez-Pulido and Ponting, 2011; Strasser et al., 2012). Loss of cIn5 also
increased the expression of aprA, which encodes the secreted AprA (Brock and Gomer,
2005; Choe et al., 2009). At the protein level, we observed a decreased amount of
intracellular AprA and an elevated amount extracellularly suggesting that loss
of cIn5 increases the secretion of AprA (Figures 3A,B). AprA exerts its effect by
interacting with CfaD (Bakthavatsalam et al., 2008; Choe et al., 2009). Although cfaD was
not identified as a DEG during growth, loss of cIn5 increased the intracellular and
extracellular amounts of CfaD (Figures 3A,C). Together, these data suggest that CIn5
regulates the levels of AprA and CfaD to modulate cellular proliferation.

Consistent with the effect of cIn5-deficiency on cytokinesis, we detected several
DEGs during growth that are associated with cytokinesis including vinculin A (vinA),
CctxA, and mhcA, which were all decreased (Kim & Huber, 2022) (De Lozanne and Spudich,
1987; Faix et al., 1996; Stock et al., 1999; Weber et al., 1999; Nagasaki et al., 2009). In D.
discoideum, cytokinesis can occur via two processes, one is dependent on myosin Il and
the other on cell adhesion (Zang et al., 1997). CtxA and MhcA participate in myosin 1l-
dependent cytokinesis, while VinA localizes to focal adhesion regions and is thought, along
with CtxB, to be involved in cell adhesion-dependent cytokinesis (Zang et al.,
1997; Bukharova et al., 2005; Duran et al., 2009; Nagasaki et al., 2009). In addition,
cortexillins function as actin-bundling proteins to help form the cleavage furrow during
cytokinesis (Weber et al., 1999). To expand upon these findings, we assessed the amounts
of CtxA, CtxB, and MhcA protein in cIn5 cells. Loss of cIn5 had no effect on the amount
of CtxA but did decrease and increase the intracellular amounts of CtxB and MhcA,

respectively (Figures 4A,B). Overall, these results support the role of CIn5 in cell
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proliferation and cytokinesis and provide insight into the genes and proteins affected

by cIn5-deficiency during growth.

2.5.4. DIFFERENTIALLY EXPRESSED GENES ASSOCIATED WITH cIn5-
DEFICIENCY PHENOTYPES DURING STARVATION

cIn5-deficiency in D. discoideum delays aggregation, inhibits cAMP-mediated
chemotaxis, and reduces adhesion during the early stages of development (Huber and
Mathavarajah, 2018b; McLaren et al., 2021). Therefore, we surveyed our list of DEGs
during starvation to identify dysregulated genes that may contribute to these phenotypes.
When we scanned the starved DEG list for genes that have been linked to delayed
aggregation, myoK (myosin-K heavy chain) and rps4 (40S ribosomal protein S4) were
increased in expression, while gkgA-1 was reduced (Kim & Huber, 2022). RNA-seq also
revealed genes that encode proteins involved in cCAMP signalling (e.g., CAMP receptor
D, carD, increased; cAMP-like receptor 4, crID, decreased) and degradation (e.g., 3',5'-
cyclic-nucleotide phosphodiesterase, regA, increased) (Kim & Huber, 2022). The D.
discoideum genome encodes four receptors that bind cCAMP (CarA, CarB, CarC, and CarD)
(Kim et al., 1996). carD is expressed the highest during the later stages of multicellular
development, while cCAMP receptor A (carA) is expressed the highest during aggregation.
RNA-seq revealed that carA was not differentially expressed in cIn5 cells. CarA elevates
CAMP synthesis during aggregation by stimulating adenylyl cyclase activity and its
expression via protein kinase A (Mann et al., 1997; Loomis, 1998; Loomis, 2014). RegA
reduces intracellular cAMP levels and leads to reducing cAMP sensitivity in D.
discoideum (Sun and Devreotes, 1991; Schulkes and Schaap, 1995; Loomis,

1998; Shaulsky et al., 1998; Loomis, 2014). Additionally, cCAMP synthesis and binding, as
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well as the activation of both CarA and early developmental genes, are modulated by
CmfA, which binds to the conditioned media factor receptor (CmfB) (Gomer et al.,
1991; Yuen et al., 1995; van Haastert et al., 1996; Deery and Gomer, 1999). In our RNA-
seq analysis, cmfA was not differentially expressed, but cmfB was elevated. Furthermore,
while loss of cIn5 had no effect on the amount of intracellular CmfA, cIn5-deficiency
elevated the amount of extracellular CmfA (Figures 5A,B). Together, these findings show
that cIn5-deficiency impacts the expression of genes associated with cAMP signalling
during aggregation.

Cell-substrate and cell-cell adhesion also play roles in D. discoideum aggregation,
which is delayed by the loss of cIn5 (Huber and Mathavarajah, 2018b). In addition to
cAMP-mediated chemotaxis, CmfA also influences the expression of discoidin I, a lectin
that is secreted and involved in cell-substrate adhesion and migration (Springer et al.,
1984; Barondes et al., 1985; Gomer et al., 1991). In scanning the list of DEGs during
starvation, genes encoding discoidin subunits (dscB, dscC, dscD) were elevated in
expression (Kim & Huber, 2022). In support of the differential expression, elevated
amounts of intracellular and extracellular discoidin were observed with the loss
of cIn5 (Figures 6A,B). Similarly, D. discoideum contains a protein complex composed of
counting factors (CF45-1, CF50-1, and CF60) and countin (CtnA), that collectively
regulate cell adhesion and migration (Brock and Gomer, 1999; Roisin-Bouffay et al.,
2000; Tang et al., 2002). Our RNA-seq analysis revealed elevated expression of cf45-
1 and cf50-1 in cIn5 cells during starvation. Furthermore, RNA-seq revealed no change in
expression of ¢f60 and ctnA, which is consistent with previous findings of unaltered CtnA
protein levels in cIn5 cells (McLaren et al., 2021). Finally, upregulation of smlA (small

aggregate formation protein) was observed, which encodes a protein that influences protein
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processing and secretion (Brock et al.,, 1996). Altogether, these observations support

previous findings of CIn5 playing a role in aggregation and adhesion.

255 LOSS OFcIn5 AFFECTS THE EXPRESSION AND ACTIVITY OF
SEVERAL CARBOHYDRATE ENZYMES

In previous studies, several lysosomal enzymes were identified as direct or indirect
interactors of CIn5 including o-mannosidase, B-glucosidase, and NagA (Huber and
Mathavarajah, 2018a). While the D. discoideum genome encodes several a-
mannosidases, manA is the most highly expressed a-mannosidase gene during growth and
aggregation (Stajdohar et al., 2017). The D. discoideum genome also encodes two [-
galactosidases, glbl and glb2. Two a-galactosidases are encoded by theD.
discoideum genome, melA and DDB_G0291524, with the latter being expressed more
than melA during the D. discoideum life cycle. Two a-glucosidases (gaa, modA) are
encoded by the D. discoideum genome with modA being expressed more than gaa during
the life cycle (Stajdohar et al., 2017). Finally, the D. discoideum genome encodes one [3-
glucosidase (gluA). In our transcriptomics dataset, we observed many carbohydrate
enzymes that were differentially expressed during cIn5 growth and starvation. During
growth, loss of cIn5 increased the expression of glbl, manA, melA, and gaa (Kim & Huber,
2022). When starved, cIn5 cells increased the expression of gluA and decreased the
expression of the putative a-galactosidase (DDB_G0291524) and o-mannosidase
(DDB_G0268754) genes. Next, we assessed the intracellular activity of the aforementioned
enzymes. During growth, loss of cIn5 decreased B-glucosidase and NagA activity and
increased the activity of a-glucosidase (Figure 7A). During starvation, cln5-deficiency

decreased a-mannosidase, B-glucosidase, and NagA activity (Figure 7B). We observed no
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effect of cIn5-deficiency on a-galactosidase and [-galactosidase activity during both
growth and starvation. Collectively, these findings suggest that CIn5 regulates the activities

of several carbohydrate enzymes.

2.5.6. LOSS OF cIn5 AFFECTS THE EXPRESSION AND ACTIVITY OF THE
PROTEASOME

Ceroid lipofuscin accumulation is a common hallmark of the NCLs and has been
postulated to occur due to alterations in the autophagy pathway (Cércel-Trullols et al.,
2015; Leinonen et al., 2017; Adams et al., 2019; Mukherjee et al., 2019; McLaren et al.,
2021). Dysregulated autophagy has been observed in many CLN5 disease models
including D. discoideum (Best et al., 2017; Leinonen et al.,, 2017; Adams et al.,
2019; Doccini et al., 2020; McLaren et al., 2021). By scanning the list of DEGs, we
identified genes involved in autophagy initiation (atgl, atgl3) and autophagosome
formation and turnover (atg6A, atg8, atg18) (all decreased) during growth, but no DEGs
related to autophagy during starvation (Kim & Huber, 2022) (Tanida et al.,
2005; Mizushima, 2010; Bento et al., 2016; Mesquita et al., 2017). Since our previous work
in D. discoideum reported increased numbers of ubiquitin-positive proteins in cIn5 cells
during growth, we also examined our growth DEG list for genes associated with protein
ubiquitination (Pickart, 2001; Jin et al., 2008; Williamson et al., 2009; Shao et al.,
2013; McLaren et al., 2021). Not surprisingly, we identified DEGs that encode proteins
involved in ubiquitin attachment, such as polyubiquitin proteins (ubgA, ubgD, ubgF, ubgG,
ubgH, ubgl, ubgJ), all of which were downregulated during growth (Kim & Huber, 2022).
In addition, DEGs encoding proteins involved in ubiquitin conjugation (E2 complex) were

reduced, including ubiquitin-conjugating enzyme E2 (ubcB) and a gene similar to
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human UBE2J2 (ube2j2), and genes encoding Ube2C and Ube2S (ube2c and ube2s,
respectively) were elevated. Ubiquitin ligase genes (skpl1B, rnf160) were also reduced in
expression. However, some genes associated with the ligase activity of the E3 complex
were increased such as subunits of the anaphase-promoting complex (anapc3, anapc4,
anapch, anapc6, anapc?, anapcl0, cdc20, cdc26) (Kim & Huber, 2022) (Matyskiela et al.,
2009; Wang et al., 2009). Finally, genes involved in protein deubiquitination such as
ubiquitin hydrolases and thioesterases were reduced in expression (e.g., uch2, yod1) (Deol
et al., 2020). Overall, these findings revealed the genetic impact of cln5-deficiency on the
autophagy and protein ubiquitination pathways, which further supports the role of CIn5 in
autophagy.

Interestingly, the autophagy pathway and ubiquitin-proteasome system crosstalk
with each other and both use ubiquitin as a tag to signal protein degradation (Kocaturk and
Gozuacik, 2018). Our RNA-seq analysis showed that loss of cIn5 increased the expression
of a gene predicted to be involved in proteasome assembly, psmG4, as well as reduced the
expression of psmE3, which encodes a proteasome subunit that regulates the activity of the
proteasome during D. discoideum growth (Kim & Huber, 2022) (Le Tallec et al.,
2007; Masson et al., 2009). In addition, we observed elevated amounts of one proteasome
subunit, PS5, during cIn5™ growth and starvation (Figures 8A,B), no effect on another
proteasome subunit (Figure 8C), and decreased proteasome 20S activity during both growth
and starvation (Figure 8D). These findings, coupled with previous work, suggest that CIn5
plays a role in proteasomal degradation and that the loss of cIn5 leads to dysfunctional

protein turnover via both autophagy and through the proteasome.
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2.5.7. LOSS OF cIn5 AFFECTS THE EXPRESSION AND ACTIVITY OF OTHER
CLN-LIKE PROTEINS IN D. discoideum

It has been suggested that CLN proteins collectively participate in a shared
biological pathway or pathways that converge to regulate a common cellular process
(Persaud-Sawin et al., 2007; Huber, 2020). As a result, we scanned our list of DEGs and
revealed several CLN-like genes that were differentially expressed in cIn5™ cells (Kim &
Huber, 2022). During growth, tpplE (similar to human TPP1/CLN2), ddjl (similar to
human DNAJC5/CLN4), and kctd9 (similar to human KCTD7/CLN14) were reduced in
expression in cIn5™ cells relative to WT cells, while tpp1F (similar to human TPP1/CLN2)
and grn (similar to human GRN/CLN11) were elevated. During starvation, the expression
of tpp1B and tpplF (similar to human TPP1/CLN2), ctsD (similar to
human CTSD/CLN10), DDB_G0291191 (similar to human CTSF/CLN13),
and DDB_G0269760 (similar to human KCTD7/CLN14) were increased,
while cprB (similar to human CTSF/CLN13) was reduced. Based on these findings, we
next assessed the intracellular activities of CLN proteins with demonstrated enzymatic
activity in mammals including PPT1, TPP1, CTSD, and CTSF. While there was no effect
of cIn5-deficiency on pptl expression, we detected increased PPT1 activity in both growth
and starved cells (Figures 9A,B). Despite the effects of cIn5-deficiency
on tpplE and tpplF expression during growth, and tpplB and tpplF expression during
starvation, there was no correlated impact on TPP1 activity in cIn5 cells. There was
elevated CTSD and CTSF activity observed in cIn5 cells during growth but no changes
were observed during starvation (Figures 10A,B). Finally, elevated ctsB expression was
observed in cIn5 cells during growth and cells starved for 4 h, but reduced CTSB activity

was observed in cIn5™ cells during starvation. From these findings, it is evident that CIn5
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influences the expression and activity of some CLN proteins, which further supports the

molecular networking of CLN genes and proteins (Huber, 2020).

2.6. DISCUSSION

In D. discoideum, cIn5-deficiency suppresses cell proliferation, reduces
cytokinesis, increases the basal level of autophagy, delays aggregation, impairs CAMP-
mediated chemotaxis, reduces cell-substrate and cell-cell adhesion, and causes precocious
multicellular development after mound formation (Huber and Mathavarajah,
2018b; McLaren et al., 2021). In this study, we used comparative transcriptomics to gain
insight into the molecular mechanisms underlying these phenotypes. We then used the
expression data to inform follow up work that examined the effect of cIn5-deficiency on
protein levels and enzyme activity during growth and the early stages of development.

Loss of cIn5 increases the intracellular levels of ubiquitinated proteins during
growth (McLaren et al., 2021). Here, comparative transcriptomics revealed that the most
significantly downregulated genes during growth were those that encode heat shock
proteins and proteins associated with protein ubiquitination, which could reflect an attempt
by cIn5™ cells to limit the expression of genes linked to protein ubiquitination. The most
significantly upregulated genes were associated with cell cycle progression and mitosis.
Since loss of cIn5 inhibits cell proliferation (McLaren et al., 2021), these findings indicate
that cIn5™ cells increase the expression of genes linked to cell proliferation to help restore
the normal rate of proliferation. During starvation, the most significantly downregulated
genes were linked to development. Conversely, the most significantly upregulated genes

were involved in intracellular trafficking and cell-cell adhesion. These findings are
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consistent with the defects in developmental timing and adhesion observed in cIn5™ cells
(Huber and Mathavarajah, 2018b; McLaren et al., 2021).

GO term analysis revealed an enrichment of DEGs associated with autophagy,
protein homeostasis, and lipid metabolism during growth. These findings are consistent
with work in D. discoideum and mammalian models of CLN5 disease that have linked the
function of CLN5 to these cellular processes (EI Haddad et al., 2012; Schmiedt et al.,
2012; Best et al., 2017; Leinonen et al., 2017; Adams et al., 2019; Doccini et al.,
2020; McLarenetal., 2021; Yasaetal., 2021; Doccini et al., 2022). Previous work suggests
that CLN5 functions as either a glycoside hydrolase or depalmitoylase (Huber and
Mathavarajah, 2018a; Luebben et al., 2022). Here, comparative transcriptomics showed
that loss of cIn5 during growth alters the expression of genes that encode enzymes. During
starvation, GO term analysis identified an enrichment of DEGs that encode enzymes and
proteins involved in catabolic processes. In addition, consistent with the extracellular
localization of CIn5 inD. discoideumand CLN5 in mammals (Isosomppi et al.,
2002; Moharir et al., 2013; Hughes et al., 2014; Huber and Mathavarajah, 2018a; Huber
and Mathavarajah, 2018b; McLaren et al., 2021), GO term analyses identified an
enrichment of DEGs that encode proteins that localize to secretory vesicles, the cell
periphery, the plasma membrane, and extracellularly, which is consistent with previous
work that indicated a role for CLN5 in protein secretion (Hersrud et al., 2016; Huber,
2021; Iwan et al., 2021). Notably, GO term enrichment analyses also showed that loss
of cIn5 affects the expression of genes that encode lysosomal enzymes, which aligns with
the lysosomal localization of CLN5 in mammalian cells (Isosomppi et al., 2002).

LAGO analysis revealed altered expression of genes linked to cell cycle progression

and mitosis in cIn5 cells, which is consistent with the reduced proliferation of cIn5 cells
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(McLaren et al., 2021). In addition, we showed that loss of cIn5 significantly increases the
expression of aprA, which encodes the well-established proliferation repressor AprA
(Brock and Gomer, 2005). Intriguingly, cIn5-deficiency decreased the intracellular amount
of AprA, but increased the extracellular amount, suggesting that loss of cIn5 increases
AprA secretion. These findings support the reduced proliferation of cIn5 cells since more
AprA is present outside cells to repress proliferation. In addition, it appears that cIn5 cells
increase the expression of aprAto counteract the reduced intracellular amount of the
protein. Finally, loss of cIn5 also increased the intracellular and extracellular levels of
CfaD, which participates in AprA-dependent signalling. Combined, these observations
indicate that cIn5™ cells cannot modulate AprA-dependent signalling and the increased
secretion of AprA is exacerbated by the increased expression of aprA in cln5-deficient
cells, which ultimately supresses cell proliferation.

Our previous work in D. discoideum reported reduced cytokinesis in cIn5-deficient
cells (McLaren et al., 2021). Here, RNA-seq revealed reduced expression of genes
associated with cytokinesis including ctxA, mhcA, and vinA. We also observed significantly
increased amounts of MhcA protein in cIn5 cells, which could explain the reduced
expression of mhcA, and reflect an attempt by cIn5 cells to mitigate defects in MhcA-
dependent cytokinesis. Interestingly, our RNA-seq analysis revealed a cluster of DEGs that
encode proteins that bind to the cytoskeleton, which is consistent with a previous study that
revealed DEGs in CIn1™~ mice related to cytoskeleton organization (von Schantz et al.,
2008). Moreover, altered cytokinesis has also been reported in yeast and D.
discoideum knockout models of CLN3 disease (Codlin et al., 2008; Mathavarajah et al.,

2018) indicating that multiple CLN genes regulate cytokinesis.
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Comparative transcriptomics identified DEGs associated with aggregation, CAMP-
mediated chemotaxis, and cell adhesion in cIn5 cells, which is consistent with the delayed
aggregation, suppressed cAMP-mediated chemotaxis, and reduced adhesion observed
in cIn5-deficient cells (Huber and Mathavarajah, 2018b; McLaren et al., 2021). We also
found that loss of cIn5 elevates the amount of secreted CmfA and expression of the gene
encoding the CmfA receptor, cmfB, which together modulate cAMP-mediated chemotaxis
and the expression of early developmental genes (Gomer et al., 1991; Yuen etal., 1995; van
Haastert et al., 1996; Deery and Gomer, 1999). In addition, cIn5-deficiency increased the
expression of the gene encoding the cAMP phosphodiesterase RegA. These findings
suggest that the delayed aggregation of cIn5 cells can be at least partly due to altered
CmfA-dependent signalling and increased degradation of cCAMP due to elevated expression
of regA. Finally, consistent with the role of CIn5 in cell adhesion (Huber and Mathavarajah,
2018b), loss of cIn5 increased the expression of genes that encode subunits of discoidin,
which resulted in a correlated increase in the intracellular and extracellular amounts of
discoidin protein in starved cells. Discoidins are secreted lectins that regulate cell migration
and cell-substrate adhesion in D. discoideum (Springer et al., 1984; Barondes et al., 1985).
Thus, the increased expression and amount of discoidin protein likely reflected an attempt
by cIn5-deficient cells to restore adhesion to WT levels.

RNA-seq identified DEGs in cIn5 cells associated with protein tagging, protein
degradation, and autophagy, which aligns with studies from D. discoideum, mice, and
humans linking the function of CLN5 to autophagy (Best et al., 2017; Leinonen et al.,
2017; Huber and Mathavarajah, 2018b; Adams et al., 2019; Doccini et al., 2020; Basak et
al., 2021b; McLaren et al., 2021). Intriguingly, autophagy is dysregulated in many NCL

subtypes (Kim et al., 2022). Accumulated evidence suggests that autophagy and the
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ubiquitin-proteasome system work together to regulate protein degradation and operate in
a compensatory manner when one of the pathways is inhibited (Kocaturk and Gozuacik,
2018). Our previous work showed that loss of cIn5 increases the basal level of autophagy
during growth (McLaren et al., 2021). Here, we reported an accumulation of one of the
proteasomal subunits in cIn5™ cells, but a reduction in proteasome 20S activity during both
growth and starvation, which is consistent with the increased abundance of ubiquitin-
positive proteins in cIn5 cells (McLaren et al., 2021). Together, these results indicate that
CIn5 influences protein degradation via autophagy and the ubiquitin-proteasome system.
Autophagy is dependent on lysosomal function. Not surprisingly, our RNA-seq
dataset contained several DEGs in cIn5" cells that encode carbohydrate enzymes including
B-glucosidase and a-mannosidase, which both interact with CIn5 (Huber and Mathavarajah,
2018a). We followed up this analysis by showing that cIn5-deficiency affects the activity
of various carbohydrate enzymes. Notably, cIn5™ cells displayed reduced NagA activity
during growth and starvation, which is consistent with previous work that reported that D.
discoideum CIn5 and human CLNS5 can also cleave the NagA substrate and that CIn5 and
NagA may participate in a common pathway in D. discoideum that regulates autophagy
(Huber and Mathavarajah, 2018a; McLaren et al., 2021). We also showed that loss
of cIn5 alters the expression and activities of other CLN-like proteins in D. discoideum.
This aligns with previous work that reported an interaction between CLN5 and PPT1 in
COS-1 cells (Lyly et al., 2009). In addition, D. discoideum CIn5 interacts with CtsD,
various homologs of human CTSF (CprA, CprD, CprE, and CprG), NagA, a-mannosidase,
and PB-glucosidase, all of which may have displayed altered enzymatic activity due to the
absence, and hence, lack of interaction with CIn5, in cIn5™ cells (Huber and Mathavarajah,

2018a). While our previous work showed that loss of cIn5 decreases the intracellular
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amount of CtsD during starvation (McLaren et al., 2021), in this study, comparative
transcriptomics revealed increased expression of ctsD in starved cIn5™ cells. These findings
indicate that cIn5™ cells upregulate the expression of ctsD to restore the intracellular amount
of the protein. Also, our work showed that loss of cIn5 elevates ctsB expression but reduces
CTSB activity. Previous work also reported reduced CTSB activity in CLN5-deficient cells
and it was suggested that the loss of CLN5 impairs intracellular trafficking and the
movement of lysosomes (Mamo et al., 2012; Basak et al., 2021a; Yasa et al., 2021).
Consistent with these findings, LAGO analyses revealed an enrichment of GO terms
associated with intracellular vesicles including lysosomes, endocytic vesicles, and
phagocytic vesicles. In CLN5-depleted HeLa cells, endosomal sorting is perturbed due to
abolished retromer interaction and recruitment to the endosome, as well as poor fusion
between the lysosome and autophagosome (Mamo et al., 2012; Yasa et al., 2021).
Combined, these findings indicate that loss or mutation of CLNS5 affects the expression,
synthesis, and/or delivery of enzymes to lysosomes.

In conclusion, this study sheds light on the pathways perturbed in cIn5 cells,
highlights the multifaceted role of CLNS in eukaryotic cells, and contributes knowledge to

the mechanisms that may be disrupted in CLN5 disease patients.
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2.8. FIGURES AND TABLES
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FIGURE 2. A pictorial schematic of the methods used to determine the effects of
cIn5 deletion on gene expression. (A) WT and cIn5 cells grown in suspension and in the
mid-log phase of growth were deposited onto Petri dishes and grown overnight in HL5.
Growth-phase cells were harvested after the overnight incubation, while starved cells
were collected after a 4-hour incubation in KK2 buffer. All cell pellets were stored at
—80°C until RNA extraction was done. Extracted RNA samples were sequenced at The
Hospital for Sick Children (Toronto, Ontario, Canada). (B) Following differential
expression analysis via SARTools, volcano plots were generated to visualize the profile

of DEGs during growth and after 4 h of starvation.
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FIGURE 3. Loss of cIn5 affects the intracellular and extracellular levels of AprA
and CfaD during growth. Whole cell (WC) lysates (20-30 pg) and samples of
conditioned media (CM) (0.1-0.375 pg) from growth-phase WT and cIn5 cells were
separated by SDS-PAGE and analyzed by western blotting. (A) Membranes were probed
with anti-AprA, anti-CfaD, and anti-p-actin (loading control). Intracellular and
extracellular amounts of (B) AprA and (C) CfaD were quantified using Fiji/ImageJ and
intracellular values were standardized against the levels of B-actin. Data presented as
mean protein amount (% WT) + SEM (n > 5). *p < 0.05 (one sample t-test).
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FIGURE 4. Loss of cIn5 affects the abundance of proteins linked to cytokinesis
during growth. (A) Whole cell (WC) lysates (20-30 pg) from growth-phase WT

and cIn5-deficient cells were separated by SDS-PAGE and analyzed by western blotting.
Membranes were probed with anti-CtxA, anti-CtxB, anti-MhcA, and anti-p-actin (loading
control). (B) Intracellular amounts of CtxA, CtxB, and MhcA were quantified using
Fiji/Image] and standardized against the levels of B-actin. Data presented as mean protein
amount (% WT) £ SEM (n > 3). *p < 0.05 (one sample t-test). NS — not significant.
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FIGURE 5. Loss of cIn5 affects the extracellular amount of CmfA during

starvation. (A) WT and clIn5-deficient cells starved for 4 h were lysed and standard SDS-
PAGE/western blotting was performed on equal protein amounts from whole cell (WC)
lysates (20-40 pg) and clarified conditioned buffer (CB) (0.15-0.375 pg). Membranes
were probed with anti-CmfA and anti-p-actin (loading control). (B) Intracellular and
extracellular amounts of CmfA were quantified with Fiji/ImageJ and intracellular
amounts of CmfA were standardized against the levels of B-actin. Data presented as mean
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protein amount (% WT) £ SEM (n > 5). *p < 0.05 (one sample t-test). NS — not
significant.
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FIGURE 6. Loss of cIn5 affects the intracellular and extracellular amounts of
discoidin during starvation. (A) Whole cell (WC) lysates (30-50 ug) and clarified
conditioned buffer (CB) (0.15-0.375 pg) were collected from WT and cln5-cells starved
for 4 h. Equal protein amounts were subjected to SDS-PAGE/western blotting, and
membranes were probed with anti-Dsc and anti-B-actin (loading control). (B) Protein
bands were quantified using Fiji/lmageJ and the intracellular values for discoidin were
standardized against the levels of B-actin. Data presented as mean protein amount (%
WT) + SEM (n > 4). *p < 0.05 (one sample t-test). NS — not significant.
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FIGURE 7. Loss of cIn5 affects the activity of carbohydrate enzymes during growth
and starvation. WT and cln5-deficient cells during (A) growth and (B) 4-hour starvation
were lysed and the activities of various carbohydrate enzymes were assessed including o-
galactosidase (a-Gal), B-galactosidase (B-Gal), a-glucosidase (a-Glu), B-glucosidase (B-
Glu), o-mannosidase (o-Man), and N-acetylglucosaminidase (NagA). Raw enzymatic
values were subtracted from the blank solution and activities in cln5-deficient lysates
were standardized against the activities in WT samples. Data presented as mean enzyme
activity (% WT) £ SEM (n > 6). *p < 0.05, **p < 0.01, ***p < 0.001 (one sample t-test).
NS — not significant.
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FIGURE 8. Loss of cIn5 increases the abundance of a proteasomal subunit during
growth and starvation but decreases proteasome 20S activity. (A) Whole cell (WC)
lysates from growth-phase and 4 h starved WT and cIn5'- cells were separated by SDS-
PAGE and analyzed by western blotting. Membranes were probed with anti-PS, anti-PS5,
and anti-p-actin (loading control). Fiji/ImageJ was used to quantify (B) PS5 and (C) PS
protein bands, which were then standardized against the levels of B-actin. Data presented
as mean protein amount (% WT) £ SEM (n > 11). *p < 0.05 (one sample t-test). NS — not
significant. (D) Proteasome 20S activity was assessed by collecting WT and cIn5™ cells
during growth and after 4 h of starvation. Cells were then lysed and proteasome 20S
activity was measured using a commercially available kit. Raw activity values were
subtracted from the blank solution and activities in cIn5-deficient lysates were
standardized against the activities in WT samples. Data presented as mean proteasome
20S activity (% WT) £ SEM (n = 11). *p < 0.05 (one sample t-test).
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FIGURE 9. Loss of cIn5 increases PPT1 activity during growth and starvation but
has no effect on TPP1 activity. (A) Growth-phase and (B) 4-hour starved WT

and cIn5 cells were lysed PPT1 and TPP1 activity in whole cell (WC) lysates were
subtracted from the blank solution and activities in cIn5-deficient lysates were
standardized against the activities in WT samples. Data presented as mean enzyme
activity (% WT) £ SEM (n > 12). *p < 0.05 (one sample t-test). NS — not significant.
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FIGURE 10. Loss of cIn5 affects the activity of cathepsins during growth and
starvation. The activity of cathepsins were assessed during (A) growth and (B) 4-hour
starvation in WT and cIn5™ cells as described in the Materials and methods. Activities in
whole cell (WC) lysates were subtracted from the blank solution and activities

in cIn5™ lysates were standardized against the activities in WT samples. Data presented as
mean enzyme activity (% WT) £ SEM (n > 6). *p < 0.05, **p < 0.01 (one sample t-test).
NS — not significant.
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TABLE 2. Quantitative summary of DEGs and annotated genes determined by
LAGO in cIn5 cells during growth and after 4 h of starvation. A log2 fold threshold
of 1.25 was applied.

LAGO annotated genes

Condition Number of up-regulated genes Number of down-regulated genes ~ Total DEGs Biological process  Cellular component Molecular function
Growth 1,041 1,283 2,324 1,603 1,652 1,586
Starvation 644 394 1,038 657 728 669

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fgene.2022.1045738/full#supplementary-

material
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3.0. CHAPTER 3
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3.2. ABSTRACT

The neuronal ceroid lipofuscinoses, collectively known as Batten disease, are a group of
neurodegenerative diseases that affect all ages, mainly children. Mutations in 1 of the 13
ceroid lipofuscinosis neuronal (CLN) genes (CLN1-CLN8, CLN10-CLN14) result in Batten
disease, each of which causes a Batten disease subtype. Mutations in CLN5 and cathepsin
D (CTSD) cause CLN5 and CLN10 disease, respectively. CTSD functions as an aspartic
endopeptidase, while the exact function of CLNS5, like many CLN proteins, is still under
investigation. As of now, CLN5 putatively functions as either a ceramide synthase,
depalmitoylase, glycoside hydrolase, or bis(monoacylglycerol)synthase. Both proteins
localize to lysosomes and are secreted into the extracellular space. However, there is limited
information on the processes which cells use to secrete CLN5 and CTSD. In this chapter,
we use the social amoeba Dictyostelium discoideum as a model to study the secretion of
CLN5 and CTSD. Through SignalP 6.0, we detected a signal peptide (SP) sequence in both
CIn5 and CtsD, and we generated cell lines expressing both proteins lacking their SP. Loss
of SP in CIn5 and CtsD did not alter their intracellular localization, but did cause more
cytoplasmic localization in CIn5. In addition, the deletion of the SP inhibits the release of
CIn5 and CtsD, suggesting the SP region is essential in the secretion of these proteins. The
secretion of CIn5 is also modulated by the secretion of CtsD, as loss of SP in CtsD caused
an increase in extracellular CIn5 amounts. Finally, loss of SP in CIn5 resulted in delayed
aggregation. WT cells expressing GFP-CIn5, an alternative to blocking the function of the
SP but also traps CIn5 in the ER, display cIn5-deficient phenotypes such as delayed cell
proliferation and aggregation, along with delayed late multicellular development, which

suggests that ER stress plays a role in CLN5 disease. Altogether, this chapter furthered our
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understanding of the secretion of CLN5 and CTSD, and how ER entrapment contributes to

CLNS5 disease pathology.

KEYWORDS: Batten disease, CLN5, CTSD, Dictyostelium, ER, neuronal ceroid

lipofuscinosis, secretion, signal peptide.
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3.3. INTRODUCTION

CLNS5 disease is one of the NCL subtypes and is caused by mutations in the CLN5 gene
(Butz et al., 2020; Simonati & Mole, 2022). CLN5 is a soluble protein that putatively
functions as either a glycoside hydrolase, a bis(monoacylglycerol)phosphate synthase, or a
depalmitoylase (Huber & Mathavarajah, 2018a; Luebben et al., 2022; Medoh et al., 2023).
Like with its function, the process that CLN5 is directly involved in is uncertain; however,
CLNS5 plays a role in various biological processes within cells, including lipid processing,
intracellular trafficking, and autophagy (Haddad et al., 2012; Mamo et al., 2012; Leinonen
etal., 2017; Adams et al., 2019; Luo et al., 2020; McLaren et al., 2021; Yasa et al., 2021,
Doccini et al., 2022). Human CLNS5 localizes to the endoplasmic reticulum (ER) and the
lysosome (Isosomppi et al., 2002; Jules et al., 2017). In addition to its intracellular
localization, many organismal models, including mammalian models, human cell models,
and human excrement samples, show that CLN5 is in the extracellular space (Moharir et
al., 2013; Hughes et al., 2017; Iwan et al., 2021). Previous research showed that CLN5 has
a signal peptide (SP) in its amino acid sequence, a N-terminal amino acid sequence that
directs proteins for secretion (Jules et al., 2017; Huber & Mathavarajah, 2018a). However,
experiments showcasing the role in the secretion of the SP in CLN5, as well as other CLN
proteins including cathepsin D (CTSD), have yet to be determined.

In addition to these models, Dictyostelium discoideum contains a CLN5 homolog,
CIn5, and is also present in the extracellular space (Huber & Mathavarajah, 2018ab).
Dictyostelium is a social amoeba that exists unicellular under nutrient-rich conditions,
feeding on bacteria or liquid media and dividing mitotically (Mathavarajah et al., 2017).

When nutrients are depleted, Dictyostelium enters its multicellular phase, where single cells
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aggregate into mounds and, through a series of developmental processes, form a fruiting
body. Fruiting bodies are composed of a stalk holding a sorus containing spores that
germinate under nutrient-rich conditions, restarting the Dictyostelium lifecycle.
Dictyostelium serves as a powerful model in studying various neurological diseases as its
genome contains many homologs linked to neurodegeneration and has conserved processes
from humans (Haver & Scaglione, 2021; Huber et al., 2022). In the context of Batten
disease, Dictyostelium is an early eukaryote that contains many homologs of CLN-like
proteins and a CLN5-like protein, a feature that is not present in other eukaryotic models
(Huber, 2016).

The molecular function of Dictyostelium CIn5 is a glycoside hydrolase and localizes
within the ER, cytoplasmic punctate, and to the cellular periphery (Huber & Mathavarajah,
2018a). Loss of cIn5 causes phenotypic defects within the Dictyostelium lifecycle. During
growth, cIn5-deficiency reduces cell proliferation, cytokinesis, and affects basal activity in
autophagy (McLaren et al.,, 2021). CIn5 also plays various roles within the early
multicellular development, such as cell migration, cell-substrate and cell-cell adhesion
(Huber & Mathavarajah, 2018b). Under both conditions, cells deficient in CIn5 display
defective activity of many lysosomal enzymes and alter the intracellular and extracellular
distribution of many proteins regulating these processes during growth and multicellular
development (Kim & Huber, 2022). In Dictyostelium, CIn5 is secreted via an
unconventional secretory pathway, an intracellular pathway that traffics proteins from the
ER towards the cellular periphery but bypasses the Golgi complex (as reviewed in Néel et
al., 2024). Previous research showed that both Dictyostelium CIn5 and human CLN5 amino
acid sequences contain a putative SP (Jules et al., 2017; Huber & Mathavarajah, 2018a). In

this study, we reveal that the SP plays a role in protein secretion in the Cln protein family,
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including CIn5 and CtsD. We also show that removal of the SP does not alter the
intracellular trafficking of CIn5 and CtsD. Finally, loss of SP in CIn5 only delays
aggregation, while blocking ER exiting of CIn5 via N-terminal GFP tagging severely

impacts the Dictyostelium lifecycle.

3.4. METHODS
3.4.1. CELL LINES, CULTURING, AND MATERIALS

AX3 cells, as well as both pDM323 and pTXGFP plasmids, were purchased from
the Dicty Stock Center (Fey et al., 2019). The cIn5™ cell line (parental line: AX3) and AX3
cells overexpressing GFPCIn5 in the pTXGFP plasmid used in this study were previously
validated (Huber & Mathavarajah, 2018a). In this paper, parental lines are referred to as
wild type (WT) in this chapter. All cell lines were kept on SM/2 agar containing Klebsiella
aerogenes (Fey etal., 2007). Cells were cultured in HL5 medium (Formedium, Hunstanton,
Norfolk, UK) containing 100ug/ml ampicillin and 300pg/ml streptomycin sulfate. cln5
cells were selected with 10ug/ml of blasticidin-S-chloride in HL5 medium, while cells with
extrachromosomal DNA were selected with 10pg/ml G418 sulfate. For experiments, all
cell cultures were grown at mid-log phase of growth (1-5 x 108 cells/ml) at 21°C/150RPM.
KK2 buffer was formulated as follows: 2.2 g/L KH2PO4 and 0.7 g/L KoaHPOg4, pH 6.5. The
polyclonal rabbit anti-CIn5 and polyclonal rabbit anti-CtsD antibodies used in this study
were validated in previous studies (Huber & Mathavarajah, 2018b; Huber et al., 2020).
Mouse monoclonal anti-beta-actin (Cat #: SC-47 778) and mouse monoclonal anti-GFP
(Cat #: SC-9996) were purchased from Santa Cruz Biotechnology Incorporated (Dallas,

Texas, United States). The monoclonal mouse anti-GFP antibody (Cat #: 2555), as well as
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the goat anti-rabbit (Cat #: 7074) and horse anti-mouse (Cat #: 7076) IgG linked to HRP,
were purchased from New England Biolabs Canada (Whitby, Ontario, Canada). Mouse
monoclonal anti-alpha-actinin (Cat #: 47-62-17) and mouse monoclonal anti-alpha-tubulin
(Cat #: 12G10) were purchased from the Developmental Studies Hybridoma Bank
(University of lowa, lowa City, lowa, United States). Alexa Fluor-conjugated secondary
antibodies were purchased from Fisher Scientific Company (Ottawa, Ontario, Canada).

Protease cocktail inhibitor tablets were purchased from Fisher Scientific Company.

3.4.2. CIn5 AND CtsD SP-NULL PLASMID CONSTRUCTION AND Dictyostelium
TRANSFORMATION

To determine the region where the putative SP is cleaved, we input the amino acid
sequences of CIn5 and CtsD into SignalP 6.0 (Teufel et al., 2022). SignalP 6.0 has identified
SP sequences from amino acid positions 1-20 and 1-18 in CIn5 and CtsD, respectively.
Considering this, we designed primers that amplified after the SP sequence in CIn5 and
CtsD (Table 3). Expression of C-terminal GFP of full-length CtsD (CtsD-GFP), as well as
CIn5 and CtsD lacking their signal peptides (ASP-CIn5-GFP and ASP-CtsD-GFP), were
created via amplifying PCR products with OneTaq 2X Master Mix with Standard Buffer
Kit (Cat #: MO0482). Escherichia coli containing the pDM323 plasmid were grown
overnight (30°C/250RPM), and the pDM323 plasmid was extracted using the Monarch
Plasmid Miniprep Kit (Cat #: T1010). PCR amplicons and pDM323 vector were digested
with Bglll (Cat #: R0144) and Spel (Cat #: R3133). Digested PCR amplicons were purified
with the Monarch PCR & DNA Cleanup Kit (Cat #: T1030), while purification of the

digested pDM323 vector was done via the Monarch Gel Extraction Kit (Cat #: T1020).
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Digested PCR amplicons were ligated into the digested pDM323 vector with T4 DNA
ligase (Cat #: M0202) and heat-shocked into competent E. coli bacteria (Cat #: C3040H).
Heat-shocked E. coli cells were grown overnight, and plasmids in E.coli cells were
extracted with Monarch Plasmid Miniprep Kit. All reagents used above in this protocol
were purchased from New England Biolabs (Whitby, Ontario, Canada). Extracted plasmids
were sequenced at The Hospital for Sick Children (Toronto, Ontario, Canada) to ensure no
mutations were present. Methods of transforming AX3 and cIn5™ cells with the validated
plasmids were adapted from a previous study (Gaudet et al., 2017) and done using the Bio-
Rad MicroPulser Electroporator (Bio-Rad Laboratories Canada Limited, Mississauga,

Ontario, Canada).

3.4.3. IMMUNOFLUORESCENCE ASSAY

An immunofluorescence (IF) assay was performed using a method previously
described (Hagedorn et al., 2006). Briefly, cells (1.5 x 10° cells) in the mid-log phase of
growth were deposited onto coverslips placed inside separate wells of a 12-well dish and
then submerged overnight in low-fluorescence HL5 at room temperature. The next day,
cells were starved for 2 hr in KK2 buffer and then fixed by submerging coverslips in —80°C
methanol for 45 min. The primary anti-GFP (1:50) and secondary anti-rabbit Alexa Fluor
488 (1:100) were used. Coverslips were mounted onto slides using Prolong Gold Anti-Fade
Reagent with DAPI (Fisher Scientific Company) and sealed with nail polish. Fixed cells
were imaged using a Nikon Ts2R-FL inverted microscope equipped with a Nikon Digital
Sight Qi2 monochrome camera (Nikon Canada Incorporated Instruments Division). Images

were then merged with Fiji/ImageJ.
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3.4.4. CELL PROLIFERATION ASSAY

Methods in conducting a cell proliferation assay were adapted from previous studies
(McLaren et al., 2021; Yap et al., 2022). Briefly, cells in mid-log phase of growth were
washed twice with HL5 medium. Cells were suspended at a cell density of 2.0 x 10°
cells/mL with HL5 medium in 50 mL Erlenmeyer flasks. However, cells expressing GFP-
CIn5 were unable to grow below the mid-log phase of growth (data not shown). Because
of this, cells expressing GFP-CIn5 or the empty pTXGFP plasmid were set at an initial cell
concentration of 1.0 x 10° cells/ml. All cell cultures in flasks used for the cell proliferation
assay were incubated at 21°C/150RPM. A p<0.05 under a two-way ANOVA coupled with

Bonferroni’s multiple comparison test was used to determine significance.

3.4.5. STARVATION ASSAY

Cells (5 x 10° cells) were left to adhere on 100 x 150mm Petri dishes containing
HL5 medium for at least an hour, whereafter the medium was refreshed and left overnight.
Confluent cells were rinsed twice with KK2 buffer and submerged in KK2 buffer for 12
hours. Cells were imaged every 2 hours using a Nikon Ts2R-FL inverted microscope
equipped with a Nikon Digital Sight Qi2 monochrome camera (Nikon Canada Incorporated
Instruments Division, Mississauga, Ontario, Canada). Along with the starvation assay, a
subset of confluent cells was starved for 4 hours, and the starved cells and the conditioned
buffer (CB) were harvested. The 4-hour starvation time point was chosen as this is when
the expression of cIn5 and the process of enzyme secretion are at their maximum in
Dictyostelium (Dimond et al., 1981; Rossomando et al., 1987; Stajdohar et al., 2017). The

CB was collected and clarified via centrifugation (4°C/2000RPM/5mins) to remove any
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free-floating cells. Clarified CB was concentrated through centrifugation (4°C/4200RPM)
with the Amicon Ultra-4 centrifugal filter unit (Cat #: UFC801024; Fisher Scientific
Company, Ottawa, Ontario, Canada). Starved cells on Petri dishes were lysed with 0.5%
(v/v) NP-40 lysis buffer (50mM Tris, 150mM NacCl, pH 8.3) containing a protease inhibitor

tablet.

3.4.6. LATE MULTICELLULAR DEVELOPMENT ASSAY

The protocol for performing a late multicellular development assay was modified
from a previous study (McLaren et al., 2021). Cells in the mid-log phase of growth (5.0 x
10° cells) were deposited in 100 x 150mm Petri dishes and left overnight in HL5 medium.
Confluent cells were harvested and washed twice with KK2 buffer. Cells were resuspended
at a cell concentration of 3.0 x 107 cells/mL, and 35uL droplets of the cell solution were
formed onto 0.1% (w/v) KK2 agar. Cells on KK2 agar were incubated in a moist chamber
and wrapped with aluminum foil to avoid light exposure. Images were taken every 2 hours
after the 12-hour timepoint using the internal SMP CMOS camera attached to a Leica
EZAW stereomicroscope (Leica Microsystems Canada Incorporated, Richmond Hill, ON,

Canada).

3.4.7. PROTEIN QUANTIFICATION AND WESTERN BLOTTING

The protein concentration of whole cell (WC) lysates and CB samples was
quantified using the Qubit 2.0 Fluorometer (Fisher Scientific Company, Ottawa, Ontario,
Canada). Samples were mixed 1:1 (v/v) with sample buffer and digested for 5 minutes at
95°C. Standard methods of SDS-PAGE and western blotting were used. In brief, equal

amounts of protein (WC: 10-25ug; CB: 0.1-0.5ug) within samples were separated via SDS-
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PAGE and transferred onto nitrocellulose membranes via wet transfer. Membranes were
incubated in 5% (w/v) milk-TBST for 45 minutes, rinsed thrice with TBST, and incubated
with the following antibodies: anti-CIn5 (1:500), anti-CtsD (1:500), anti-GFP (1:1000),
anti-glucose-regulated protein 78 (Grp78) (1:1000); anti-alpha-actinin (1:1000), anti-alpha-
tubulin (1:1000), anti-beta-actin (1:1000), and secondary anti-rabbit and anti-mouse 1gG

linked to HRP (1:5000).

3.5.0. RESULTS

3.5.1. DETERMINING THE INTRACELLULAR LOCALIZATION OF CIn5 AND
CtsD LACKING THEIR PUTATIVE SP

The secretion of SP-bearing proteins follows the conventional secretory pathway,
involving trafficking these proteins in the ER to the Golgi complex and ultimately to the
plasma membrane for excretion (as reviewed in Neéel et al., 2024). The amino acid
sequences of human CLN5 and Dictyostelium CIn5 contain a potential N-terminal SP
sequence, and blocking the N-terminus with GFP expression traps CIn5 in the ER (Jules et
al., 2017; Huber & Mathavarajah, 2018a). In this study, we showed that removing the SP
allows ER release of CIn5 (Figure 11). Additionally, a cytoplasmic distribution of CIn5
increases when the SP is deleted (Figure 11). Having established the impact of SP loss on
CIn5 localization, we extended our analysis to CtsD, another protein with an SP that is
linked to CLN10 Batten disease subtype when mutated (Butz et al., 2020). SignalP 6.0
predicted a putative SP from positions 1-18 within the CtsD amino acid sequence. We
deleted the SP from CtsD and evaluated the localization of this SP-lacking protein. Our

results showed that CtsD localizes to intracellular vesicles, cytoplasmic punctate structures,
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and the plasma membrane (Figure 12). Deletion of the SP did not appear to alter the overall
localization of CtsD. Overall, our findings indicate that loss of the SP affects the

localization of CIn5, but not the localization for CtsD.

3.5.2. EVALUATING THE PUTATIVE SP ON THE SECRETION OF CIn5 AND
CtsD

Since SP-bearing proteins are destined to be secreted, but our IF data show altered
localization for the ASP-CIn5-GFP fusion protein, but not for the ASP-CtsD-GFP fusion
protein, with loss of the SP, we followed up on these findings by determining if the
secretion of these fusion proteins would be affected. We used western blotting to assess the
presence of the deletion mutants intracellularly (in whole cell lysates) and extracellularly
(in conditioned buffer). All four fusion proteins (CIn5-GFP, ASP-CIn5-GFP, CtsD-GFP,
ASP-CtsD-GFP) were detected in whole cell lysates, and the molecular weights of the
deletion mutants were reduced compared to the full-length proteins (Figure 13). When
focusing on the extracellular space, the CIn5-GFP and CtsD-GFP fusion proteins were
detected, while there was a lack of signal of their SP-lacking protein counterparts. This
suggests that both CIn5 and CtsD contain a functional SP that regulates their release from
cells.

Dictyostelium CIn5 interacts with CtsD (Huber & Mathavarajah, 2018a). Since we
showed that the SP is essential for CIn5 and CtsD secretion, we investigated how loss of
the SP affects the secretion of their protein partners. Intracellular and extracellular amounts
of CtsD were not affected in cells expressing ASP-CIn5-GFP (Figure 14A). Although

unaffected intracellular CIn5 amounts were observed in cells expressing ASP-CtsD-GFP,
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elevated extracellular amounts of CIn5 were present (Figure 14B). This suggests that loss
of the SP in CIn5 does not modulate CtsD secretion, while extracellular release of CtsD

regulates CIn5 secretion.

3.5.3. EVALUATING THE EFFECT BLOCKING CIn5 SECRETION ON CELL
PROLIFERATION, AGGREGATION, AND DEVELOPMENT

Loss of cIn5 reduces cell proliferation, reduces aggregation, and enhances late
multicellular development (McLaren et al., 2021). Since previous research showed that
blocking the N-terminus of CIn5 via GFP alters its intracellular localization and prevents
its secretion (Huber & Mathavarajah, 2018a), we assessed the effect of inhibiting the
secretion of CIn5 (e.g., N-terminal GFP tagging of CIn5, SP-lacking CIn5) on cell
proliferation and multicellular development. Loss of the SP in CIn5 did not affect cell
proliferation (Figure 15). Reduced cell proliferation in WT and cIn5" cells expressing GFP-
CIn5 within 48 hours of growth was observed, while cell proliferation was reduced at 72
hours of growth in cIn5 cells (Figure 16). In line with this finding, cells expressing GFP-
CIn5 displayed arrested proliferation in HL5 medium when below mid-log phase of growth
(data not shown), suggesting cellular stress in these cell lines. This suggests that trapping
CIn5 in the ER is more deleterious than the loss of cIn5 and the loss of the SP in CIn5 on
cell proliferation.

Since N-terminal GFP tagging of CIn5 led to cellular defects during growth, we
explored the effect of CIn5 lacking its SP and N-terminal GFP tagging on CIn5 in the
multicellular phase of Dictyostelium. When cells were starved in KK2 buffer, CIn5 lacking
its SP did not affect Dictyostelium aggregation (Figure 17), but the expression of GFP-CIn5

delayed aggregation in WT cells similar to cIn5™ cells (Figure 18). Interestingly, recovery
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was observed in cIn5™ cells expressing GFP-CIn5. Like growth, we observed stress within
cells expressing GFP-CIn5 as indicated by poor cell-substrate adhesion (data not shown).
From this, we extended our analysis towards the latter part of the Dictyostelium
multicellular development. Like aggregation, overexpressing GFP-CIn5 in cIn5 cells
showed recovery in late multicellular development (Figure 19A). WT cells expressing
GFP-CIn5 started to enter late multicellular development at the 24-hour timepoint, as
indicated by the formation of slugs. We also assessed late multicellular development in
cIn5" cells expressing ASP-CIn5-GFP and found that loss of the SP did not affect this part
of the lifecycle (Figure 19B). Altogether, these data reveal that a lack of CIn5 or an

overabundance of intracellular CIn5 impacts the Dictyostelium multicellular development.

3.5.4. INVESTIGATION THE IMPACT OF BLOCKING CIn5 SECRETION IN ER
STRESS RESPONSE

Our previous work with Dictyostelium showed GFP-CIn5 is trapped in the ER
(Huber & Mathavarajah, 2018a), and we observed severe phenotypes in WT cells
expressing GFP-CIn5. Because of this and previous work suggesting ER stress in Batten
disease (as reviewed in Marotta et al., 2017), we determined the amounts of Grp78, an ER
protein that is activated when cells experience ER stress (Harding et al., 2002; Schroder &
Kaufman, 2005), during growth and starvation. During growth, increased Grp78 amounts
were observed only in WT cells expressing GFP-CIn5 (Figure 20A). When assessing Grp78
amounts during starvation, WT cells expressing GFP-CIn5 and cIn5-deficient cells
expressing the empty pTXGFP plasmid showed reduced Grp78 amounts (Figure 20B).
These data suggest that WT cells containing GFP-CIn5 experience basal levels of ER stress

and experience similar ER stress to cIn5 cells during starvation.
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3.6. DISCUSSION

This study shows that CIn5 and CtsD contain a functional SP in their amino acid
sequence and are essential for their secretion. We showed that loss of SP in CIn5 does not
affect the release of CtsD, but CIn5 release to the extracellular space is modulated by
extracellular CtsD. Furthermore, loss of SP does not trap CIn5 and CtsD in the ER but
rather causes more cytoplasmic localization and does not affect its localization,
respectively. In addition, blocking the N-terminus of CIn5 via GFP tagging resulted in a
significant reduction in cell proliferation in both WT and cIn5 cells. Finally,
overexpression of GFP-CIn5 drastically reduced the rate of aggregation and late
development in WT cells, while recovery was observed in cIn5™ cells.

CLNS5 is a lysosomal protein that is released into the extracellular space as
demonstrated in various cellular models, including baby hamster kidney cells, ovine
neurons, Dictyostelium, and human cell models (Isosomppi et al., 2002; Hughes et al.,
2014; Huber & Mathavarajah, 2018ab; Minnis et al., 2020). Along with this study, previous
research revealed a putative SP inside the Dictyostelium CiIn5, human CLNS5, and
Dictyostelium CtsD amino acid sequences via informatics tools (Jules et al., 2017; Huber
& Mathavarajah, 2018a). SP-bearing proteins are known to be secreted via the conventional
secretory pathway, where proteins within the ER pass through the Golgi complex and are
eventually secreted through plasma membrane fusion (Tacini et al., 2020; Néel et al., 2024).
In this study, loss of the SP prevented the release of CIn5 and CtsD. Blocking the function
of the SP via N-terminal GFP tagging also trapped CIn5 within cells (Huber &
Mathavarajah, 2018a), which is consistent with our data. Proteins can also be secreted

through the unconventional secretory pathway, a process that does not follow the ER-Golgi
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route to release proteins in the extracellular space, such as lysosomes (Tacini et al., 2020;
Néel et al., 2024). Several unconventional secretory pathways modulate the release of CIn5,
including lysosomal exocytosis and autophagy (Huber et al., 2024). Additionally,
Dictyostelium CIn5 follows another unconventional secretory process that utilizes
autophagy for its secretion (Huber & Mathavarajah, 2018b), revealing the complexity
behind the unconventional protein secretion and the secretion of this protein. Finally, we
showed that loss of SP in CtsD elevated CIn5 secretion. Since CIn5 interacts with CtsD
(Huber & Mathavarajah, 2018a), this indicates that this interaction could modulate the
secretion of CIn5. Altogether, the secretion of CIn5 and CtsD is modulated via its SP, and
the CIn5 secretion is regulated by the extracellular release of CtsD.

Loss of SP in CtsD led to no change to its localization in this study. Consistent with
our work, the CTSD p.A58V mutation occurs within the SP region and expressing this
mutation in SH-SY5Y cells does not impact the localization of the protein (Bunk et al.,
2021). Furthermore, SH-SY5Y cells expressing the CTSD p.A58V mutation show no effect
on the maturation and function of CTSD. It was suggested to be expected since the SP
region is removed when maturation occurs in CTSD (Bunk et al., 2021). As for CIn5, N-
terminal GFP tagging trapped CIn5 in the ER while SP deletion allowed CIn5 to be released
from the ER (Huber & Mathavarajah, 2018a). Human CLNS5 is a 407 aa-long protein whose
SP is cleaved by the signal peptide peptidase/signal peptide peptidase-like (SPP/SPPL)
protein family (Jules et al., 2017). This suggests that N-terminal GFP attachment caused
the SP to become unrecognized by SP-cleaving proteases, which led to ER entrapment of
CIn5. Additionally, introducing N-mutations at glycosylation sites, including N179, N252,
N304, and N320, prevents ER release of CLN5 due to protein misfolding in HeLa cells

(Moharir et al., 2013). The SP-lacking CIn5 localized to the cytoplasm; however, it is quite
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dispersed. Considering this and the secretion data, this aligned with no CIn5 being secreted
due to loss of SP, indicating that excess CIn5 is trapped within the cytoplasm.

Finally, GFP-CIn5 expression in WT and cIn5 cells caused reduced cell
proliferation, and cells did not proliferate when below the mid-log phase of growth.
However, cIn5 cells expressing ASP-CIn5-GFP show normal cell proliferation. GFP-CIn5
is trapped in the ER while ASP-CIn5-GFP is not. Therefore, the affected cell proliferation
observed in cells expressing GFP-CIn5 was not a consequence of the lack of extracellular
CIn5 but rather the overabundance of CIn5 in the ER. In line with this, we observed
dysregulated Grp78 amounts in the WT cells expressing GFP-CIn5, suggesting cellular
stress at the ER level. Consistent with this, expressing GFP-CIn5 delayed aggregation and
late multicellular development in WT cells, while GFP-CIn5 expression or expression of
CIn5 lacking its SP did not in cIn5 cells. This suggests that trapping GFP-CIn5 in the ER
with native CIn5 present in the cell dysregulates more intracellular processes than CIn5 ER
entrapment alone. Although not directly shown, evidence of ER stress is present within
NCL pathology (as reviewed in Marotta et al., 2017). Like our data, CLN1 disease patient-
derived lymphoblasts, an NCL subtype caused by mutations in the protein palmitoyl
thioesterase 1 gene (PPT1), show elevated GRP78 amounts (Kim et al., 2006). ER stress
can induce the activation of autophagy and possibly regulate mitochondria via
mitochondria-associated ER membranes (as reviewed in Morotta et al., 2017). Since
mitochondrial dysregulation and aberrant autophagy are features observed in CLN5 disease
pathology (Leinonen et al., 2017; Adams et al., 2019; McLaren et al., 2021; Doccini et al.,
2020; Kim et al., 2022), further investigation is required to determine if ER stress is the

uprising to these issues.
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In conclusion, this study provides insights into the role of the SP in CIn5 and CtsD.
Our data show that the SP plays a role in the localization and protein stability of CIn5 and
CtsD, respectively. Furthermore, this study is the first to demonstrate that the SP is essential
for the secretion of CIn5 and CtsD. Interestingly, extracellular CIn5 only plays a role in
aggregation. Along with this datum, preventing ER release of CIn5 via GFP-CIn5 worsens
the cell proliferation, aggregation, and late multicellular development in WT cells,
suggesting that overabundance of CIn5 in the ER leads to cellular stress. Altogether, this
study sheds light on the secretory processes that regulate CIn5 and CtsD, in addition to ER

stress within the NCLs.
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3.8. FIGURES AND TABLES
Merged

Figure 11. Loss of the SP disrupted the cellular distribution of CIn5, leading to more

diffuse cytoplasmic localization. cIn5 cells expressing CIn5-GFP or ASP-CIn5-GFP were

fixed onto coverslips and incubated with anti-GFP and mounting solution containing DAPI.

Images are representative of 8 independent experiments. Scale bar: Scale bar: 20um.
Merged

GFP
.

Figure 12. Loss of the SP in CtsD did not impact its localization. AX3 cells (2 x 10°
cells) expressing either CtsDGFP or ASP-CtsDGFP were fixed in methanol, blocked with
IF blocking buffer, and coverslips were incubated with the following antibody solutions
for at least 45 minutes: 1:50 rabbit anti-GFP (CST 2555s) and 1:100 anti-rabbit Alexa 488
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(green). Coverslips were mounted onto microscope slides with Prolong Gold Anti-Fade
Reagent with DAPI (blue) (Fisher Scientific Company, Ottawa, Ontario, Canada) and
sealed with nail polish. Images were captured using a Nikon Ts2R-FL inverted
microscope with a Nikon Digital Sight Qi2 monochrome camera. The NIS Elements
Basic Research software was used to view the images. Fiji/ImageJ was used to colour the
images to their respective colour and overlaid to develop the merged image. Images are
representative of 6 independent replicates. Scale bar: 10um.
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Figure 13. Loss of the SP prevented the secretion of CIn5 and CtsD. cIn5™ cells
expressing either CInSGFP or ASP-CIn5GFP and WT cells expressing either CtsDGFP or
ASP-CtsDGFP were starved in KK2 buffer for 4 h. WC lysates (5 ug from cIn5” + CIn5GFP
and WT + CtsDGFP cells; 40 pug from cIn5 + ASP-CInSGFP and WT + ASP-CtsDGFP
cells) and CB (0.0625 ug from cIn5 + CIn5GFP and WT + CtsDGFP cells; 0.5 ug from
cIn5 + ASP-CIn5SGFP and WT + ASP-CtsDGFP cells) were separated by SDS-PAGE and
analyzed by western blotting using anti-GFP. Blots shown are representative of three
independent experiments.
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Figure 14. Loss of extracellular release of CtsD elevated the secretion of CIn5. (A) WT
cells expressing either CtsDGFP or ASP-CtsDGFP and cIn5™ cells expressing either
CIn5GFP or ASP-CIn5GFP were starved in KK2 buffer for 4 h. WC lysates (40 ug) and CB
(0.5 pg) were separated by SDS-PAGE and analyzed by western blotting using anti-GFP,
anti-Cln5, and anti-CtsD. (B) Protein bands were quantified using Fiji/lmageJ, and bands
in WC were standardized to the amounts of beta-actin to control for equal loading. Data
presented as mean amount of CIn5 or CtsD (% amount in WT+ CtsDGFP
or cIn5™ + CIn5GFP cells) = SEM (n = 3). Statistical significance was determined using the
one-sample t-test. *p <0.05.
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Figure 15. Cell proliferation was unaffected by the loss of the SP in CIn5. Cells were
deposited at a cell concentration of 2x10° cells/ml, and cell density was measured every 24
hours (n=8).
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Figure 16. N-terminus tagging of CIn5 with GFP causes reduced proliferation. WT
and cIn5 cells expressing either pTXGFP or GFP-CIn5 were incubated in HL5 medium at
a cell concentration of 1.0 x 10° cells/ml and counted every 24 hours. Data is shown as
mean cell concentration + SEM (n = 5). Data at each time point were compared to WT cells
expressing pTXGFP, and statistical significance was determined via a two-way ANOVA
paired with a Bonferroni post-hoc analysis. NS: Not significant, *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.
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Figure 17. Loss of the SP in CIn5 did not impact Dictyostelium aggregatlon Cells
adhered to Petri dishes were submerged in KK2 buffer and were imaged every 2 hours after
the 4-hour time interval until 12 hours of starvation. Images are representative of 7
independent experiments. Scale bar: 500pm.
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Figure 18. Overexpression of CIn5 with N-terminal GFP delayed aggregation in WT
cells. Confluent cells were washed twice with KK2 buffer and submerged in KK2 buffer.
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Images were taken at set timepoints with a Nikon Ts2R-FL inverted microscope equipped
with a Nikon 10 Digital Sight Qi2 monochrome camera (Nikon Canada Incorporated
Instruments Division, Mississauga, Ontario, Canada). Images are representative of 4
independent experiments. Scale bar: 500um.
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Figure 19. Late multicellular development was delayed in WT cells expressing GFP-
CIn5, but unaffected in cells expressing CIn5 lacking its SP. Cells, including (A) WT
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and cIn5" cells expressing either pTXGFP or GFP-CIn5, as well as (B) WT cells expressing
pDM323 or cIn5- cells expressing pDM323, CIn5-GFP, or ASP-CIn5-GFP, were washed
twice with KK2 buffer and concentrated down to a cell solution of 3.0 x 107 cells/mL in
KK2 buffer. 35uL droplets were deposited onto 0.1% (w/v) KK2 agar. Images were taken
every 12 hours between the 12-hour to the 24-hour time points. Images were taken with a
Leica EZ4W stereomicroscope that was equipped with an internal 5SMP CMOS camera.
Images are representative of 4 independent replicates. Scale bar: 20mm.
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Figure 20. Expression of GFP-CIn5 in WT cells caused ER stress, while loss of the SP
in CIn5 did not. Equal protein amounts (10-25ug) from WC lysates from (A) growth-
phased and (B) starved cells were separated and analyzed via SDS-PAGE and western
blotting, respectively. Blots were incubated in anti-Grp78, anti-a-actinin, a-tubulin, and -
actin. Protein bands were quantified via Fiji/ImageJ, and Grp78 amounts were normalized
to anti-a-actinin. All Grp78 amounts were standardized against AX3 + pTXGFP amounts.
Data were presented as mean protein amounts + SEM (n < 4). NS: Not significant, *p <
0.05.
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Table 3. List of primers used to generate the ASP-CIN5SGFP, ASP-CtsDGFP, and full-length

CtsDGFP plasmids.

Primer sequence

Target region

AGATCTAAAATGCAAATACCAG
ATAATGATCCAGAATTATG

Forward primer used to generate the ASP-c/n5 insert
containing a 5’ Bglll cut site, Kozak sequence, and a
start codon

CCAACTAGTATTGAGATGAATA
AAATTGCCATTTTC

Reverse primer used to amplify the ASP-cIn5 insert
containing a Spel cut site

CCAAGATCTAAAATGAAATTAC
TTATTTTAACTTTATTTTTAGC

Forward primer used to amplify the full length ctsD
insert containing a 5’ Bglll cut site, Kozak sequence,
and a start codon

CCAAGATCTAAAATGTTAACAG
TACCATTAAACTTCC

Forward primer used to generate the ctsD insert
without the SP

CCAACTAGTACCTTGAATGGCA
GT

Reverse primer to amplify both the full length and the
ASP-ctsD insert containing a Spel cut site
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4.2. ABSTRACT

CLNS5 disease is a subtype of Batten disease (neuronal ceroid lipofuscinosis, NCL) that is
caused by mutations in the CLN5 gene. While 70 distinct CLN5 disease-causing mutations
have been documented, the pathological effects of these mutations are largely unknown. In
this study, we used the model eukaryote Dictyostelium discoideum to study the molecular
and cellular effects of five conserved mutations in CLN5. Dictyostelium is a well-
established model for studying the localization and functions of proteins associated with
neurological disease. The genome encodes many homologs of proteins linked to
neurodegeneration, including CLN5 (CIn5 in Dictyostelium), and the Dictyostelium life
cycle enables a thorough examination of the effects of gene knockout or mutation on
conserved unicellular and multicellular processes. Here, we observed that mutations in
CIn5 alter the structure of the protein and the cellular distribution of CIn5. Mutated CIn5
also impacts intracellular catabolic mechanisms, including 20S proteasome-mediated
protein degradation and lysosomal enzyme-mediated breakdown. Finally, mutations in
ClIn5 affect vesicles within the endo-lysosome pathway and the release of CIn5 and other
lysosomal enzymes, which impacts extracellular enzyme activity. Overall, this study
provides insight into the effects of mutations in CLN5 on endo-lysosomal trafficking and

lysosomal biology.
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4.3. INTRODUCTION
Ceroid lipofuscinosis neuronal 5 (CLNS5) is a soluble protein that localizes to organelles
within the endomembrane system including the endoplasmic reticulum (ER), Golgi
complex, and lysosome (Isosomppi et al., 2002; Moharir et al., 2013; Hughes et al., 2014).
CLNS5 has also been detected extracellularly in many experimental models (Isosomppi et
al., 2002; Hughes et al., 2014; Huber & Mathavarajah, 2018a; Huber et al., 2024). Previous
work suggested that CLN5 plays an important role in autophagy, protein degradation
mediated by the proteasome, lipid metabolism, and retromer sorting and function (Haddad
et al., 2012; Mamo et al., 2012; Cércel-Trullols et al., 2015; Leinonen et al., 2017; Adams
etal., 2019; Yasa et al., 2021; Kim & Huber, 2022). In addition, CLN5 has been proposed
to function as either a glycoside hydrolase, depalmitoylase, or
bis(monoacylglycerol)phosphate synthase (Huber & Mathavarajah, 2018a; Luebben et al.,
2022; Medoh et al., 2023).

Mutations in CLN5 cause a subtype of neuronal ceroid lipofuscinosis (NCL) called
CLNS5 disease (Butz et al., 2020; Simonati & Williams, 2022). The NCLs are severe forms
of neurodegeneration caused by mutations in CLN genes (Butz et al., 2020; Simonati &
Williams, 2022). To date, 13 different CLN genes have been identified (CLN1-CLNS,
CLN10-CLN14), and mutations in these genes lead to the pathological accumulation of
ceroid lipofuscin - an aggregate composed of lipids and proteins, including subunit C of
the mitochondrial ATP synthase - within lysosomes (Palmer et al., 1986; Palmer et al.,
1992; Tyyneld et al., 1993; Haltia & Goebel, 2013; Butz et al., 2020; Simonati & Williams,
2022). As of January 2025, the NCL Mutation Database lists 70 distinct NCL-causing

mutations in CLN5 (https://www.ucl.ac.uk/ncl-disease/mutation-and-patient-
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database/mutation-and-patient-datasheets-human-ncl-genes/cIn5). Previous work that
examined a subset of these mutations revealed that they impact the localization of CLNS5,
its role in autophagy, and its interactions with proteins directly and indirectly such as CLN3
and CLN3 with retromer and RAB7, respectively (Isosomppi et al., 2002; Vesa et al., 2002;
Schmiedt et al., 2010; Moharir et al., 2013; Qureshi et al., 2018; Adams et al., 2019; Luo
etal., 2020; Yasa et al., 2021). However, the molecular and cellular impacts for most of the
CLNS5 disease-causing mutations are not known.

Many organismal models have been used to study the NCLs (Huber et al., 2020;
Minnis et al., 2020; Nittari et al., 2022). One of these organisms is the social amoeba
Dictyostelium discoideum, which has a unique life cycle composed of distinct unicellular
and multicellular phases (Mathavarajah et al., 2017; Remtulla and Huber, 2023). During
the unicellular growth phase, Dictyostelium exists as single cells that feed on bacteria or
liquid growth medium. When deprived of nutrients, Dictyostelium enters its multicellular
developmental phase that begins with the chemotactic aggregation of cells to form
multicellular slugs. Cells within slugs then terminally differentiate to form fruiting bodies,
each of which is composed of a stalk that supports a mass of viable spores. When spores
are placed in a nutrient-rich environment, they germinate and release cells, which restarts
the life cycle.

Dictyostelium is a powerful biomedical model that contains many homologs of
proteins associated with neurological disease, including the NCLs (Haver & Scaglione,
2021; Huber et al., 2022). Intriguingly, Dictyostelium is the only early eukaryote that
contains a homolog of human CLN5 (Huber, 2016). In Dictyostelium, loss of cIn5 impacts

cell proliferation, cytokinesis, and autophagy during the growth phase of its life cycle
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(McLaren et al., 2021). During the early stages of multicellular development, cIn5-
deficiency affects aggregation, adhesion (cell-cell and cell-substrate), and protein secretion
(Huber & Mathavarajah, 2018b; Kim & Huber, 2022). Deletion of cIn5 also impacts the
activity of various lysosomal enzymes (Kim & Huber, 2022). Here, we used Dictyostelium
as a model system to study the molecular and cellular impacts of previously unstudied
CLNS5 disease-causing mutations. We introduced conserved mutations into Dictyostelium
ClIn5 and then assessed their effects on the endo-lysosomal system in this model organism.
Altogether, our study provides new insight in the cellular pathology underlying CLN5

disease.

4.4, METHODS
4.4.1. CELL LINES AND CULTURING

AX3 cells and the pDM323 vector were purchased from the Dicty Stock Center
(Fey et al., 2019). cIn5" cells were generated in previous studies (Huber & Mathavarajah,
2018ab). All cell lines were maintained on SM/2 agar containing Klebsiella aerogenes (Fey
et al., 2007). Cells used in experiments were cultured in HL5 medium (Formedium,
Hunstanton, Norfolk, UK) with ampicillin (100 pg/ml) and streptomycin sulfate (300
ug/ml). Blasticidin S hydrochloride (10 pg/ml) was added to HL5 medium for selection of
the cIn5™ cell line. Cell lines containing expression constructs were selected with G418
sulfate (10 ug/ml). All cells used in experiments were harvested from cultures grown in
suspension in the mid-log phase of growth (1-5 x 10° cells/ml). Low-fluorescence HL5
medium was purchased from Formedium (Hunstanton, Norfolk, UK). KK2 buffer

contained 0.7g/L KoHPO4 and 2.2g/L KH2PO4 and was set at pH 6.5.
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4.4.2. ANTIBODIES

Rabbit polyclonal anti-GFP (Cat #: CST-2555s) and mouse monoclonal anti-
ubiquitin (Cat #: 3936S) were purchased from New England Biolabs Canada (Whithy,
Ontario, Canada). Mouse monoclonal anti-V-H-ATPase subunit C (VatC) (Cat: 224-256-
2) (Journet et al., 1999), mouse monoclonal anti-calreticulin (CalR) (Cat #: 252-234-2)
(Muller-Taubenberger et al., 2001), mouse monoclonal anti-p80 (Cat #: H161) (Charette &
Cosson, 2006; Charette & Cosson, 2008), mouse monoclonal anti-proteasomal subunit 4
(Cat #: 159-183-10) (Schauer et al., 1993), mouse monoclonal anti-proteasomal subunit 5
(Cat #: 171-337) (Schauer et al., 1993), and mouse monoclonal anti-a-actinin (Cat #: 47-
18-9) (Schleicher et al., 1988) were purchased from the Developmental Studies Hybridoma
Bank (University of lowa, lowa City, lowa, United States). Rabbit polyclonal anti-
palmitoyl protein thioesterase 1 (Pptl) and rabbit polyclonal anti-cathepsin B (CtsB) were
generated by GenScript Biotech Corporation (Piscataway, New Jersey, USA). The
production and validation of rabbit polyclonal anti-cathepsin D (CtsD) was described in a
previous study (Huber et al., 2020). Horse anti-mouse 1gG linked to HRP (Cat #: 7076S)
and goat anti-rabbit 1gG linked to HRP (Cat #: 7074S) were purchased from New England
Biolabs (Whitby, Ontario, Canada). Goat anti-rabbit IgG Alexa Fluor 488 (Cat #: A11034)
and donkey anti-mouse 1gG Alexa Fluor 555 (Cat #: A31570) were purchased from Fisher

Scientific Company (Ottawa, Ontario, Canada).

4.4.3. PROTEIN STRUCTURAL ANALYSIS
The amino acid sequences of human CLN5 (NP_006484.2) and Dictyostelium CIn5

(XP_643842.1) were obtained from NCBI. Non-mutated and mutated sequences were
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inputted into ColabFold (v.1.5.5) to generate predicted protein structures (Mirdita et al.,
2022). To identify protein structural changes caused by CLN5 disease-causing mutations,
protein structures from mutated human CLNS5 and Dictyostelium CIn5 were aligned to their
non-mutated counterpart using PyMol (The PyMOL Molecular Graphics System, Version

2.5.0 Schrodinger, LLC).

4.4.4. CONSTRUCTION OF EXPRESSION VECTORS

RNA was extracted from AX3 cells using the Monarch Total RNA Miniprep Kit
and cDNA was synthesized using the LunaScript RT SuperMix Kit (Cat #: T2010 and Cat
#. E3010, respectively; New England Biolabs Canada, Whitby, Ontario, Canada).
Combined overlap extension polymerase chain reaction (COE-PCR) was used to generate
different amplicons, each one containing a distinct CLN5 disease-causing mutation
(Hussian & Chong, 2016). The following mutations were introduced: p.Tyr343*
(Dictyostelium: p.Tyr298*), p.Tyr209Asp (Dictyostelium: p.Tyrl78Asp), p.Glu303*
(Dictyostelium: p.Glu258*), p.Cys77Tyr (Dictyostelium: p.Cys39Tyr), and p.Trpl58Ser
(Dictyostelium: p.Trp123Ser). All PCRs were performed using the OneTaq 2X Master Mix
with Standard Buffer Kit (Cat #: M0482; New England Biolabs Canada, Whitby, Ontario,
Canada) and primers synthesized by Integrated DNA Technologies (Coralville, lowa,
USA) (Table 4). Amplicons were extracted and purified using the Monarch DNA Gel
Extraction Kit (Cat #: T1020; New England Biolabs Canada, Whitby, Ontario, Canada).
pDM323 vector in Escherichia coli (E. coli) was extracted using the Monarch Plasmid
Miniprep Kit (Cat #: T1010; New England Biolabs Canada, Whitby, Ontario, Canada).
Amplicons and the pDM323 vector were digested with Bglll and Spel (Cat #: R0144 and

Cat #: R3133, respectively; New England Biolabs Canada, Whitby, Ontario, Canada).
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Digested amplicons were purified using the Monarch DNA Gel Extraction Kit and digested
pDM323 vector was purified using the Monarch PCR and DNA Cleanup Kit (Cat #: T1030;
New England Biolabs Canada, Whitby, Ontario, Canada). Digested amplicons and vector
were ligated together using the T4 DNA Ligase Kit (Cat #: M0202; New England Biolabs
Canada, Whitby, Ontario, Canada). Ligated vectors were then transformed into competent
E. coli through heat shock (Cat #: C3040H; New England Biolabs Canada, Whithy,
Ontario, Canada). Transformed bacteria were cultured overnight at 30°C and 250RPM. The
following day, vectors were extracted from bacteria using the Monarch Plasmid Miniprep
Kit and sent to The Hospital for Sick Children (Toronto, Ontario, Canada) for Sanger
Sequencing. The manufacturer’s instructions were followed for all kits used in the cloning
process. Vectors validated by sequencing were then transformed into Dictyostelium cells
using a Bio-Rad MicroPulser Electroporator (Bio-Rad Laboratories Canada Limited,
Mississauga, Ontario, Canada) and a method that is described elsewhere (Gaudet et al.,

2007). Transformed cells were selected with G418 sulfate (10 pg/ml).

4.4.5. IMMUNOFLUORESCENCE MICROSCOPY

Methods for immunofluorescence (IF) microscopy were adapted from a previous
study (Hagedorn et al., 2006). Briefly, cells (2.0 x 10° total) in mid-log phase of growth
were deposited into separate wells of a 12-well dish, with each well containing a sterile
coverslip and HL5 medium. Cells were left to adhere to the coverslip for at least 45 minutes
at 21°C, after which time the medium was replaced with low-fluorescence HL5. Cells were

then left overnight at 21°C. The following day, growth-phase cells and cells starved for 2

hours in KK2 buffer were fixed in -80°C methanol for 45 minutes and then blocked with
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IF blocking buffer (0.2% (v/v) triton-X100, 5% (w/v) gelatin, in KK2 buffer) for 30 minutes
at 21°C. Coverslips were rinsed in KK2 buffer and then incubated with the following
primary antibodies for 1 hour at 21°C (dilutions in parentheses): rabbit polyclonal anti-GFP
(1:100), mouse monoclonal anti-p80 (1:50), mouse monoclonal anti-CalR (1:50), and
mouse monoclonal anti-VatC (1:50). Following primary antibody incubations, cells were
incubated with Alexa Fluoro-conjugated secondary antibodies (1:100) for 1 hour at 21°C.
Each coverslip was rinsed in KK2 buffer and then placed onto a drop of Prolong Gold Anti-
Fade Reagent with DAPI (Cat #: P36931; Fisher Scientific Company, Ottawa, Ontario,
Canada) that was deposited on a microscope slide. Nail polish was used to seal coverslips
to the slides. Images of fixed cells were captured using a Nikon Digital Sight Qi2
monochrome camera attached to a Nikon Ts2R-FL inverted microscope (Nikon Canada
Incorporated Instruments Division, Mississauga, Ontario, Canada). Images were viewed
and analyzed using Fiji/lmageJ (Schindelin et al., 2012). For co-localization analysis, a
colocalization-colormap Fiji/imageJ plugin (version 12 11 2019) was used and an

unpaired t-test was performed to determine statistical significance (p<0.05).

4.4.6. ENZYME ACTIVITY ASSAYS

Cells (1.5 x 108 total) in the mid-log phase of growth were deposited into separate
wells of a 6-well dish containing HL5 medium. Cells were left to adhere to the dish for at
least 45 minutes at 21°C, after which time the medium was replaced with low-fluorescence
HL5 medium. Cells were then left overnight at 21°C. The following day, confluent cells
and the corresponding conditioned medium (CM) during growth and conditioned buffer

(CB) during 4 hours of starvation were harvested. Cells were lysed with ice-chilled 0.05M
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2-(N-Morpholino)ethanesulfonic acid (MES) solution containing 0.1% (w/v) NP-40 (pH
6.5). MES (Cat #: MES503) was purchased from BioShop Canada Incorporated
(Burlington, Ontario, Canada). Whole cell (WC) lysates were clarified through a brief
centrifugation (10,000RPM for 1 minute) and then used to assess intracellular enzyme
activity. CM and CB were clarified through centrifugation (10,000 RPM for 1 minute) and
aliquoted into 1.5 ml tubes. A 4-hour starvation timepoint was selected since enzymes are
maximally secreted during this stage of the life cycle and it is the peak expression for cIn5
(Dimond et al., 1981; Rossomando et al., 1987; Stajdohar et al., 2017). All enzyme assays
used equal protein amounts (WC lysates: 30-75 pg; CM: 1 ng; CB: 0.1 pg) and were
performed using protocols described elsewhere (Kim et al., 2024). Protein concentrations
were determined using the Qubit Protein Assay Kit (Cat #: Q33211) and a Qubit 2.0
Fluorometer (Fisher Scientific Company, Ottawa, Ontario, Canada). Enzyme activities
were measured using a BioTek Synergy HTX microplate reader (BioTek Instruments
Incorporated, Winooski, Vermont, United States). Values obtained for the blank solution
were subtracted from the sample activity values. Activity values from cIn5™ cells were
normalized against AX3. Activity values from cells expressing mutated CIn5 were
normalized against the cIn5 line expressing CIn5-GFP. Statistical significance was
determined using a one sample t-test (p<0.05 was considered significant). para-nitrophenyl
a-D-galactopyranoside substrate (o-galactosidase substrate, Cat #: NO0877), ortho-
nitrophenyl-p-D-galactopyranoside substrate ($-galactosidase substrate, Cat #: 48712-M),
para-nitrophenyl-a-D-mannopyranoside substrate (a-mannosidase substrate, Cat #:
N2127), para-nitrophenyl-p-D-glucopyranoside substrate (B-glucosidase substrate, Cat #:

487507), para-nitrophenyl N-acetyl-B-D-glucosaminide substrate (N-
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acetylglucosaminidase substrate, Cat #: N9376), cathepsin B (CTSB) fluorogenic substrate
(Cat #: 219392), Ala-Ala-Phe-7-amido-4-methylcoumarin substrate (TPP1 substrate, Cat
#: A3401), B-glucosidase enzyme from almonds (Cat#: 49290), and pepsin (Cat #:
10108057001) were purchased from Sigma Aldrich Canada (Oakville, Ontario, Canada).
4-methylumbelliferyl 6-thio-palmitate-pB-D-glucopyranoside (PPT1 substrate, Cat #:
19524) and Z-FR-AMC substrate (CTSF substrate, Cat #: 80350BP) were purchased from
Cedarlane Labs (Burlington, Ontario, Canada). The CTSD Activity Assay Kit (Cat #:
10013-596) was purchased from VWR International (Mississauga, Ontario, Canada). The
Proteasome 20S Activity Assay Kit (Cat #: MAK172) was purchased from Sigma Aldrich
Canada (Oakville, Ontario, Canada) and used according to a protocol described elsewhere

(Kim & Huber, 2022).

4.4.7. SDS-PAGE AND WESTERN BLOTTING

Cells were harvested and lysed with 0.5% (v/v) NP-40 lysis buffer (50mM Tris,
150mM NacCl, pH 8.3) containing a protease inhibitor cocktail tablet (Cat #: A32963; Fisher
Scientific Company, Ottawa, Ontario, Canada). Protein concentrations were determined
using the Qubit Protein Assay Kit and a Qubit 2.0 Fluorometer. Standard methods of SDS-
PAGE and western blotting were used, which included 1-2 hours of membrane incubations
with primary and secondary antibodies in 5% (w/v) milk-TBST solution. The following
antibody dilutions were used: anti-GFP (1:2000), anti-a--actinin (1:4000), anti-ubiquitin
(1:3000), anti-proteasomal subunit 4 (1:1000), anti-proteasomal subunit 5 (1:1000), anti-
VatC (1:1000), anti-p80 (1:1000), anti-Pptl (1:1000), anti-CtsD (1:1000), anti-CtsB

(1:1000), anti-rabbit 1gG linked to HRP (1:2000), and anti-mouse IgG linked to HRP
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(1:2000). Protein bands were illuminated using the Clarity and Clarity Max enhanced
Chemiluminescence substrates and viewed using the ChemiDoc Imagining System (Bio-
Rad Laboratories Limited, Mississauga, Ontario, Canada). Protein bands were quantified
using Fiji/lmageJ (Schindelin et al., 2012). Intracellular protein amounts were standardized
to a-actinin, and normalized amounts from cells expressing mutated CIn5 were compared
relative to cells expressing unmutated ClIn5. Statistical significance was assessed using the

one-sample t-test (p<0.05), unless stated otherwise.

4.4.8. CELL PROLIFERATION ASSAY

Methods for assessing cell proliferation were adapted from previous studies
(McLaren et al., 2021; Yap et al., 2022). Briefly, cells in the mid-log phase of growth were
washed twice with HL5 medium. Cells were resuspended at a final concentration of 2.0 x
10° cells/ml in 50ml Erlenmeyer flasks at 21°C and 150RPM. Cell densities were counted
every 24 hours. A two-way ANOVA along with a Bonferroni correction was done, and a

p<0.05 was determined as significant.

4.49. AGGREGATION ASSAY

Cells (1.5 x 10° total) in the mid-log phase of growth were deposited into 6-well
dishes containing HL5 medium. Cells were left to adhere for at least 45 minutes and then
replaced with fresh HL5 medium. Cells were left overnight and 21°C. Confluent cells were
washed twice with KK2 buffer and then submerged in KK2 buffer for 12 hours. Images

were taken every 2 hours with a Nikon Digital Sight Qi2 monochrome camera attached to
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a Nikon Ts2R-FL inverted microscope (Nikon Canada Incorporated Instruments Division,

Mississauga, Ontario, Canada).

4.5. RESULTS
45.1. CLN5 DISEASE-CAUSING MUTATIONS ARE CONSERVED IN
Dictyostelium CIn5 AND AFFECT THE PREDICTED STRUCTURE OF
Dictyostelium CIn5 AND HUMAN CLN5

Previous work reported that Dictyostelium CIn5 is 30% identical and 47% similar
to human CLN5 (Huber and Mathavarajah, 2018a). To identify conserved CLNS5 disease-
causing mutations in Dictyostelium CLN5, we performed another alignment between
human CLN5 (UniProt ID: O75503) and Dictyostelium CIn5 (UniProt ID: Q553W9)
(Figure 21A). Within the 301 amino acid region of similarity, there were 19 amino acids
documented as mutation sites in individuals with CLN5 disease conserved in Dictyostelium
CIn5. While the cellular effects of some CLN5 disease-causing mutations have been
previously studied (p.Arg63His, p.Arg63Pro, p.Asnl143Ser, p.Arg96Pro, p.Trpl75fs*30,
p.GIn183*, p.Asp230Asn, p.Tyr293Ter, p.Tyr343*) (Isosomppi et al., 2002; Vesa et al.,
2002; Schmiedt et al., 2010; Moharir et al., 2013; Adams et al., 2019; Luo et al., 2020;
Yasa et al., 2021), it is still unclear how mutated CLN5 causes NCL. This prompted us to
introduce a subset of CLN5 disease-causing mutations into Dictyostelium CIn5 and then
express the mutated proteins in cIn5™ cells. Through our efforts, we successfully introduced
five CLN5 disease-causing mutations into Dictyostelium CIn5 including p.Tyr343*
(Dictyostelium: p.Tyr298*), p.Tyr209Asp (Dictyostelium: p.Tyrl78Asp), p.Glu303*
(Dictyostelium: p.Glu258%*), p.Cys77Tyr (Dictyostelium: p.Cys39Tyr), and p.Trpl58Ser

(Dictyostelium: p.Trp123Ser) (Fig 1A). We then generated five distinct cell lines, each one
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expressing one of the five mutated CIn5 proteins (Figure 21B). In addition to these five
mutant proteins, we also successfully introduced the following CLN5 disease-causing
mutations into  Dictyostelium  CIn5: p.Trpl75fs (Dictyostelium: p.Trpl40fs),
p.Gly128Trpfs*10 (Dictyostelium: p.Gly91Trpfs*10), and p.Arg258fs* (Dictyostelium:
p.Arg220fs*). However, while the transformed cIn5" cells are viable during selection, we
were unable to detect the mutant proteins via western blotting, suggesting that the proteins
were degraded by cells (Figure 21C).

ColabFold and PyMol were used to examine the predicted structures of the five
mutated CIn5 proteins that we were able to express in cIn5™ cells. Based on the structural
alignments, the three missense mutations (p.Cys39Tyr, p.Trpl23Ser, p.Tyrl78Asp)
affected the linker regions and alpha helices in CIn5 (Figure 22). The p.Trp123Ser mutation
also shifted a few beta sheets within the CIn5 structure. Both nonsense mutations
(p.Glu258*, p.Tyr298*), which occur close to the C-terminal end of the protein, impacted
the directionality of the linker regions and the alpha helical and beta sheet alignments.
Notably, all structural changes that occur in mutated CIn5 were also observed in mutated
human CLND5, except for the p.Trp158Ser mutation (p.Trp123Ser in Dictyostelium), which
did not cause structural changes in beta sheets as it did in Dictyostelium CIn5. Overall, these
findings highlighted the sequence similarity between Dictyostelium CIn5 and human CLN5

and the effects of CLN5 disease-causing mutations on protein structure.

45.2. CLN5 DISEASE-CAUSING MUTATIONS ALTER THE CELLULAR
DISTRIBUTION OF CIn5
In mammalian cells, CLN5 localizes to the ER, Golgi complex, and lysosome

(Isosomppi et al., 2002; Moharir et al., 2013; Hughes et al., 2014). Previous work showed
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that mutations in CLN5 cause the protein to be either retained in the ER (p.Tyr343%*,
p.Asp230Asn, p.Trpl75fs*30, p.Arg63Pro, p.Arg63His, p.Glu253*), trapped within the
Golgi complex (p.Tyr293Ter), trafficked to non-lysosomal vesicles (p.Tyr343*,
p.Trpl75fs*30, p.Arg63Pro, p.Glu253*), or prevented from entering lysosomes
(p.Tyr293Ter, p.Arg96Pro) (Isosomppi et al., 2002; Schmiedt et al., 2010; Moharir et al.,
2013; Luo et al., 2020). Importantly, the mutations we introduced into Dictyostelium CIn5,
except p.Tyr343*, had not been previously studied. Thus, we investigated the effects of
these mutations on the intracellular trafficking of CIn5. Like human CLNS5, Dictyostelium
CIn5 localize to the ER, cytoplasmic punctate, and cell periphery (Huber & Mathavrajah,
2018a). In this study, the CIn5 p.Cys39Tyr mutation increased the localization of CIn5 to
the ER during starvation, suggesting that this mutation prevents CIn5 from exiting the ER
(Figures 23AB; Table 5). The p.Tyrl78Asp and p.Glu258* mutations caused more co-
localization of CIn5 with the catalytic subunit of V-H-ATPase (VatC), indicating more
CIn5 inside acidic compartments relative to unmutated CIn5. Finally, nonsense mutations
in CIn5 (p.Tyr298* and p.Glu258*) increased its co-localization with the secretory
lysosome marker-p80, suggesting that these mutations enhance the trafficking of CIn5
towards secretory lysosomes. Collectively, this data highlighted that mutations in CIn5 alter

the localization of the protein in Dictyostelium.

453. CLNS5 DISEASE-CAUSING MUTATIONS ALTER PROTEASOMAL-
MEDIATED PROTEIN DEGRADATION

In mammalian models, mutation or loss of CLN5 dysregulates autophagy
(Leinonen et al., 2017; Adams et al., 2019; Basak et al., 2021; Yasa et al., 2021). Similarly,

loss of cIn5 in Dictyostelium affects basal autophagy, 20S proteasome activity, and the
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expression of genes associated with ubiquitination (McLaren et al., 2021; Kim & Huber,
2022). In cells, protein cargo turnover can occur via the ubiquitin-proteasome system and
autophagy, pathways that crosstalk with each other that degrade ubiquitin-tagged substrates
(Kocaturk & Gozuacik, 2018). Based on these findings, we assessed 20S proteasome
activity in cells expressing mutated CIn5. In this study, unless otherwise stated, we
performed all our experiments using cells starved for 4 hours in KK2 buffer, since this is
the time in the Dictyostelium life cycle when cIn5 is maximally expressed and autophagy
is induced to provide cells with resources and energy for multicellular development (Otto
etal., 2003; Stajdohar et al., 2017). All five mutated CIn5 proteins affected 20S proteasome
activity in cIn5 cells (p.Tyr298* and p.Cys39Tyr, decreased; p.Tyr178Asp, p.Glu258*,
and p.Trpl123Ser, increased) (Figure 24A; Table 6). An effect was also observed during the
growth stage of the life cycle, where each mutant cell line showed elevated 20S proteasome
activity (Figure 25). To extend our analysis, we quantified the amounts of free ubiquitin,
ubiquitin-positive proteins, and two distinct subunits of the 20S proteasome (subunits 4 and
5). The amounts of ubiquitin-positive proteins were not affected in cells expressing mutated
CIn5 (Figures 24BC). However, all mutations elevated the amounts of free ubiquitin and
proteasomal subunit 5 in affected cells (Figures 24BC). The CIn5 p.Cys39Tyr and
p.Trpl23Ser mutants also increased the amounts of proteasomal subunit 4. Altogether,
these experiments indicated that CLN5 disease-causing mutations impact ubiquitin

homeostasis and protein degradation mediated by the 20S proteasome.

4.5.4. CLNS DISEASE-CAUSING MUTATIONS AFFECT COMPARTMENTS OF

THE ENDO-LYSOSOMAL PATHWAY
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The findings described above, coupled with prior work that reported an effect of
cIn5 loss on autophagy (McLaren et al., 2021), suggested that mutations in CIn5 affect
lysosomal function, which is further supported by work in mammalian models (Seehafer &
Pearce, 2006; Leinonen et al., 2017; Adams et al., 2019; Basak et al., 2021; Yasa et al.,
2021). When cIn5 cells expressing mutated CIn5 were stained for VatC (catalytic subunit
of the V-ATPase), a marker for acidic vesicles within the endomembrane system (e.g., late
endosomes, lysosomes) (Fok et al., 1993; Journet et al., 1999), we observed an increased
number of vesicles compared to cIn5™ cells expressing unmutated CIn5 (Figures 26AB;
Table 7). However, there were no significant effects on the size of VatC-positive vesicles
or the intracellular amount of VatC (Figures 26BC). In Dictyostelium, once material within
the lysosome is degraded, the lysosome is neutralized and a putative copper transporter
called p80 is recruited to regulate its fusion with the plasma membrane and the subsequent
release of its contents outside cells (Charette & Cosson, 2006; Charette & Cosson, 2008).
In cIn5™ cells expressing mutated CIn5, we observed a significant decrease in the size of
p80-positive vesicles, but no effect on their total numbers or the intracellular amount of
p80 (Figures 26ABC). Collectively, these results indicated that mutations in CIn5 induce a
block in the endo-lysosomal pathway. Acidic vesicles can form in cIn5 cells expressing
mutated CIn5, but they accumulate, which causes the size of p80-positive vesicles to
decrease because there is less digested material for the cell to release extracellularly. In
addition, since the number of VatC-positive vesicles was increased while the amount of
VatC protein was unaltered, these findings suggested that VatC-positive vesicles are less

acidic in cells expressing mutated CIn5.
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455 CLN5 DISEASE-CAUSING MUTATIONS AFFECT LYSOSOMAL
ENZYME ACTIVITY

In human neurons, loss of CLN5 affects the intracellular activity of CTSB (Basak
et al., 2021). The effects of mutated CIn5 on VatC and p80-positive compartments
prompted us to examine the impacts of these mutations on intracellular lysosomal enzyme
activity. All mutated forms of CIn5 reduced the activity of a-galactosidase, 3-glucosidase,
a-mannosidase, and N-acetylglucosiminidase (Figure 27A; Table 8). B-galactosidase
activity was also impacted, however, the effect is not consistent across all mutations
(p.Tyr298*, p.Glu258*, and p.Cys39Tyr, decreased; p.Trpl23Ser, increased;
p.Tyr178Asp, no effect). Based on these findings, we then examined the activity of other
lysosomal enzymes in cIn5 cells expressing mutated CIn5 using substrates designed to
measure PPT1, TPP1, CTSB, CTSD, and CTSF activity in mammalian cells. TPP1 and
CTSB activity were reduced across all mutant cell lines (Figure 27B). PPT1 activity in cells
was also impacted by mutations in CIn5, but the effect is not consistent among the different
mutants (p.Tyr178Asp and p.Glu258*, decreased; p.Cys39Tyr and p.Trp123Ser, increased,;
p.Tyr298*, no effect). This was also true when measuring CTSF activity (p.Glu258*,
p.Cys39Tyr, and p.Trpl23Ser, reduced; p.Try298*, increased; p.Try1l78Asp, no change).
Interestingly, cIn5™ cells expressing mutations in CIn5 did not display affected CTSD
activity, despite previous work showing that the Dictyostelium homolog of human CTSD
(CtsD) interacts with CIn5 and may regulate its trafficking (Huber and Mathavarajah, 2018;
Huber et al., 2024). Altogether, these findings showed that mutations in CIn5 affect

lysosomal enzyme activity.
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4.5.6. CLN5 DISEASE-CAUSING MUTATIONS ALTER THE INTRACELLULAR
AMOUNTS OF CATHEPSIN B AND OTHER LYSOSOMAL ENZYMES LINKED
TO NCL

As described above, we observed that CLN5 disease-causing mutations perturb the
intracellular activity of several lysosomal enzymes. This led us to ask whether the aberrant
activity could be explained by alterations in the amounts of enzymes within lysosomes,
specifically those linked to NCL (Huber, 2023). To examine this, we performed western
blotting using antibodies directed against the Dictyostelium homologs of human PPT1
(Pptl), CTSD (CtsD), and CTSB (CtsB). The amount of Pptl was increased in cells
expressing CIn5 containing the CIn5 p.Cys39Tyr or p.Trpl23Ser mutation, but was
unaffected in cells expressing the CIn5 p.Tyr298*, p.Tyr178Asp, or p.Glu258* mutation
(Figure 28; Table 9). All mutations, except for p.Glu258*, increased the intracellular
amount of CtsB in affected cells. Finally, the amount of CtsD was unaffected in cells
affected by mutations in CIn5. Collectively, these findings showed that CLN5 disease-

causing mutations affect the amount of some lysosomal proteins within cells.

4.5.7. CLN5 DISEASE-CAUSING MUTATIONS REDUCE THE SECRETION OF
CIn5 AND OTHER LYSOSOMAL ENZYMES

Altered protein secretion has emerged as an important feature of NCL pathology
(Huber, 2021). In Dictyostelium, CIn5 is actively released from cells via its SP and
pathways linked to autophagy and lysosomal exocytosis (Huber et al., 2024). Based on
these findings, we assessed the effects of CLN5 disease-causing mutations on the release
of CIn5 from cells. We observed that all mutations significantly reduce the amount of

extracellular CIn5 (Figure 29A; Table 10). In addition to CIn5, we also examined the effects
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of CLN5 disease-causing mutations on the extracellular amount of CtsB and CtsD, as well
as the activity associated with these enzymes. Notably, CTSD and CTSB have all been
detected extracellularly in mammalian models (Poole et al., 1973; Kohan et al., 2005; Best
etal., 2021; lwan et al., 2021), and the Dictyostelium homologs CtsD and CtsB also localize
outside cells (Bakthavatsalam & Gomer, 2010; Huber, 2017; Huber et al., 2023; Huber et
al., 2024). In this study, Dictyostelium cells expressing each CIn5 mutation, except the CIn5
p.Trp123Ser mutation, reduced the extracellular amount of CtsB and CtsD (Figures 29BC).

Since mounting evidence supports a role for altered secretion in NCL pathology
(Huber, 2021) and the ability to potentially use this information for biomarker development
(Gammaldi et al., 2023), we assessed the extracellular activity of secreted lysosomal
enzymes. We attempted to measure the activity of all enzymes mentioned in previous
sections of this paper, but could only robustly measure a-mannosidase, 3-glucosidase, N-
acetylglucosaminidase, and CTSB activity in conditioned buffer. We first assessed the
extracellular activity of these enzymes in cIn5 cells. Loss of cIn5 increased the extracellular
activity of a-mannosidase, N-acetylglucosaminidase, and CTSB, but did not affect p-
glucosidase activity (Figure 30A). Expression of the CIn5 p.Tyr298* mutation in cIn5cells
increased the extracellular activity of a-mannosidase, decreased the activity of f-
glucosidase and N-acetylglucosaminidase, and did not affect CTSB activity (Figure 30B;
Table 11). Extracellular B-glucosidase and N-acetylglucosaminidase activity were also
decreased in cIn5 cells expressing the CIn5 p.Tyr178Asp mutation. However, unlike the
CIn5 p.Tyr298* mutant, the extracellular activity of CTSB was increased, while a-
mannosidase activity was unaffected. As for expressing the CIn5 p.Cys39Tyr mutation in
cells, it did not affect the extracellular activity of a-mannosidase, but did increase -

glucosidase activity and reduce the activity of N-acetylglucosaminidase and CTSB. Finally,
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cells expressing the CIn5 p.Glu258* mutation increased the extracellular activity of all four
enzymes, while expressing the CIn5 p.Tyrl78Asp mutation decreased their activity.
Overall, these data showed that mutations in CIn5 affect its secretion as well as the amount

and activity of extracellular lysosomal enzymes.

458. CLN5 DISEASE-CAUSING MUTATIONS DO NOT AFFECT CELL
PROLIFERATION AND AGGREGATION

At a cellular and biochemical level, our findings highlighted the impact of CLN5
disease-causing mutations on protein degradation, lysosomal biology, and the amount,
activity, and secretion of lysosomal enzymes. Based on these findings, we needed to
determine the impact of CLN5 disease-causing mutations on the growth and multicellular
development of Dictyostelium. Intriguingly, we observed that mutations in CIn5 did not
affect cell proliferation during growth, or aggregation during the early stages of
multicellular development, suggesting that Dictyostelium cells can compensate for the

cellular defects imparted by mutated CIn5 (Figures 31AB).

4.6. DISCUSSION

This study reveals the cellular impacts of CLN5 disease-causing mutations in the
model organism Dictyostelium (Figure 32). We showed that CLN5 disease-causing
mutations impact the intracellular localization of Dictyostelium CIn5 and proteasomal-
mediated degradation within affected cells. We also observed that mutated CIn5
dysregulates the amount and activity of various lysosomal enzymes, both intracellularly

and extracellularly. Collectively, our data highlight the impact of CLN5 disease-causing
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mutations on cellular function and provide insight into the pathological mechanisms
underlying CLNS5 disease.

We developed five Dictyostelium models of CLN5 disease, each one expressing a
different mutated version of CIn5. Using ColabFold and PyMol, we showed that CLN5
disease-causing mutations alter the predicted structure of both human CLN5 and
Dictyostelium CIn5. One outcome of the altered structure could be reduced interactions
with target proteins. This is supported by previous work showing that mutations in CLN5
prevent the protein from binding to TPP1 (p.Glu253*, p.Asp230Asn, p.Tyr343*) and
weaken other CLN5-protein interactions, such as those between CLN3, RAB7, and
retromer (p.Tyr343*) (Vesa et al., 2002; Yasa et al., 2021). In addition, structural
alterations in CLN5 could impact its catalytic triad that has been reported to be required for
depalmitoylase activity (Cys?®°-His®®-Glu*®) (Luebben et al., 2022; Dangat et al., 2024).

As part of this study, we also introduced the p.Trpl75fs (Dictyostelium:
p.Trpl40fs), p.Gly128Trpfs*10 (Dictyostelium: p.Gly91Trpfs*10), and p.Arg258fs*
(Dictyostelium: p.Arg220fs*) mutations into Dictyostelium CIn5. While transformed cells
were viable after selection, we could not detect the mutated proteins via western blotting,
suggesting these proteins were degraded by cells. Therefore, these data indicate that some
forms of CLNS5 disease are caused by expression of mutated CLN5, while others are the
result of a complete loss of the CLN5 protein. Moreover, the cellular pathology imparted
by the p.Trpl75fs, p.Gly128Trpfs*10, and p.Arg258fs* mutations in humans is likely due
to the complete absence of the CLNS5 protein in patient cells.

Introducing the p.Cys39Tyr mutation into Dictyostelium CIn5 (p.Cys77Tyr in
human CLND5) inhibited the release of CIn5 from the ER, suggesting that CLN5 disease-

causing mutations affect the localization of the protein (Figure 33). In support of our
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findings, expression of CLN5 p.Arg63Pro, p.Arg63His, p.Asp230Asn, and p.Tyr343* in
HeLa cells prevents CLN5 from exiting the ER (Schmiedt et al., 2010; Moharir et al., 2013).
In addition, expressing the CLN5 p.Tyr343* mutant in baby hamster kidney (BHK) cells
causes the mutated protein to mis-localize to the Golgi complex, as well as non-lysosomal
vesicles (Isosomppi et al., 2002; Schmiedt et al., 2010). Here, we show that the p.Tyr298*
and p.Glu258* mutations (p.Tyr343* and p.Glu303* in human CLNS5, respectively)
increase the localization of CIn5 to secretory lysosomes. The different effects of the CIn5
p.Tyr298* mutation and the equivalent mutation in mammalian cells (p.Tyr343*) on
CIn5/CLNS5 localization (mis-localization to secretory lysosomes in Dictyostelium, mis-
localization to the Golgi complex and non-lysosomal vesicles in BHK cells, and ER
retention in HelLa cells) could be attributed to differences in the experimental models. We
also revealed increased localization of the CIn5 p.Tyrl78Asp and p.Glu258* mutants
(p.Tyr209Asp and p.Glu303* in human CLNS5, respectively) to acidic compartments.
Similarly, the CLN5 p.Asp230Asn and p.Asn271Ser mutations trap a large portion of the
intracellular CLN5 pool in the ER, but low amounts of the mutated protein can still be
directed to endo-lysosomal vesicles in HeLa cells, supporting our findings of altered CIn5
localization within the endo-lysosomal system (Schmiedt et al., 2010). Finally, while CLN5
can still traffic to lysosomes in HelLa cells expressing the CLN5 p.Asn143Ser mutant, the
protein is functionally defective (Moharir et al., 2013). Overall, these data highlight that
CLNS5 disease-causing mutations alter the localization of CIn5 in Dictyostelium and CLN5
in human cells.

The 20S proteasome is a barrel structure that consists of multiple subunits
(Kunjappu & Hochstrasser, 2014; Abi Habib et al., 2022). Previous work in Dictyostelium

showed that cIn5-deficiency affects the expression of genes encoding proteasomal proteins,
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increases the amount of one proteasomal subunit, and impairs 20S proteasome activity
(Kim & Huber, 2022). In this study, we found that mutations in CIn5 also affect 20S
proteasomal activity and increase the amounts of two proteasomal subunits. In support of
these observations, altered 20S proteasome activity and subunit amounts have been
reported in Parkinson’s disease and aging (St. P. McNaught et al., 2003; Husom et al.,
2004). For the CIn5 p.Cys39Tyr mutant (p.Cys77Tyr in human CLN5), the amounts of both
subunits are increased along with reduced 20S proteasomal activity, indicating poor
formation of the proteasome. The 20S proteasome can facilitate the degradation of
ubiquitinated and non-ubiquitinated biological substrates (Ben-Nissan & Sharon, 2014;
Kumar Deshmukh et al., 2019; Sahu et al., 2021). While previous work showed that cIn5-
deficiency elevates the amounts of ubiquitin-positive proteins and affects the expression of
genes encoding proteins in the ubiquitination pathway (McLaren et al., 2021; Kim &
Huber, 2022), here, we observed that mutated CIn5 elevated the amount of free ubiquitin
but did not alter the amounts of ubiquitin-positive proteins. This finding suggests that cells
expressing mutated CIn5 increase ubiquitin production to clear out accumulated proteins
within the cell. Altogether, these data indicate that CLN5 disease-causing mutations affect
protein degradation mediated by the ubiquitin-proteasome system.

The ubiquitin-proteasome system cross-talks with autophagy, and both systems
degrade ubiquitin-tagged substrates (Kocaturk & Gozuacik, 2018). The autophagic
degradation of cargo relies on lysosomal function. Here, we showed that cells expressing
mutated CIn5 contained an increased number of acidic compartments, suggesting the
formation of more late endosomes/lysosomes, possibly due to poor retrograde transport of
endosomes to the Golgi complex. CLN5 interacts with CLN3, and expression of the CLN5

p.Tyr343* mutant in HeLa cells weakens the interaction between CLN3-Rab7A and CLN3-
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retromer, which plays an important role in endosome-trans-Golgi complex lysosomal
sorting receptor retrieval (Vesa et al., 2002; Yasa et al., 2021). Since mutated CIn5 did not
affect the amount of VatC but did increase the number of acidic compartments, this
suggests reduced acidity in these acidic vesicles as there are less VatC protein per acidic
vesicle. This feature of reduced acidity has also been documented in lysosomes within
ovine neurons lacking CLNS5 and CLN5-deficient human induced pluripotent stem cell
(IPSC)-derived neurons (Best et al., 2017; Basak et al., 2021). In addition, the intracellular
trafficking of lysosomes is dysregulated in human IPSC-derived neurons lacking CLN5
(Basak et al., 2021). Loss of CLN5 in HelLa cells and IPSC-derived neurons impairs the
trafficking of lysosomes towards the cell periphery, which has been suggested to reduce
autophagosome-lysosome fusion (Basak et al., 2021; Yasa et al., 2021). However, another
effect could be reduced lysosomal exocytosis, which would impact the secretion of
lysosomal enzymes (Buratta et al.,2020; Tacini et al., 2020). In line with these previous
studies, mutations in CIn5 reduce the size of secretory vesicles in Dictyostelium.
Altogether, these findings indicate that CLN5 disease-causing mutations affect the size and
movement of endo-lysosomal compartments.

We showed that expressing mutated CIn5 in Dictyostelium reduced the activity of
glycoside hydrolases and some proteases, including TPP1 and CTSB. Human CLN5
interacts with TPP1 in COS-1 cells and Dictyostelium CIn5 interacts with alpha-
mannosidase, beta-glucosidase, N-acetylglucosiminidase, and the TPP1-like protein,
TpplB (Vesaetal., 2002; Lyly et al., 2009; Huber & Mathavarajah, 2018a). Since our data
show that CLN5 disease-causing mutations alter the predicted structures of CLN5/CIn5,
we can infer that this altered structure affects the ability of CLN5/CIn5 to interact with

other lysosomal enzymes. Although an interaction between CLN5/CIn5 and CTSB/CtsB
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has not been reported, loss of CLN5/cIn5 reduces CTSB/CtsB activity in humans and
Dictyostelium (Basak et al., 2021; Kim & Huber, 2022). In addition, loss of cIn5 in
Dictyostelium elevates ctsB expression, suggesting that cells upregulate the production of
CtsB to compensate for impaired intracellular activity (Kim & Huber, 2022). In addition to
CtsB, loss of cIn5 affects the expression and activity of various lysosomal enzymes (Kim
& Huber, 2022). When all data are considered, we observed cases where both the amount
and activity of a particular enzyme were increased due to mutations in CIn5 (e.g., PPT1),
indicating that more of that enzyme was present within the cell. We also observed decreased
activity with unaltered or increased protein amounts (e.g., CTSB), suggesting that the
enzyme is not being fully matured, which would impair its activity. Finally, we observed
situations where both the amount and activity of an enzyme are unaffected by mutated CIn5
(e.g., CTSD) Like CTSB, an interaction between human CLN5 and CTSD has not been
reported. However, loss of CLN5 in HelLa cells reduces the processing of CTSD to its
mature form (Yasa et al., 2021; Huber, 2023). A previous study suggested that impaired
retromer-mediated trafficking reduces CTSD processing in HeLa cells expressing the
CLN5 p.Asn271Ser mutant (Qureshi et al., 2018). However, based on our work, an
alternative explanation is that reduced acidity within lysosomes prevents the maturation of
CTSD, which is also supported by previous studies that reported less acidic
lysosomes/acidic compartments in other CLN5 disease models (Best et al., 2017; Basak et
al., 2021). Although we observed no changes in CtsD protein amounts in our CLN5 disease
models, Dictyostelium CtsD is processed differently compared to mammalian cells, where
a single CtsD band is observed via western blotting in Dictyostelium (Journet et al., 1999).
Thus, we cannot be certain whether there were differential amounts of the precursor and

mature forms of CtsD in our CLN5 disease models. Altogether, these findings highlight
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that CLN5 disease-causing mutations have different biochemical effects on cells,
specifically with regards to lysosomal protein amounts and activity.

In Dictyostelium, CIn5 secretion is regulated by its SP, autophagy genes, and
proteins associated with lysosomal exocytosis (Huber et al., 2024). In addition to breaking
down intracellular material, the autophagy pathway can also secrete material through an
unconventional mechanism known as secretory autophagy (Néel et al., 2024). Our work
shows that mutations in CIn5 reduce its secretion (Fig. 13). In addition, we observed that
the CIn5 p.Cys39Tyr mutation (p.Cys77Tyr in human CLNS5) reduces the release of CIn5
from the ER. In HeLa cells, the CLN5 p.Asp230Asn and p.Asn271Ser mutations reduce or
completely inhibit the release of CLN5 from the ER, leading to the mutated protein not
being secreted or secreted in reduced amounts, respectively (Moharir et al., 2013; Qureshi
et al., 2018). Also, the CLN5 Tyr343* mutation reduces the intracellular and extracellular
amounts of CLNS5, which has been speculated to be due to intracellular degradation of the
protein (Moharir et al., 2013). Finally, the CLN5 p.Asn143Ser mutation increases the
release of CLN5 from cells but does allow some of the intracellular pool of protein to
localize to lysosomes (Moharir et al., 2013). Collectively, these data show that CLN5
disease-causing mutations impact the secretion of CLN5/CInb5.

Mutations in CIn5 affect not only its secretion but also the extracellular amount and
activity of other lysosomal enzymes, which could provide valuable insight for biomarker
identification for the NCLs (Gammaldi et al., 2023; Marchese et al., 2025). All mutations
we studied, except the CIn5 p.Trp123Ser mutation (p.Trp158Ser in human CLNS5), elevated
CtsB secretion, which aligned with the reduced intracellular activity of CTSB in cells that
expressed mutated CIn5. In cells that expressed the CIn5 p.Tyr298* mutant (p.Tyr343* in

human CLND5), intracellular amounts of CtsB were elevated, but extracellular activity was
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unaffected. Combined, these findings suggest that CtsB was not fully matured in cells that
expressed the CIn5 p.Tyr298* mutant (p.Tyr343* in human CLNS5), however, the increased
extracellular amounts of CtsB compensate for the lack of extracellular activity.
Furthermore, cells that expressed the CIn5 p.Tyrl78Asp and p.Glu258* mutants
(p.-Tyr209Asp and p.Glu303* in human CLNS5, respectively) displayed -elevated
extracellular CTSB activity, supporting the increased extracellular amount of CtsB. Finally,
the CIn5 p.Trp123Ser and p.Cys39Tyr mutants (p.Trp158Ser and p.Cys77Tyr in human
CLNS5, respectively) increased the intracellular amount of CtsB and reduced extracellular
CTSB activity. Altogether, these observations provide strong evidence that CLN5/CIn5
regulates the amount and activity of CTSB/CtsB and further support the involvement of
CTSB in NCL pathology (Huber, 2023).

Interestingly, the CLN5 disease-causing mutations we studied did not affect cell
proliferation in Dictyostelium despite our previous work showing that loss of cIn5 decreases
cell proliferation (McLaren et al., 2021). Since there was no effect of mutant CIn5 or CIn5
lacking its SP on cell proliferation, these findings suggest that secreted CIn5 is not required
for growth. In zebrafish, loss of cIn5 reduces axonal growth, while in mouse neural
progenitor cells, CLN5-deficiency increases cell proliferation (Savchenko et al., 2017;
Marchese et al., 2025). These different effects caused by CLN5-deficiency could be
attributed to differences between experimental models. Mutated CIn5 also did not affect
Dictyostelium aggregation. In contrast, CIn5 lacking its SP delayed aggregation, which was
also observed for cIn5 cells (McLaren et al., 2021). These findings align with the
expression profile of cIln5 and its peak expression after 4 hours of multicellular
development (Stajdohar et al., 2017; McLaren et al., 2021; Huber et al., 2024). The SP-

lacking CIn5 protein localizes to the cell periphery and cytoplasm, but is not detected
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extracellularly (Huber et al., 2024). Therefore, the low amount of mutated CIn5 that is
present in the extracellular space may be enough for Dictyostelium cells to aggregate
normally, while the complete lack of extracellular CIn5 leads to aggregation defects.
Alternatively, Dictyostelium may have compensatory pathways to account for impairments
of mutated CIn5 inside the cell and/or the reduced extracellular amounts of Cin5.

Overall, this study provides new insight into the range of cellular effects imparted
by mutations in CLN5. Our data indicate that mutations in CLN5/CIn5 disease perturb
lysosomal biology, with each mutation affecting the cell in different ways. Moreover, they
provide insight for future work that examines the molecular and cellular pathology

underlying CLNS5 disease.
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Figure 21. CLN5 disease-causing mutations are conserved in Dictyostelium CIn5 and
generated in Dictyostelium CIn5. (A) A BLAST alignment between Dictyostelium CIn5
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(322aa, UniProt ID: Q553W9) and human CLN5 (358aa, UniProt ID: O75503). Red
highlight indicates CLN5 disease-causing mutations reported in the NCL database. Blue
highlight indicates CLN5 disease-causing mutations that are explored in this study. A table
is provided with information for each mutation studied in this report. Yellow highlight
indicates nucleotides within the Dictyostelium CIn5 amino acid sequence that would have
aligned with mutations in CLN5 disease but were shifted by a single amino acid position.
(B) A western blot image displaying equal protein amounts between non-mutated and
mutated forms of CIn5 in cIn5 cells. (C) Viable transformed cIn5 cells that did not express
the CLN5 disease-causing mutation. Three CLN5 disease-causing mutations that were
introduced in cIn5™ cells include p.Trpl40fs (human: p.Trpl75fs), p.Gly91Trpfs*10
(human: p.Gly128Trpfs*10), and p.Arg220fs* (human: p.Arg258fs*).

Dictyostelium CIn5 and human CLNS5. Protein structural alignment analyses of predicted
non-mutated and various mutant forms of Dictyostelium CIn5 and human CLNS5 are done
via Pymol. Mutated human CLNS5 and Dictyostelium CIn5 are superimposed onto the non-
mutated human CLN5 and Dictyostelium CIn5 counterpart respectively. White arrows
indicate structural changes caused by CLNS5 disease-causing mutations.
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Figure 23. CLN5 disease-causing mutations alter the cellular distribution of CIn5. (A)
Fixed cells were incubated with anti-GFP, anti-CalR, anti-VatC, and anti-p80 to target the
CIn5-GFP fusion protein, the ER, acidic compartments, and secretory lysosomes
respectively. Scale bar: 20um. (B) Co-localization analysis of mutated CIn5 to these
selected intracellular compartments was done via an ImageJ plugin and a one-way ANOVA
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was done with a p<0.05 to determine significance. Data is presented as mean

localization (%CIn5) + SEM (n=3). NS=not significant, *p<0.05.
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Figure 24. CLN5 disease-causing mutations alter proteasomal-mediated protein
degradation and the intracellular amounts of proteasomal subunits and ubiquitin. (A)
20S proteasome activity is assessed in cIn5™ cells expressing either non-mutated or mutated
CIn5. 20S proteasome activity data is presented as mean protein activity + SEM (n>5). (B)
Western blot and (C) quantification of intracellular amounts of free ubiquitin, ubiquitin-
positive proteins, proteasomal subunit 4, proteasomal subunit 5, and a-actinin in cIn5™ cells
expressing either non-mutated or mutated CIn5. Western blot quantification data is
presented as mean protein amount (%CIn5) £ SEM (n>7). NS=not significant, *p<0.05.
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Figure 26. CLN5 disease-causing mutations affect compartments of the endo-
lysosomal system. (A) Representative images of cells stained for p80, VatC, and DAPI.
Scale bar: 20um. (B) VatC- and p80-positive vesicle size were measured with Fiji/ImageJ.
The number of vesicles stained by VatC and p80 was counted per cell. The number of
vesicles and vesicular size obtained from CIn5 mutants were compared relative to cells
expressing non-mutated ClIn5. Data is presented as either mean # of vesicles or mean vesicle
size (%CIn5) + SEM (n>3). (C) Western blot membrane probed for p80, VatC, and a-
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actinin amounts within whole cell lysates of cIn5™ cells expressing either non-mutated or
mutated forms of CIn5. Western blot data is presented as mean protein amount (%CIn5) +

SEM (n>3). NS=not significant, *p<0.05, **p<0.01.
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Figure 27. CLN5 disease-causing mutations affect intracellular lysosomal enzyme
activity. (A) Intracellular a-mannosidase, B-glucosidase, N-acetylglucosiminidase, o-
galactosidase, and p-galactosidase activity, as well as (B) palmitoyl protein thioesterase 1,
tripeptidyl peptidase 1, cathepsin B, cathepsin D, and cathepsin F activity were assessed in
cIn5 cells expressing non-mutated or mutated CIn5. Activity values from cells expressing
mutated CIn5 is compared to cIn5 cells expressing non-mutated CIn5. Data is presented as
mean activity (%ClIn5) £ SEM (n>3). NS=not significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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Figure 28. CLN5 disease-causing mutations alter the intracellular amount of
cathepsin B and other lysosomal enzymes linked to NCL. (A) Western blot image
containing whole cell lysates from cIn5™ cells expressing non-mutated CIn5 or CIn5 that
encodes a CLN5 disease-causing mutation. Blots were probed for palmitoyl protein
thioesterase 1, tripeptidyl peptidase 1A, tripeptidyl peptidase 1B, cathepsin B, cathepsin D,
and a-actinin. (B) Protein bands were quantified via Fiji/ImageJ. Data is presented as mean
protein amount (%CIn5) £ SEM (n>9). NS=not significant, *p<0.05, **p<0.01.
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Figure 29. CLN5 disease-causing mutations reduce the secretion of CIn5 and other
lysosomal enzymes. (A) Intracellular and extracellular CIn5 amounts were measured via
western blotting from cells expressing non-mutated CIn5 or mutated CIn5. Data is
presented as mean extracellular/intracellular CIn5 amount £ SEM (n=4). (B) Western blot
image of extracellular amounts of tripeptidyl peptidase 1A, tripeptidyl peptidase 1B,
cathepsin B, and cathepsin D in cIn5 cells expressing non-mutated CIn5 or mutated CIn5.
(C) Extracellular protein amounts were measured and is presented as mean protein amount
(%CIn5) £ SEM (n>3). NS=not significant, *p<0.05, **p<0.01. ***p<0.001,
****p<0.0001.
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Figure 30. Loss of cIn5 and CLN5 disease-causing mutations alter the activity of
cathepsin B and other lysosomal enzymes linked to NCL. Extracellular activity of a-
mannosidase, B-glucosidase, N-acetylglucosiminidase, and cathepsin B were assessed in
(A) AX3 and cIn5" cells (n>4), as well as in (B) cIn5 cells expressing non-mutated ClIn5 or
ClIn5 containing CLN5 disease-causing mutations (n>3). Data is presented as either mean
enzyme activity (%WT) or mean enzyme activity (%CIn5) £ SEM. NS=not significant,
*p<0.05, **p<0.01.
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Figure 31. CLN5 disease-causing mutations do not affect cell proliferation or
aggregation. (A) cIn5™ cells expressing non-mutated CIn5 or mutated CIn5 were set in HL5
within flasks (2 x 10° cells/ml), and the cell density was counted every 24 hours (n>4). (B)
Confluent cells on Petri dishes were submerged in KK2 buffer for 12 hours and images

134



were taken at time intervals within the figure. Images are representative of 6 independent
experiments. Scale bar: 500pm.
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Figure 32. Visual models displaying processes affected by mutations in CLN5 disease.
(A) In cells expressing unaffected CIn5, intracellular trafficking of CIn5 (starting from ER
and eventually released into the extracellular space), specifically the intracellular acidic
compartments (e.g., late endosomes, lysosomes) and secretory lysosomes remain
unaffected. Furthermore, degradation of intracellular cargo via lysosomal enzymes and the
20S proteasome function optimally. (B) In cells with mutated CIn5, (1) the activity of the
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20S proteasome is affected either by decreased amounts of the proteasomal subunit 5
(p.Tyr298*, p.Tyr178Asp, p.Glu258*), poor 20S proteasome assembly (p.Cys39Tyr), or
more 20S proteasomes leading to increased activity (p.Trp123Ser). Mutations in CLN5
disease also perturb ubiquitin biology, leading to more free ubiquitin. (2) ER release of
CIn5 is reduced in cells expressing the CIn5 p.Tyr298* mutation, while (3) the CIn5
p.Tyrl78Asp and p.Glu258* mutations lead to more CIn5 in acidic compartment
localization. Mutations in CIn5 disease also affect the activity of many enzymes within the
lysosome including various glycoside hydrolases (o-mannosidase, p-glucosidase, N-
acetylglucosiminidase, o-galactosidase, and [-galactosidase), protein palmitoyl
thioesterase 1 (PPT1), cathepsin B (CTSB), cathepsin F (CTSF), and tripeptidyl peptidase
1 (TPP1). In addition to affecting lysosomal enzyme activity, CLN5 disease-causing
mutations increase the number of acidic compartments but does not affect VatC amounts,
indicating less VatC per acidic vesicle ultimately leading to less acidic vesicles. As more
acidic vesicles are formed in cells expressing CLN5 disease-causing mutations, it is
suggested that some early endosomes bypass the Golgi complex to prematurely form late
endosomes. (4) CLN5 disease-causing mutations affect the size of secretory lysosomes,
and the CIn5 p.Tyr298* and p.Glu258* nonsense mutations increase the localization of
CIn5 to secretory lysosomes. Mutations in CLN5 disease reduce the secretion of CIn5 and,
alter the secretion of various lysosomal enzymes including tripeptidyl peptidase 1A/B
(TpplA/B), cathepsin B (CtsB), and cathepsin D (CtsD), except for the p.Trp123Ser not
affecting the secretion of the cathepsins. (5) Finally, each mutation of CLN5 disease
differentially affects the activity of lysosomal enzymes in the extracellular space. Figure
was generated with BioRender.
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Figure 33. A visual model summarizing all literature on the effects of CLN5 disease-
causing mutations on its protein trafficking. CLN5 disease-causing mutations are
indicated underneath each organelle and during protein secretion. CLN5 disease-causing
mutations studied in Dictyostelium in this report are in cyan text. Studies assessing the
effect of mutations in CLN5 disease using mammalian cell models are indicated in purple
text. Red text indicates CLN5 disease-causing mutations that have been studied in both

Dictyostelium and mammalian cell models. A legend is provided to identify
within the text. Figure was generated with BioRender.
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Table 4. CLN5 disease-causing mutations created in this study. Primer sequences used
in COE-PCR are provided. Information of the age of onset of each CLN5 disease subtype
was acquired from the NCL mutation database.

cins
Mutation

Age of onset
(Human)

Type of mutation

cDNA gene mutation
(Dictyostelium)

Protein
nomenclature

)

Reaction

Primer name

Primer sequence (5" - 3')

ln5.001

Late infantile

Deleti
Deletion > Nonsense !

an af TA nuclestides st

position 892-893 B. Tyr288"

Reaction 1

Introducing the canserved CLNS.001 mutation

CINSGFP_Cterm-F

CCAAGAAAA ATG AAA WGG ACG AT

inte Dit eins ta
p.Tyr298" mutation inta Dictyostelium Cins

0-cinG 001 GFP-PS-R

ACT AGTTTT TEC ATT CAT ARA TGG ATA

ch5.011

Juvenile

[«
Missense nu

hange from T 1o ‘G’
clestide st nuckeatide
pesition 532

o Tyr178Asp

Reaction 1

Creating the first half of the Dictyastefium cins
gene containing the conserved CLNS.011
mutation. Resctions 1 and 2 are mixed in 2
singlesolution ta farrm the single gene product
[via COE-PCR) ta encade the p. Tyr1784sp
mutation

CInSGFP_Cterm-F

CCAAGA AAA ATG AMA MGG ACG AT

D-CIN5GFP-cin5 011-R

GTC CCA TGT TTG GTC TAC TGG ATT TG

Reaction 2

Creating the second half of the Dictyastelium
cir5 gene cantaining the conserved CLNS.01T
mutation. Reactions 1 and 2 are mixed in a
single solutin ta farm the singhe gene praduct
(uia COE-PCR) ta eneade the p.Tyr1 78455
mutation

D-CIn5GFP-cin5.011-F

CAAATC CAG TAG ACC AAA CAT GGG AC

CINSGFP_Cterm-R

CCA ACT AGT ATT GAG ATG AAT ARK ATT

ens.017

Juvenile-late infantile

Substitution > nensense

G to T ucieatide st nucieatidd

B.Glu258*

Reaction 1

Introducing the canserved CLNS.O17 mutation
into Dictyastelium cins ta encadethe

p.GluZ58* mutation into Dictyostelium Cins

CINSGFP_Cterm-F

CCAAGAAAAATE AL MGG ACG AT

D-clnG 017 GFP-PS-R

ACT AGTTTT AAT TTC TAA TAC AGC TTC

ein5.021

Teenage

[«
Missense A

hange from ‘G’ to A
clentide st nucleatide
position 116

B.Cys39Tyr

Reaction 1

Creating the first half of the Dictpastelium elns
gene eontaining the conserved CLNS.021
mutation. Reactions 1 and 2 are mixed in 2
singlesolution to form the single gane product
[vis COE-PCR) ta encade the p.Cys 39Ty
mutation

CINSGFP_Cterm-F

CCAAGAAAAATE AL MGG ACG AT

D-CIn5GFP-cin5 021-R

GGT GTTTGT GGA TAATCC TCT CTT TGA

Reaction 2

Creating the second half of the Dictyas telium
cinS gene cantsining the conserved CLNG.021
miutation. Resctions 1 and 2 are mixed in 3
singlesolution ta farrm the single gane product
[via COE-PCR) ta encade the p.Cys 39Ty
mutation

D-CIn5GFP-cinG 021-F

G TTC ARK GAG AGG ATT ATC CAC AR

CINSGFP_Cterm-R

CCA ACTAGTATT GAG ATG AAT ARK ATT

€in5.030

Juvenile

C
Missense nu

hange from G to '€
cleotide at nudieotide
position 368

pTipl235er

Reaction 1

Creating the first half of the Dictyastelium cins
gene containing the conserved CLNS.030
miutation. Resctions 1 and 2 are mixed in &
singlesolution ta farrm the single gane product
(via COE-PCR] ta encade the p.Tr1235er
mutation

CInSGFP_Cterm-F

CCAAGA AAA ATG AMA MGG ACG AT

D-CIn5GFP-cin5.030-R

CAG CATTAC ACG ATA ARA GTT CAT CTT

Reaction 2

Creating the second half of the Dictyas telum
cinS gene cantsining the conserved CLNS.030
miutation. Resctions 1 and 2 are mixed in &
singlesolution ta farrm the single gane product
(via COE-PCR] ta encade the p.Tr1235er
mutation

D-CInSGFP-Cin5 030-F

GGT AAA GAT GAK CTT TTA TCG TGT AAT

CINSGFP_Cterm-R

CCA ACTAGT ATT GAG ATG AAT ARR ATT

Table 5. Summarized table of the effect of CLN5 disease-causing mutations on the
cellular distribution of CIn5. Grey indicates no effect, while green indicates increased
co-localization of CIn5 to an intracellular compartment.

Co-localization analysis

Cln&
Mutation

Endoplasmic

reticulum

Lysosomes

Secretory

p.Tyr2og=

p.Tyrl178Asp

p.Glu2sa=
p.Cys3STyr
p.Trpl23ser
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Table 6. Summarized table of impaired ubiquitin and 20S proteasome biology affected
by mutations in CLN5 disease. Grey indicates no effect. Red indicates lowered activity
or protein amounts. Green indicates increased activity or protein amounts.

Proteasomal-mediated protein degradation
Growth |Starved |Growth |Starved | Growth |starved | Growth [Starved
205 proteasome Ubiquitin- Proteasomal
positive protein

Growth |S‘tanred

Free ubiguitin Proteasomal
subunit 5

amount

Cin5
Mutation

activity subunit amount

Table 7. Summarized table of the endo-lysosomal compartments affected by mutated
CIn5. Grey indicates no effect. Red indicates lowered # of vesicles, protein amounts, or
reduced vesicle size. Green indicates increased # of vesicles, protein amounts, or vesicle
size.

amount amount

p.Tyr178Asp
p.Glu2s8*

p.Cys3STyr
p.Trpl23Ser

Endo-lysosomal pathway
Immunofluorescence assay Western blot
Growth |Starved | Growth |Starved | Growth |Starved | Growth |Starved | Growth [Starved | Growth [Starved

Clns #of VatC- VatC-positive |#of pB0-positive| pB0-positive VatC amounts pB0 amounts
Mutation |positivevesicles| vesiclesize vesicles vesicle size
p.Tyr258*
p.Tyr178Asp
p.Glu258*
p.Cys30Tyr
p.Trpl235er

Table 8. Summarized table of CLNS5 disease-causing mutations affecting intracellular
lysosomal enzyme activity. Grey indicates no effect. Red indicates reduced enzyme
activity. Green indicates elevated activity.

Growth | Starved
Alpha
galactosidase

L enzyme activity
Growth |  Starved |Growth [Starved

Growth |Starved
Beta
galactosidase

Growth [Starved
Beta
glucosidase

Growth [Starved
Alpha
mannosidase

Growth [Starved | Growth [Starved | Growth [Starved | Growth [ Starved

CIn5.
Mutation
p.Tyr288*

N-acetylglucosiminidase PPT1 TPP1 CTSD CTSF CTSB

p.Cys39Tyr

Table 9. Summarized table of CLN5 disease-causing mutations affecting the amounts
of intracellular cathepsin B and other lysosomal enzymes linked to NCL. Grey
indicates no effect. Red and green indicate reduced and elevated protein amounts
respectively.

Intracellular lysosomal protein amount
Growth |Stan.red Growth |Star'.red Growth |Starved

Growth |Stanred Growth | Starved

Cin5
Mutation
p.Tyr2oe*
p.Tyr178Asp
p.Glu258=
p.Cys3STyr
p.Trpl235er

Ppt1 Tpp1A Tpp1B CtsD

CtsB
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Table 10. Summarized table of the impact of mutations in CLN5 disease on the
secretion of CIn5, cathepsin B, and cathepsin D. Grey indicates no effect on protein
secretion. Red indicates reduced protein secretion. Green indicates elevated protein
secretion.

Lysosom al enzyme secretion
Cln5

CtsD | CtsB

p.Tyrl78Asp

p.Cys38Tyr

Table 11. Summarized table of affected extracellular lysosomal enzyme activity
caused by CLN5 disease-causing mutations. Grey indicates no effect. Red indicates
reduced enzyme activity. Green indicates elevated activity.
Extracellular lysosomal enzyme activity

Growth |Starved |Growth [Starved | Growth |  Starved | Growth | Starved

Cln5 Alpha Beta
Mutation | mannosidase glucosidase
p.Tyr2og=
p.Tyrl7BAsp

N-acetylglucosiminidase | CathepsinB

p.Cys3STyr
p.Trpl23Ser
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5.0. CHAPTER 5
5.1. GENERAL DISCUSSION

The early goal in CLN5 disease research was to determine the basic science of
CLNS5, including its location on the human genome, gene elements that regulate CLN5
expression, and its localization (Savouski et al., 1998; Isosomppi et al., 2002; Basak et al.,
2021). Subsequently, as time progressed, the research started to focus on revealing the
molecular function of CLN5, the pathways in which CLNS5 plays a role in, and the
intracellular impact of mutations linked to CLN5 disease (Isosomppi et al., 2002; Vesa et
al., 2002; Schmiedt et al., 2010; Moharir et al., 2013; Adams et al., 2019; Luo et al., 2020;
Yasa et al., 2021). Fortunately, research efforts have narrowed down to four putative
molecular functions, including a ceramide synthase, a glycoside hydrolase, a
depalmitoylase, and a BMP synthase, and the biological pathways that CLNS5 is involved
in, such as lipid metabolism, autophagy, and biometal homeostasis (Haddad et al., 2012;
Grubman et al., 2014; Huber & Mathavarajah, 2018a; Leinonen et al., 2017; Adams et al.,
2019; McLaren et al., 2021; Luebben et al., 2022; Medoh et al., 2023). Furthermore,
research showed that CLN5 is secreted (Isosomppi et al., 2002; Moharir et al., 2013;
Hughes et al., 2014; Huber & Mathavarajah, 2018ab). There are regions in the CLN5
peptide sequence, such as N-glycosylation residues, that affect its secretion, as well as its
protein folding and intracellular trafficking (Moharir et al., 2013). In this thesis, we
expanded the current literature on the biological processes that the loss of CLN5 affects and
explored different regions of the CLN5 peptide sequence using Dictyostelium. This thesis
comprises of two major themes:(1) the genetics behind cIn5-deficiency (Chapter 3), and

(2) the biochemistry and molecular biology of the N-terminal region of CLN5 and
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mutations in CLN5 disease. Each data chapter will be highlighted in this general discussion.

Finally, this general discussion will include directions for future experiments.

5.2. THE GENETICS BEHIND cIn5-DEFICIENCY

This component of the thesis was an extension of previous work in our lab, such as the
aberrant phenotypes associated with cIn5-deficiency, and previous RNA sequencing
analysis in CIn5” mice revealing some biological processes including but not limited to
cell adhesion and regulation of various metabolic processes (von Schantz et al., 2008;
McLaren et al., 2021). In this study, we revealed a variety of biological processes affected
by the loss of cIn5 in Dictyostelium. Specifically, we found the following:

1) Alist of DEGs that underpinned each phenotype affected by cIn5-deficiency during
growth, including cellular proliferation and cytokinesis, and during early
development in the Dictyostelium lifecycle, such as aggregation and adhesion
(Huber & Mathavarajah, 2018a).

2) A list of DEGs supporting previously affected biological processes with loss of
CLNS5 including protein ubiquitination/deubiquitination and autophagy, as shown
in various CLN5 disease models including Dictyostelium, mice, rodents, sheep, and
human cells (Best et al., 2017; Leinonen et al., 2017; Adams et al., 2019; McLaren
etal., 2021).

3) A list of DEGs revealed new cellular components, including the ubiquitin ligase
complex, and biological processes like carbohydrate metabolism and protein

phosphorylation affected by cIn5-deficiency.

151



4) A list of genes that encoded lysosomal enzymes and proteins associated with
proteasomal-mediated protein degradation were differentially expressed with the
loss of cIn5 .

5) A list of DEGs altered by the loss of cIn5 which transcribes the Cln proteins in
Dictyostelium.

6) A list of DEGs that showed that the process of secretion is affected by the loss of
cIn5. Around the time of this publication, various CLN5 disease models, including
Dictyostelium, baby hamster kidney-21 cells, and HEK 293T cells, showed that
CLN5 is secreted (Isosomppi et al.,, 2002; Hughes et al., 2014; Huber &
Mathavarajah, 2018a). Similarly, the excreted material (e.g., urine) in CLN5 disease
patients showed a different protein profile relative to normal individuals (Iwan et
al., 2021).

Although a comparative RNA sequencing approach was conducted in CIn5”- mice (von
Schantz et al., 2008), our research established a detailed comparative RNA sequencing
analysis of cIn5-deficiency at the cellular level. During this research, we hypothesized that
ClIn5 plays a role in various processes in Dictyostelium and predicted that there would be
DEGs associated with many biological processes. These findings in Chapter 2 aided our
understanding of biological processes in that CIn5 plays a role such as altering gene
expression of proteins involved in autophagy, including the atg genes (Leinonen et al.,
2017; Adams et al., 2019; McLaren et al., 2021). Researchers focused on revealing the
affected mechanism of autophagy with loss of CLN5 (Leinonen et al., 2017; Adams et al.,
2019; MclLaren et al., 2021). Where autophagy relies on lysosomal enzymes to degrade
intracellular cargo (Yim & Mizushima, 2020), work in this thesis showed that loss of cIn5

dysregulates lysosomal function via impaired activity in glycosidase hydrolases, proteases,
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and a protein palmitoyl thioesterase (Kim & Huber, 2022). This research was also the first
to reveal affected protein degradation via the proteasome in CLN5 disease. As
ubiquitination interplays with the two intracellular protein degradative processes,
autophagy and the proteasome, this research, along with our previous research, laid the
initial foundation of a crosstalk mechanism between these processes affected by cln5-
deficiency (Kocaturk & Gozuacik, 2020; McLaren et al., 2021; Kim & Huber, 2022).
Finally, this thesis chapter provides novel insights into the role of CIn5 in secretion, one of

the findings that shaped the next few chapters in my thesis.

5.3. THE BIOCHEMISTRY AND MOLECULAR BIOLOGY OF THE N-
TERMINAL REGION OF CLN5 AND MUTATIONS IN CLN5 DISEASE

The CLN5 disease research community established the localization of CLNS5,
including being present extracellularly (Isosomppi et al., 2002; Hughes et al., 2014; Huber
& Mathavarajah, 2018ab). Past research also revealed via bioinformatics tools that CLN5
contains an N-terminal SP, an amino acid segment that directs proteins through the
conventional secretory pathway to be secreted into the extracellular space (Isosomppi et
al., 2002; Schmeidt et al., 2010; Larkin et al., 2013; Jules et al., 2017, Huber &
Mathatvarajah, 2018a). In addition, blocking the N-terminus of CIn5 via GFP tagging
affected its secretion and showed ER retention in Dictyostelium (Huber & Mathavarajah,
2018a). From this, we hypothesized in Chapter 3 that the SP in Dictyostelium CIn5 plays
an essential role in its secretion. We predicted that loss of the SP would prevent CIn5 from
being released into the extracellular space, which in turn would display aberrant phenotypes
observed in cln5-deficient cells, including reduced cellular proliferation and aggregation.

We generated cIn5 cell lines expressing CIn5-GFP without the SP (e.g., ASP-CIn5-GFP),
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as well as used both AX3 and cIn5-deficient cells expressing GFP-CIn5 that were validated
in a previous study (Huber & Mathavarajah, 2018a). We also extended our SP analysis in
the secretion of CtsD, another CLN protein that is secreted and contains a SP (as reviewed
in Huber, 2021). In this thesis chapter, we showed that:

1) Dictyostelium CIn5 and CtsD contained a functional SP that was crucial for their
release into the extracellular space (Huber et al., 2024).

2) Loss of the SP altered the localization of CIn5 and induced protein instability in
CtsD.

3) Preventing CtsD secretion via SP deletion elevated CIn5 secretion, while the
reverse did not apply (Huber et al., 2024).

4) Expressing ASP-CIn5-GFP in WT cells phenocopied cIn5-deficient phenotypes,
including cell proliferation and aggregation, along with the rate of late
multicellular development being reduced.

5) An overabundance of CIn5 in the ER (e.g., GFP-CIn5) caused an ER stress
response.

As deleting the SP or blocking the function of the N-terminus of CIn5 resulted in these
findings presented in Chapter 3, we explored the molecular effects caused by mutations in
CLNS5 disease (Chapter 4). Most CLN5 disease-causing mutation research has primarily
focused on the affected intracellular trafficking of CLN5 and less on the molecular
mechanisms that these mutations impact (Isosomppi et al., 2002; Vesa et al., 2002;
Schmiedt et al., 2010; Moharir et al., 2013; Adams et al., 2019; Luo et al., 2020; Yasa et
al., 2021). Consequently, the aim of Chapter 4 was to expand our understanding

biochemical and molecular impacts of mutations in CLN5 disease. We hypothesized that
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mutations in CLN5 disease impact the function of CIn5 and predicted that each CLN5
disease-causing mutation would result in dysfunction in the biological processes of the
lysosome. To assess the impact of each CLN5 disease-causing mutation, we generated
mutant forms of CIn5 and studied the cellular and molecular biology of these mutations. In
this data chapter, we revealed the following:

1) Mutations in CLN5 disease altered the protein structure of Dictyostelium CIn5 and

human CLNS5.

2) CLNS5 disease-causing mutations affected protein degradation mediated by the

proteasome and dysregulated lysosomal function via defective lysosomal enzymes.

3) Some mutated CIn5 altered the localization of CIn5, but all mutated forms of CIn5

studied in this chapter dysregulated the endo-lysosomal system.

4) Mutations in CLNS5 disease reduced its secretion and other lysosomal enzymes.

5) Mutant CIn5 did not impact cell proliferation and aggregation, while delayed

aggregation was observed in cells expressing CIn5 lacking its SP.

Altogether, these results from Chapter 4 indicated that all CLN5 disease-causing
mutations studied in this chapter affect the intracellular trafficking within the
endomembrane system. This, in turn, affected downstream events, altering the function and
secretion of lysosomal enzymes. These findings of affected lysosomal biology were further
supported by many studies suggesting autophagy as a central pathway affected in CLN5
disease (Leinonen et al., 2017; Adams et al., 2019; McLaren et al., 2021; Yasa et al., 2021;
Kim et al., 2022). Since there is a crosstalk mechanism between the ubiquitin-proteasome
system and the autophagy pathway, we showed that the proteasome activity and amounts
were affected, suggesting that both processes are affected in CLN5 disease. Overall, this

research provided insights into the molecular and biochemical impact of mutations in
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CLNS5 disease and demonstrated the heterogeneity behind this disease. In addition, this

thesis further supports using Dictyostelium as a model in CLNS disease research.

5.4. FUTURE DIRECTIONS

In Chapter 2, we generated a list of DEGs that are associated with cellular
components and biological pathways affected by cIn5-deficiency. There were some
biological pathways present in the comparative transcriptomics that were not explored at
all in the CLN5 disease research community, including but not limited to signal
transduction and protein phosphorylation (Kim & Huber, 2022). Furthermore, there were
cellular components within our RNA sequencing analysis that have not been explored yet,
such as the cullin-RING ubiquitin ligase complex and lamellar bodies. Currently, there is
limited research on how CLN5 plays a role in these novel biological processes or how
CLNS5 regulates these cellular components within the cell. There has been research on how
mutations in potassium channel tetramerization domain containing 7, a gene linked to
CLN14 disease when mutated, affect intracellular CLN5 degradation via the cullin-RING
ubiquitin ligase function (Wang et al., 2022). In summary, since this RNA sequencing
dataset has revealed unexplored pathways and components within the cell, research should
be conducted in this area to potentially reveal new mechanisms affected by the loss of cIn5.

In Chapter 3, we created a cIn5™ cell line expressing CIn5 without its SP, along with
WT cells expressing ASP-CtsD-GFP. From this, we showed that loss of the SP resulted in
CIn5 and CtsD not being secreted. In addition, loss of the SP altered the intracellular
trafficking of CIn5, including diffused cytoplasmic distribution, and protein instability of
CtsD. We also revealed that the release of CIn5 is increased when CtsD lacks its SP,

suggesting a role for CtsD in modulating CIn5 secretion. Since CIn5 and CtsD are
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interactors in Dictyostelium, and there is a regulatory mechanism of CtsD affecting CIn5
secretion, further studying this protein interaction would shed light on one of the many
regulatory mechanisms that modulate the secretion of CIn5. Furthermore, a study exploring
the extracellular function of CLN5 would be essential, as there is limited research on this.
In this PhD thesis, we attempted to pull down extracellular CIn5, but unfortunately had no
success. Thus, alternative techniques to isolate extracellular CIn5 need to be explored.

As Chapters 3 and 4 share a similar theme (e.g., loss of an amino acid segment or a
change in the amino acid of CIn5 to study its impact) and there is limited knowledge on
many of the CLN5 disease-causing mutations, we focused Chapter 4 on studying the
molecular impacts of CLN5 disease-causing mutations using Dictyostelium. In this study,
we generated mutant forms of CIn5, including p.Tyr298*, p.Tyrl78Asp, p.Glu258*,
p.Cys39Tyr, and p.Trpl58Ser, and focused our analysis on lysosomal biology and
secretion. We showed that vesicles within the endo-lysosomal pathway are affected by
mutations in CIn5, as well as impairing intracellular degradative processes mediated by the
proteasome and lysosomal proteins. As many of the glycoside hydrolases revealed lower
activity in cells expressing mutated CIn5, a future study on the glycomics of each CIn5
mutant is suggested since there is no research on this topic aside from N-glycosylation in
CLNS5 (Moharir et al., 2013; Huber & Mathavarajah, 2018a; Huber et al., 2024). Moreover,
in this thesis, mutations in CIn5 significantly reduced the secretion of CIn5 and lysosomal
enzymes. To follow up with this study, a drug screening approach, particularly towards
remedying autophagic defects observed in CLN5 disease, in these CIn5 mutants would give
insights into which pathways each CLN5 disease-causing mutation affects. Furthermore, it
would be informative to conduct a study that either 1) treats cells containing mutated CIn5

with chemicals to restore the secretory amounts of these proteins, or 2) reveals how
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lysosomal proteins are trafficked within cells expressing these mutations of CIn5. As our
study only focused on 5 mutations in CLN5 disease, four of which have not been previously
studied, researchers should also focus on other CLN5 disease-causing mutations. Finally,
since there are 70 distinct CLN5 disease-causing mutations to date, the development of
affordable kits that perform rapid tests for autophagic defect would also be another research

field in Batten disease to explore in disease prognosis.

5.5. FINAL CONCLUSIONS

Findings in this thesis have further solidified Dictyostelium as a model for studying
Batten disease. A comparative list of genes affected by cIn5-deficiency at the cellular level
has been developed to further our understanding of the pathways that CIn5 regulates. Where
secretion was one of the processes affected by the loss of cIn5 in our RNA sequencing
analysis, the SP in CIn5 and CtsD is involved in their secretion. Trapping CIn5 has been
implicated in reducing cell proliferation (N-terminal GFP) and aggregation (N-terminal
GFP, ASPS-CIn5-GFP). We also showed that mutations in CIn5 alter the structure of human
CLNS5 and Dictyostelium CIn5. Mutations in CLN5 disease impaired the endo-lysosomal
pathway and the activity of lysosomal enzymes within and outside the cell. In addition,
CLN5 disease-causing mutations significantly reduced the release of CIn5 and other
lysosomal proteins. Finally, within this thesis, we developed methods for assessing the
activity of various lysosomal enzymes in Dictyostelium. These methods brought the focus
of lysosomal enzymes within Dictyostelium back into the spotlight and can be used to

inform other researchers in their research endeavours.
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