THE UNIVERSITY

o ADELAIDE

DEFINING THE
NEUROPATHOLOGICAL IMPACT OF
HETEROZYGOSITY IN THE GENE
ENCODING SULFAMIDASE, A
LYSOSOMAL DEGRADATIVE ENZYME

Mohd Nazzmer Mohd Nazri

School of Biomedicine,
Faculty of Health and Medical Sciences, The University of Adelaide
and
Childhood Dementia Research Group,
College of Medicine and Public Health, Flinders University

Thesis submitted for the degree of Doctor of Philosophy

Supervised by Professor Kim Hemsley and Dr. Nicholas Smith
March 2023



Table of Contents

LISt Of ADDYEVIATIONS cauueeneneressreressuerosssniossasisssanisssasssssasssssasssssassssssssssssssssasssssasssssnsssssssssssasssssass 5
TRESIS ADSIIACE cuuuneeeoneronsrerossrerossenossaniossanisssasssssasssssassssssssssssssssssssssssssssasssssasssssssssssssssssssssssasess 8
DCCLATALION a.enaannnnevonnneronineronsnerossrerosssesossasisssasisssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 11
ACKNOWICAGOMERLS a..ennneeonnnerosraeinssanisssssissssrisssasesssasesssssessssssssssssssssssssssssssssssssasssssasssssasssssassss 12
Chapter 1: INIFOAUCTION ....aeuenneeoosneronsrerossserosssessssasisssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssss 13
1.0 THE LYSOSOIME .....cccuiiiiiiieeeiieecieeeriee et e et e et e e e e e st e e sateeesaeeessaaeesseeensseeennseesnseeennnes 13
1.1 LySOSOME DIOZENESIS ...uvveeevieeiiieeiiieeiieeesiteeeireeeteeesteeessseeessseeessseeensseeesseeenssessnssessnnes 15
1.2 The endosomal-lysosomal NetWork ...........ccceeviieeiiiiiiiiiiieece e 16
1.3 Mannose-6 phoSphate T@CEPLOTS. .....uvierurieeiieeeieeeiieeeeeeeieeeereeesree e e e eeeeaeeennaeeenees 16
1.4 Lysosomal storage disorders (LSDS) ......cccuiieiiieeiieiiiecieecee et 19
LAT  EPIAEMIOLOZY . .ceeeititeitietite sttt ettt b et sttt e et e et ettt et st ebeebe e bt ebeebesbeneeean 19
1.4.2  Signs and SYMPLOIIS ....eouirtirteieteietete ettt ettt ettt et sbe st stesae st e te e te e esee st eneeseebeebeeaeeseebesaeseenean 19
Li4.3  TIEALMIENLS ..ottt ettt ettt et b et b e et s bt et e s bt et e s bt e st e eb e et e e bt et e ebe et e ebeeneeene 24
1.44  Enzyme replacement therapy ........cooeoieieieieieiieicee ettt b s se s 24
1.4.5  Substrate reduction thETAPY ........ccceoerieieiieieiei ettt ettt b bbb b e eas 25
T.4.6  GENE TNETAPY ...vetiitititeete ettt ettt et b e bt sttt st et e et et e st e st eneeseebeebeeaeebeebeeaeeeeean 25
1.5 Heterozygosity in lysosomal degradative genes and other neurodegenerative disorders
.............................................................................................................................................. 26
1.6 Review Article: Heterozygosity in lysosomal genes and neurodegenerative diseases: a
ChAMDBET OF SECTELS? ...ttt ettt sttt esbee e ens 27
1.7 Research significance and hypothesis........c.ccecvieeriieiiiieiiieeciiecee e 48
1.8 AIMS O the STUAY ....veiiiiieeeiie e e e eaae e s e e e 49
Chapter 2: Materials QA MeEtROd ...........uueeooeueionsueiossaeiossarisssasisssasessssssssssssssssssssssssssssssssssssses 50
2.1 IMEAEIIALS ..ottt et e 50
2.1.1 ANImMal HUSDANATY ..ottt sttt ettt ateb bbb e e besaeseeean 50
2.1.2 GENOLYPING ..ttt ettt ettt ettt ettt e st eu e eb e e st eb e e bt e bt see et e bees e s em s et et ensentententeneeseebeebeebesaeneentan 50
2.1.3 TISSUE COIECHION. ...ttt ettt ettt ettt et et et e et et et ene e st entebeebeebeebeebesaeseenean 51
214 HISEOLOZY .ttt a ettt e h e bt b e sttt b et et et et et en b en e e ne e st eh e e bt bttt ebeebeeeetan 51
2.1.5 MASS SPECITOMCLIY .....euieiieiieiieteettet ettt ettt ettt et sttt sb et ettt e bt e bt e st e sbeeneesaeebesbtenbesmtenbeennenbeens 53
216 TISSUE CUILUIE ...ttt et ettt ettt bt sttt et e st et e et et ea b emeeneestebeebeebeebeebesneseenan 53
2.1.7 ElECtrOPRYSIOIOZY . .cveitiitiiietiteste sttt ettt sttt e et ettt e st ea e e bt bt ebeebesneseeean 54
2.1.8 MItOChONAIIAL ASSAY .....vevetititiitesteieie ettt ettt ettt ettt et st e st e et et et ene e st eseebeebeeaeebeebesaeseennan 55
2.1.9 Hyperspectral IMAZING .........couiiuiiiriiieieie ettt sttt ettt ettt ebe bt ebe et ebesbeseeean 56
2.2 METROAS. ...ttt ettt e h ettt st aeas 57
2.2.1 GFP*-MPS IIIA Mouse Colony Establishment and Maintenance ...............cceevevvererrerevreenerensnennnns 57
2.2.2 Congenic MPS TITA MOUSE COIONY ....cuveuieiieiieiieiietieiceie ettt sttt ettt eae bbb b e e eas 59
2.2.3 MOUSE Ear-NOCRINE ......eoviiiiiiiiiteee ettt ettt b bbbt b b seeaen 60
2.2.3  GENOLYPING OF TIICE ..euvetiiititeieiete ettt ettt ettt ettt b et et e et et et ene e st estebeebeebeebeebesaeseenean 60
2.2.4 Perfusion and fIXAtIOMN .......co.iiuiruiieeiee ettt sttt sttt ettt et ea bt et eb e b b e nen 68
Chapter 3: Quantitative Proteomic Analysis of the Motor Cortex in Wildtype and Sgsh
Heterozygous Mice using Mass SPECIFOMEITY .....uueueereesssuvriosssssssessssssssssssssssssssssssssssssssssssnss 70
3.1 INEEOAUCTION ...ttt ettt ettt e be e st e e bt e et eenbeesaneens 70
3.2 MEROMS. ...ttt ettt ettt 72
3.2.1 SamPIE PIEPATALION .......ocveiiieeieiietieie ettt ettt eet et e b e eteebeeseesseesaesaeessesaeessasseessesssesseessassenssensennns 72



3.2.2 Bicinchoninic Acid (BCA) Protein ASSAY .........cecveevveeeerieeeerrieiesieetesseessesseesesseessesseessessssssesssessesnes 72

3.2.3 Liquid Chromatography-Mass Spectrometry (LC-MS)........cccooiriiiiiniiieeeeeeeeeest e 74
3.2.4 Progenesis QI Software for Proteomics ANaALYSIS .......ccecvriririririniresiesieee et 76
3.2.5 MaXQUANE — PEISEUS ...veeeuvieiieiieeitieiieeieesiteeteestteeteestteeteestteeseesssessseenssesnseesssessseesssesnsessssesseenseennses 76
3.2.6 Gene-set Enrichment Analysis (GSEA)......ccooiiiiiiiee e 78
3.3 RESUILS .ttt st b e st enbeesareen 79
3.3.1 Quantitative Proteomic Analysis of LC-MS/MS data ..........cccooiriiineniineeeeeeeeeeesc e 79
3.3.2 Gene-Set Enrichment Analysis (GSEA) of Proteins in Sgsh P3N Mouse Motor Cortex................... 88
3.4 DISCUSSION ...ttt ettt ettt et ettt et e sttt e bt esht e et e e s bt e eabe e bt e eabeeseeeabeebeesnbeenbeesareans 92
3.4.1 Proteomic Profiling of Sgsh P3N Mice Cerebral COTtEX .........orveverrirrrerererieeeerereereraesesesseesesesenenans 92
3.4.2 Dysregulated proteins involved in metabolic pathWays...........ccccoirerereieneneeeeeeec e 92
3.4.3 Dysregulated proteins involved in neurodegenerative pathways...........ccceruererieieiieienenenceeeese e 93
3.4.4 Limitation, and FUtUIe DITECHIONS ..........oiiiiiiiiiieecieie ettt e eeveeeeae e eeaveeseaeeseteesenaeeesnneeeas 95
3.5 CONCIUSION ...ttt ettt ettt e bt e et e bt e st e e bt e eabeenbeesaneens 98
Chapter 4: Structure and function of cortical neurons in Sgsh heterozygous mice carrying

A D3IN HULALION cannnnnnnaennneennennnencnvensrsnssisssisssessssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssassns 99
4.1 INEEOAUCTION ...ttt ettt st e bt e ettt e st e e bt e eateeaees 99
4.2 MEtROAS. .. e 102
4.2.1 Dendritic spine visualisation and qUantifiCation ..............ccuevieieiiiecieiieieceee ettt 102
4.2.1.1 Brain SECtiON PIEPATALION .......cverveereereeiiereeteeeesseeseesseeseesseessesseesesseessesseessesseessessesssesseesseseessessees 102
4.2.1.2 Dendritic spine imaging and data analysiS........ccceceetririririnenieriese e 103
4.2.1.3 Automated image analysis USING IMATTS ........ccoeoiririiiiiiiiieee e 103
4.2.2  Multielectrode ATTaY aNalySiS.......cocererierierieieietietteitet et sttt ste st st e et e st et este et eseese e st ebesbeseeseeas 104
4.2.2.1 Newborn pups and primary cortical neuron Cultures ...............ccoceverererenesienienieeeeceeeeeese e 104
4.2.2.2 Primary cortical neuron cultures treated with TOtENONE ...........ceoererierierienieieieeeeeeeeeeeec e 107
4.2.2.2 Dataset and reCOTAING SEL-TUP ...c..eruiruerierieieieiecetietiee ettt ettt st te st st e e te st et esee st et eseeseeseesesbesnesaens 107
4.3 RESUILS ...ttt et sttt e b e et e b 109

4.3.1 No change in dendritic spine density or morphology in Sgsh™P3NESFP motor cortical pyramidal
neurons 109

4.3.2 Electrophysiological recording of primary cortical neural cultures derived from Sgsh P3N mice
show altered NEtWOTK DUISt ACTIVILY .....ccueeviiieiiiiiiieiiiieie ettt ettt et e sreesaesreesesraessesraensensnens 109
4.3.3 Electrophysiological recording on rotenone-treated primary cortical neural cultures in Sgsh™P3'™N and
SEEHTTINCE oottt ettt ettt s et e sttt a et bttt e et et n st et s s e e s 111
4.4 DIISCUSSION ...ttt ettt ettt et ettt e bt e s he e et e e sbee et e e sbbeeabeesbeesabeenbeeenbeebeesnneebeeeane 118
4.4.1 No alterations in dendritic spine densities in layer 5 pyramidal neurons in motor cortex of Sgsh P3N
B 1I0E 1.ttt ettt ettt ettt bttt ettt e sttt a et bttt e et sttt s e e e s 118
4.4.2 Perturbation of network burst activity in cortical neural cultures............cccoeeveeveviieeenieceeneeeeeenen, 118
4.4.3 Rotenone-treated neural cultures showed alteration in neural aCtiVity .......c.ccceevereerieieerenenenencnaene 119
4.4.4 Limitations and Future DITECIONS .........coeiieieieieieiet ettt ebe b seea 120
4.4 CONCIUSION .ttt ettt et e sh e ettt sat e e bt e et enbeeeateebeeeane 122

Chapter 5: Metabolic profile of fibroblasts from Sgsh D3 1IN mice and patients carrying
disease-causing mutations iN SGSH GENE........uuuucouerevsuerosserosserossserssssisssssssssssssssasssssasssses 123
5.1 TNEFOAUCTION ...ttt ettt ettt ettt e bt e st eeeeas 123
5.2 IMEEROAS. et ettt 128
5.2.1 MitOChONAIIAL @SSAYS.....cvieviierieiiiitieiiiteeie ettt et e e ste et e et et e et esbeessesseesaesseessesseessesssessessaessenseans 128
5.2 1.1 Cell CUIUIE LANES ...ueiuiiuiiiiitietieteeieete ettt ettt ettt sttt be et e et e et eneebeeseeaeebeebeeee 128
5.2.1.2 Mitochondrial membrane potential (AWM)........c.occvervieieriieieniieieseeeeee e e e eenens 128
5.2.1.3 Metabolic FIUX ANALYSIS ...c.eoutitiitiiiiieieeeee ettt ettt b et 129
5.2.2  Hyperspectral IMaiNg.........cccoeiiiriirieiieieieee ettt sttt sttt ettt ebe e ae et sbe e 129
5.2.2.1 Culturing mouse and human fibroblasts for hyperspectral imaging ............cccceeeveevencinenenennenn 129
5.2.2.2 Hyperspectral imaging and brightfield imaging ..........c..cccoceiiririininineneeeeee e 132



5.2.2.3 Hyperspectral data analysis.........ccoceeerererierienieieieeicee ettt sttt ebe e 132

5.3 RESUIES ..ttt ettt sttt eeas 135
5.3.1 Evaluation of A¥m using JC-1 dye in MPS IIIA and Sgsh/SGSH heterozygous fibroblasts........... 135
5.3.2 Mitochondrial profiles of mouse Sgs/ and human SGSH heterozygous fibroblast .............c.ccc.c...... 137
5.3.3 Hyperspectral microscopy detects subtle metabolic changes in human fibroblasts carrying single or
homMOZYZOUS SGSH MIULALION .....evitiiiiititete ettt ettt ettt ettt st et e s b et e et et et es s et e st eseeseeseesesbesnesaeas 142

5.4 DISCUSSION ...ttt ettt ettt ettt et e b ettt e st e e bt e eab e e bee s et e e bt e eabe e bt e sabeenbeesnbeenseas 148
5.4.1 Changes in AYm in Sgs# mouse and SGSH human fibroblast carrying single or homozygous
TTMUEATIONIS ..ottt ettt et ettt ettt et e st et e et et e s s e st em e eseebeeaeeh e ebeeb e sh e ek e b e es e s emsen s e e emsensenteneeneeneeneeseebeabeabea 148
5.4.2 Assessment of mitochondrial bioenergetics in mouse and human fibroblast .............ccccccecerinenenn. 150
543 LAMIEATIONS ..euteneeiieiietieie et ettt ettt ettt et e e s et e st et es e eaeebeebesbese e et e ebese et et e s e e enseneeneeneebeeseeaeebesbenee 153

5.5 CONCIUSION ...ttt ettt et ettt st e bt e st e e bt e sate e bt e ssbeeeeas 154

CRAPLET 6: DISCUSSION a.unnennnennneennvensreicsensrensssesssesssesssssssssssssssssssssssssssssssssssssssssssssssssssssassss 155

6.1 Project SIZNIICANCE ....ccuvieeiiieeiiieeiiee ettt ettt etee et e e e e ta e e e b e e eaaeeeaaeessaee e 155

6.2 Impact of carrying a D31N Sgsh mutation on mouse cortical proteome, cortical neuron
structure and cell fUNCHION..........coiiiiiiiiii e 156

6.3 Impact of carrying a mutation in SGSH on human skin fibroblast cell metabolism....158

6.3 CONCIUSION ... ettt e e e e e e e e e e e e s e e e e e e aaaeeeeeeenanenanas 162
F N 0] 8157 116 TSRS 163
RETEIEIICES . . oot e e e e e e et e e e e e e e e e et a e e e e e e e reeaaaaeeas 197



List of Abbreviations

Acid sphingomyelinase

Adenosine Triphosphate
Alpha-N-acetylglucosaminidase
Alzheimer's Disease

Amyloid beta

Analysis of variance
Beta-galactosylceramidase

Bicinchoninic Acid (BCA) Protein Assay
Blood Brain Barrier

Brown adipose tissue

Carbonyl cyanide-4-phenylhydrazone
Cathepsin D

Central Nervous System

Ceroid lipofuscinosis 2

Coefficient of variation

Coordinated lysosomal expression and regulation
Cytosine arabinoside

Dithiothreitol

Endoplasmic reticulum-associated degradation
Endosomal lysosomal network
Endosomes

Enzyme replacement therapy
Extracellular vesicles

Fetal Bovine Serum

Flavin adenine dinuecleotide
Frontotemporal lobar degeneration
Gaucher's disease

Gene therapy

Gene-set enrichment analysis
Genome-wide association study
Glucocerebrosidase

Glucosylceramide

Glucosylceramide beta-1

Granulin

Graphical User Interface

Green fluorescence proteins
Haematopoietic stem cell transplantation
Heparan sulfate acetyl-CoA:a-glucosaminide N-
acetyltransferase

Hexosaminidase B

High-performance liquid chromatography

ASM
ATP
NAGLU
AD

AP
ANOVA
GALC
BCA
BBB
BAT
FCCP
CTSD
CNS
CLN2
(A
CLEAR
Ara-C
DTT
ERAD
ELN
EE
ERT
EV
FBS
FAD
FTLD
GD
GT
GSEA
GWAS
Gcase
GlcCer
GBAI
GRN
GUI
GFP
HSCT

HGSNAT

HEXB
HPLC



Huntington's Disease

Hyperspectral Imaging

Krabbe disease

Kyoto Encyclopedia of Genes and Genomes
Late endosomes

Light emitting diodes

Liquid chromatography

Liquid Chromatography-Mass Spectrometry
Lysosomal Storage Disorders

Lysosome related organelles
Lysosome-associated membrane protein 1
Major histocompatibility complex
Mannose-6-phosphate
Microphthalmia-associated transcription factor
Mitochondrial membrane potential
Mucopolysaccharidosis type 111
Multi-electrode array

Multiple Sclerosis

N-sulfoglucosamine sulfohydrolase
Neurofibrillary tangles

Neuronal ceroid lipofuscinosis
Nicotinamide Adenine Dinucleotide Hydrogen

Nicotinamide Adenine Dinucleotide Phosphate Hydrogen

Niemann-Pick disease

NPC intracellular cholesterol transporter 1
Optical redox ratio

Oxidative Phosphorylation

Oxygen consumption rate

Parkinson's Disease
Penicillin/Streptomycin

Peripheral nervous system
Pharmcological chaperone therapy
Phosphate Buffered Saline
phosphatidylinositol 4,5-biphosphate
Phosphatidylinositol signalling pathway
Phosphatidylinositol-3-phosphate
Poly-L-Lysine

Polymerase chain reaction
Post-translational modifications

Region of Interest

Rotenone and antimycin A

Sandhoff disease

Single nucleotide polymorphism

HD

HS

KD
KEGG
LE
LED
LC
LC-MS
LSDs
LRO
LAMP1
MHC
M6P
MITF
A¥Ym
MPS III
MEA
MS
SGSH
NFT
NCL
NADH
NADPH
NPD
NPCl1
ORR
OxPhos
OCR
PD
PenStrep
PNS
PCT
PBS
P1(4,5)P2
PIP
PI3P
PLL
PCR
PTM
ROI
Rot/AA
SD
SNP



Soluble N-ethylmaleimide-sensitive factor attachment protein

receptors

Sphingomyelin phosphodiesterase 1

Standard error of the mean

Substrate reduction therapy

Tandem mass tags-based

TAR DNA-binding protein 43
Tetraethylbenzimidazolylcarbocyanine iodide
Thymus cell antigen 1

Transcription factor EB

Tricarboxylic acid cycle

Trifluoroacetic acid

United States Food and Drug Administration
Vacuolar-type proton adenosine triphosphatase
Women’s and Children’s Hospital

SNARE

SMPD1
SEM
SRT
T™T
TDP-43
JC-1
Thyl
TFEB
TCA
TFA
US-FDA
v-ATP
WCH



Thesis Abstract

Neurodegenerative lysosomal storage disorders typically arise from homozygous autosomal
recessive mutations in genes encoding catabolic lysosomal proteins, while heterozygous
individuals have largely been regarded as clinically unaffected carriers. However, recent
genome-wide association study data suggests that carriers of GBA, NPC1, SMPD1, NAGLU,
and SGSH mutations may be at increased risk of later-onset neurological conditions such as
Parkinson’s disease. This is exemplified in carriers of mutations in the glucosylceramide beta-
1 and granulin genes, who are at increased risk of developing Parkinson’s disease and
frontotemporal lobar degeneration, respectively. With an estimated carrier frequency of 1 in
40 in the general population, heterozygous mutations in one or more lysosomal pathway genes
are potentially important contributors to the global burden of later-onset neurodegenerative
disease. Here, we sought to define the neuropathological impact of carrying a D3 1N missense
mutation in the sulfamidase gene, which encodes the lysosomal sulfatase, N-sulfoglucosamine
sulfohydrolase (Sgs#). Homozygous mutations in the Sgsh/SGSH gene leads to Sanfilippo
syndrome (Mucopolysaccharidosis type I1IA), a childhood-onset dementia. Recent studies in
Sgsh D31N heterozygous (Sgsh™P*'N) mice revealed mildly impaired motor function, and
subtle structural changes in pyramidal neurons in 84 weeks old mouse motor cortex, suggesting
that carriers of Sgsh gene mutations may be susceptible to neurodegeneration, however, the
molecular mechanisms contributing to the development of this subtle neuronal phenotype

remain to be elucidated.

In this study, an Sgs/#*P*'N mouse model was utilised to:

1. Study the temporal impact of Sgsh D31N heterozygous mutations upon the mouse

cortical proteome.

2. Assess the impact of the D31N Sgs/ heterozygous mutation on motor cortex pyramidal

neuron morphology and cortical neural function.

3. Investigate the impact of heterozygous mutations on the metabolic profile of D31N

Sgsh heterozygous mouse and SGSH heterozygous human fibroblast cells.



The hypothesis tested was that carriers of a mutation in the Sgsh gene exhibit aberrations in
neuron structure, biochemistry, and/or metabolism, which may cause or predispose them to

impaired neurological function.

Assessment of the proteome in the motor cortex of Sgsi D3IN heterozygotes revealed
differentially synthesised proteins in all time-points assessed (0-, 3-, 6-, 12-, 24-, and 48- weeks
of age). Of the proteins identified, the majority were commonly involved either in
neurodegenerative or energy-related pathways such as Oxidative Phosphorylation, Glycolysis,
and Pyruvate Metabolism. Moreover, significantly enriched Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were identified at 0-, 6-, 24- and 48- weeks, indicating perturbed
pathways in early developmental stage and in adulthood. No pathway clusters were detected in
3-week-old mouse motor cortex, and no statistically significant pathway changes were found
in 12-week mice based on Gene-set Enrichment analysis. This finding suggests that SgsiZ D31N
heterozygotes have variable changes in protein production early in life but exhibit more
significant changes in protein production with age, indicative of a possible developing disease
mechanism that exists as a continuum. Hence, future studies are required to assess the impact
of Sgsh D31N heterozygotes mouse cortical proteome at older timepoint beyond 48 weeks of

age, in order to gain insight into any potential pathological processes that may be unfolding.

Whilst subtle morphological changes had previously been observed in other dendrite structure
in Sgsh™P3IN, here for the first time, we report that there was no alteration in overall dendritic
spine density in the Sgs#™P3'™N mouse motor cortex, with immature (filopodia and thin) and
mature (stubby and mushroom) spine sub-types exhibiting equal numbers and maturity in 24-

hP3IN compared to Sgsh™* mice. Surprisingly, electrophysiological recordings

week-old Sgs
carried out on neural cultures from day 0 mouse brain tissue exhibited a decreased spiking rate
and delayed neural burst in SgsA™P3'N samples, suggesting impaired neuronal function.
However, Sgsh™P3'™N mouse neural cultures exposed to an environmental oxidative stress (via
application of the mitochondrial toxin, rotenone) showed conflicting data. Though, network
burst duration in 0.1nM rotenone treated neural cultures showed a decline in neural activity,
indicative of a worsening neural function. These findings suggest that Sgs#™P3'N cortical neural
cells may potentially be susceptible to the effects of rotenone compared to Sgsh™* cultures,
however, a repeat study is required to confirm these observations. The findings also suggest

that pyramidal neurons in Sgsh™P3'™N motor cortex develop normal numbers of dendritic spines

which mature appropriately, and the dysfunction observed in neural cultures could potentially



be associated with impairment in synaptic transmission or mitochondrial function, as suggested

by the results of the proteomic studies.

An assessment of mitochondrial health also revealed that Sgsh*P3'™N mouse fibroblasts had
increased mitochondrial membrane potential above wildtype animals; a phenomenon that was
not evident in human fibroblasts carrying different SGSH mutations, suggesting potential for
mutation specific effects (albeit the possibility of species intrinsic differences cannot be
discounted). In addition, no significant differences in metabolic parameters (e.g., basal
respiration, maximal respiration, proton leak, spare respiratory capacity, non-mitochondrial
oxygen consumption, and ATP-production coupled respiration) assessed using the Seahorse
Mito Stress test were observed between genotypes in mouse fibroblasts, while human SGSH
heterozygous and MPS IIIA fibroblasts showed perturbation in some metabolic parameters.
These results suggest that mitochondrial dysfunction in human SGSH heterozygotes and MPS
IITA may be mutation dependent. Further, supporting this, optical imaging of cellular
autofluorescence in SGSH heterozygous human fibroblasts showed impaired cellular
metabolism in channels corresponding to NAD(P)H. Together, these findings indicate aberrant
cellular energy metabolism in human SGSH heterozygous and human MPS IIIA fibroblasts,
while no changes in cellular autofluorescence were observed in Sgsi*/P3!N and SgshP3NVD3IN

mouse fibroblasts.

The findings, coupled with the existing literature, indicate that D31N heterozygous mutations
in Sgsh may potentially be susceptible to impaired neurological function later in life due to
disrupted energy metabolism and the phenotypic changes observed in individuals with
heterozygous mutations in lysosomal genes may be enzyme/mutation dependent. However,

further studies are required to validate these findings.
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Chapter 1: Introduction

1.0 The Lysosome

Lysosomes are ubiquitous organelles that were first described in the 1950s by Christian de
Duve (1). Since then, the lysosome has been known as a membrane enclosed organelle that
degrades a wide range of biological macromolecules, including proteins, lipids, carbohydrates,
and nucleic acids (2, 3). The lysosome receives these macromolecules or substrates via
endocytosis, phagocytosis or autophagy for degradation within the lysosomal lumen, which
has a pH range of 4.5-5.0. The lysosome’s acidity stabilises and mediates the activity of more
than 60 luminal hydrolytic enzymes. These enzymes are manufactured in the rough
endoplasmic reticulum and transported to the trans-golgi network via the Golgi apparatus (4).
The acidic environment is regulated through the activity of proton-pumping vacuolar-type
proton adenosine triphosphatase (v-ATPase), which utilises energy from hydrolysing ATP
(Figure 1) (5). Outside of its primary catabolic function, the lysosome is a highly active
organelle with multiple regulatory functions; other significant proteins in the lysosome include
structural proteins like lysosome-associated membrane protein 1 (LAMP1), trafficking and
fusion proteins such as soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs) and RAB GTPase, LAMP2 transporters (which play a role in chaperone-mediated
autophagy), and ion channels CIC7 (a chloride channel), and mucolipin 1, which is a cation
channel and member of the transient receptor potential family (6, 7).

Moreover, lysosome-related organelles (LROs), such as melanosomes, lytic granules,
major histocompatibility complex (MHC) class II compartments and platelet-dense granules
complement the catabolic function of the lysosomes (8). Many LROs act as specialised
secretory organelles and share characteristics similar to the lysosome, such as an acidic
environment, lysosomal membrane proteins, and the ability to fuse with phagosomes (9).
Additionally, LROs have unique properties based on their specific cargoes, such as
melanosomes containing melanosome-specific transmembrane glycoprotein or granzyme and
perforin containing granules intrinsic to cytotoxic T-cells (9). The mechanisms behind the
biogenesis and secretion of LROs are not fully understood, but genetic defects in LROs are
linked to rare genetic disorders that can result in reduced pigmentation, such as Chediak-

Higashi disease (10). Both the lysosome and LROs play important roles in a variety of
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Figure 1. Characteristics of lysosomal function. The lysosome is a cellular organelle that
contains acid hydrolases and protective factors in its lumen to aid in substrate degradation. The
lysosomal lumen acidic pH is maintained by a v-ATPase in the limiting membrane, and the
lysosomal membrane contains lysosome-associated membrane proteins, ion channels,
transporters, solute carriers, and SNAREs for functions such as protecting the membrane,
maintaining ion balance, and facilitating the export of degradation products. Diagram obtained

from (11).
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physiological processes, including cholesterol homeostasis, plasma membrane repair, immune
system regulation, energy metabolism, cell death, and cellular signalling (3, 12).

The lysosomal membrane also contains approximately 25 lysosomal membrane
proteins, which include transporters, fusion machinery, ion channels, and structural proteins
that are essential for lysosomal membrane integrity and trafficking, luminal acidification, and
protein translocation (3, 13). Moreover, ions and ion channels within the lysosome are essential

for maintaining lysosomal pH and its function (14).

1.1 Lysosome biogenesis

The lysosome originates from the Golgi apparatus and is regulated by the coordinated
lysosomal expression and regulation (CLEAR) network and its master regulator transcription
factor EB (TFEB), which is a member of the microphthalmia-associated transcription factor
(MITF) subfamily of transcription factors (15). TFEB has been shown to play a positive role
in regulating the expression of lysosomal genes, which helps control the lysosome population
and promotes the degradation of lysosomal substrates (16, 17). Specifically, TFEB activates
the transcription of genes that encode proteins involved in range of operations related to cellular
clearance, such as lysosomal biogenesis, autophagy, and endocytosis, as well as other
lysosome-related processes, including phagocytosis, immune response mechanism, and lipid
catabolism (16). Similarly, the CLEAR network is also involved in the regulation of lysosomal
trafficking, fusion, and degradation of lysosomal substrates, which is crucial for maintaining
cellular homeostasis and preventing the accumulation of toxic waste products (17).

Moreover, there are several models of lysosomal formation (Figure 2). The first model
describes the formation of early endosomes (EEs) from the plasma membrane, and their
progression towards late endosomes (LEs) and lysosomes (18, 19). The second model involves
the vesicular transport, with endosomal carrier vesicles or multivesicular bodies transferring
cargo either from early to LEs before reaching the lysosome, or directly from the mature LEs
to the lysosome (18, 19). The third model represents the “kiss and run” mechanism, where the
LEs establish a point of contact with lysosomes for the transfer of cargo, followed by the
separation of the lysosomes and LEs (18, 19). The fourth model of lysosome formation
involves a fusion-fission process where LEs and lysosome combine to form hybrid organelles,

followed by lysosome re-formation.

15



1.2 The endosomal-lysosomal network

The endosomal-lysosomal network (ELN) is a group of organelles in the endocytic pathway
that internalise, recycle, and modulate various cargo molecules required for normal cellular
function (20). Endocytosis, autophagy, and phagocytosis are the three pathways by which
macromolecules and transmembrane proteins enter the ELN (21, 22). Engulfment of
macromolecules via endocytosis is transported to the lysosome for removal and recycling. LEs
and lysosomes fuse via the recruitment of several proteins such as GTPase Rab7, vacuolar
protein sorting-associated protein 18, vacuolar protein sorting-associated protein 39, and
pleckstrin homology domain-containing protein family member 1 (12). The fusion of lysosome
and autophagosomes plays a role in the degradation of macromolecules, mainly through the
process of autophagy and formation of autophagosomes (23).

Moreover, autophagy is activated during cellular starvation and following other
endogenous and exogenous cellular stressors promoting the capture and removal of damaged
cell components, and precipitating their degradation in the lysosome (24). The subsequent
fusion process occurs effectively, resulting in the transportation of both lysosomes and
autophagosomes to the area surrounding the nucleus within the cell, which then triggered by
the rise in the intracellular pH during periods of starvation (12). The autophagosomes interacts
through the homotypic fusion and vacuole protein sorting complex, Rab7, and pleckstrin
homology domain-containing protein family member 1 (12). Furthermore, the SNARE
complex promotes the fusion of autophagosomes and lysosomes by forming STX17-VAMPS-
SNAP29 complex (25). Hence, the degradative pathway is crucial for cellular homeostasis and

changes to these pathways can have severe impacts on the health of the cell.

1.3 Mannose-6 phosphate receptors

Most of the acid hydrolases are modified with mannose-6-phosphate (M6P) residues, which
allows them to be recognised by M6P receptors in the Golgi complex and transported to the
ELN (26). The asparagine-linked oligosaccharides of these enzymes are then selectively
recognised by two enzymes i.e., the UDP-N-acetylglucosamine 1 phosphotransferase and N-
acetylglucosamine-1-phosphodiester a-N-acetyl-glucosaminidase, which results in the

generation of M6P markers on the enzymes (4). The modified enzymes are then recognised by
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Figure 2. Lysosomal biogenesis models. Diagram shows the proposed mechanism for the
transport of cargo to and from the lysosome through endocytic vesicles originating from the
plasma membrane. Abbreviations used in the figure: Early endosome (EE), endocytic vesicles
(EV), intraluminal vesicles (ILV), late endosome (LE), multi-vesicular bodies (MVB),
recycling vesicles (RV). Diagram obtained from (12).
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two independent transmembrane M6P receptors in the trans-Golgi network, which bind the
MG6P residue of the newly synthesised lysosomal hydrolases. Finally, the ligand-receptor
complex is encapsulated in clathrin-coated transport vesicles and delivered to endosomes and
lysosomes where the hydrolases can start digesting the endocytosed material (4, 26).

EEs have an acidic pH within their lumen, which helps to separate ligands from the
MG6P receptors and enables them to move towards LEs and lysosomes (20). Unbound M6P
receptors are either returned from endosomes to the trans-Golgi network via endosomal
vacuoles or are recycled through tubular sorting endosomes (27, 28). The retrograde movement
of M6P receptor from endosomes to the trans-Golgi network takes place through “retromer”, a
five-unit structure that encodes vacuolar protein sorting genes (28). A retromer is comprised
of a pair of sorting nexin proteins, such as SNX1/2 (known as Vps5-Vps17 in yeast), a group
of three proteins called Vps35-VPS29-Vps26 that form a selective complex of transporting
cargo (29). Retromer’ association with EEs is regulated by monomeric G protein like RAB
GTPase (e.g., Rab5 and Rab7) (30). The loss of Rab7 function leads to destabilisation of the
retromer structure, resulting in impaired recycling of M6P receptors, acid hydrolase sorting,
maturation of EEs to lysosome, and degradation of cargo (31). Moreover, unlike hydrolases
that bind with M6P receptors, lysosomal membrane proteins can be delivered directly to
endosome and lysosomes through the direct pathway or to the plasma membrane and then to
endosomes and lysosomes through the indirect/salvage pathway (26).

The sorting of acid hydrolases and lysosomal membrane proteins involves the use of
the heterotetrameric adaptor protein complex which is composed of four separate adaptin
subunits: AP1, AP2, AP3, and AP4 (reviewed in (12)). AP1 is found in the trans-Golgi network
and endosomes, and aids in the recycling of M6P receptors within the network. AP2 is present
on the plasma membrane and endosomes, while AP3 is found on endosomes, and plays a
crucial role in the transportation of lysosomal membrane proteins to the lysosome. Loss of
AP3 function affects the sorting of M6P receptors and lysosomal membrane proteins and in
turn, formation of lysosomes, as observed in Hermansky-Pudlak syndrome, where
redistribution of lysosomal membrane proteins to the plasma membrane occurs, leading to

impaired lysosome formation in melanosomes and platelet dense granules (32, 33).
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1.4 Lysosomal storage disorders (LSDs)

Lysosomal storage disorders (LSDs) are a group of more than 70 monogenic diseases that are
caused by genetically inherited homozygous mutations in genes encoding lysosomal enzymes
or proteins (Table 1) (34). Most LSDs are inherited by an autosomal recessive trait, but three
are X-linked: Fabry disease, Hunter syndrome (MPS II), and Danon disease (34, 35). The
genetic mutations result in insufficient levels of lysosomal enzymes or proteins being
synthesised leading to progressive accumulation of incompletely degraded substrates in the
cells throughout the body, resulting in lysosomal dysfunction, impaired cell signalling and
deterioration of cellular function (36). LSDs can be further subclassified into broad classes (i.e.,
mucopolysaccharidosis, sphingolipidoses, and glycoproteinoses) according to the type of
stored material that is present in the body (34, 37, 38). However, it is notable that in many
cases, multiple substrate types accumulate in a single enzyme deficiency. This is exemplified
in the case of MPS IIIA, where critical sphingolipids accumulate in addition to the primary

enzymatic substrate, the glycosaminoglycan, heparan sulphate.

1.4.1 Epidemiology

Individual LSDs are rare, with an estimated prevalence ranging from 1 in 50000 to 1 in 200000
live births (39, 40). Whilst higher specific disease frequencies are observed among various
founder communities (34, 41-44). Collectively LSDs have an estimated combined incidence of
1 in 7000 - 1 in 8000 live births, presenting a significant individual and societal health burden
(39, 40, 45). Notably, these disease estimates are likely underestimated, due to misdiagnosis
that results from a lack of clinical awareness and are compounded by an increasing number of

individuals with attenuated disease phenotypes, not previously identified (46).

1.4.2 Signs and symptoms

LSDs are genetically and clinically heterogeneous disorders but two-third present as paediatric
neurodegenerative disorders, with variable symptoms, severity, and age of onset (47).
Neurocognitive delays and behavioural abnormalities including aggression and hyperactivity

are common (34, 35). Additionally, LSD patients often experience multisystem pathology with

19



Table 1. List of lysosomal and lysosomal related organelle genes that are associated with

human Lysosomal Storage Disorders.

CLNI12/ATP1342

Gene name Lysosomal Storage | Human | OMIM | Inheritance
Disorders Locus
Aspartylglucosaminidase, Aspartylglucosaminuria | 4q34 | 208400 AR
AGA
Arylsulfatase A, ARSA Metachromatic 22ql13 | 250100 AR
Leukodystrophy
Arylsulfatase B, ARSB Mucopolysaccharidosis | 1624 | 253200 AR
VI
N-acylsphingosine Farber 8p22 | 228000 AR
amidohydrolase 1, ASAH1 Lipogranulomatosis
Ceroid lipofuscinosis Neuronal Ceroid 1p34 | 256730 AR
1/Pamitoyl protein Lipofuscinosis
thioesterase 1, CLN/PPT1
Ceroid lipofuscinosis Neuronal Ceroid I1pl4 | 204500 AR
2/Tripeptidyl Peptidase I, Lipofuscinosis
CLN/TPPI
Ceroid lipofuscinosis 3, Neuronal Ceroid 16p12 | 204200 AR
CLN3 Lipofuscinosis
Ceroid lipofuscinosis 4/DNAJ Neuronal Ceroid 15923 | 204300 AR
Subfamily C, Member 5, Lipofuscinosis
CLN4/DNAJCS5
Ceroid lipofuscinosis 3, Neuronal Ceroid 13922 | 256731 AR
CLN5 Lipofuscinosis
Ceroid lipofuscinosis 6, Neuronal Ceroid 15923 | 601780 AR
CLN6 Lipofuscinosis
Ceroid lipofuscinosis 7/Major Neuronal Ceroid 4928 | 610951 AR
facilitator superfamily Lipofuscinosis
domain-containing protein 8,
CLN7/MFSDS8
Ceroid lipofuscinosis 8§, Neuronal Ceroid 8p23 | 600143 AR
CLNS Lipofuscinosis
Ceroid lipofuscinosis 9, Neuronal Ceroid NM 609055 AR
CLN9 Lipofuscinosis
Ceroid lipofuscinosis Neuronal Ceroid I1pl5 | 610127 AR
10/Cathepsin D, Lipofuscinosis
CLN10/CTSD
Ceroid lipofuscinosis Neuronal Ceroid 17921 | 614706 AR
11/Granulin, CLN11/GRN Lipofuscinosis
Ceroid lipofuscinosis Kufor-Rakeb 1p36 | 606693 AR
12/ATPase 1342, Syndrome
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Gene name Lysosomal Storage | Human | OMIM | Inheritance
Disorders Locus
Ceroid lipofuscinosis Neuronal Ceroid 11q13 | 615362 AR
13/Cathepsin F, CLN13/CTSF Lipofuscinosis
Ceroid lipofuscinosis 14/
Potassium channel Neuronal Ceroid 7ql1 | 611726 AR
tetramerisation domain Lipofuscinosis
containing protein 7,
CLNI14/KCTD7
Cystinosin, CTNS Cystinosis 17p13 | 219800 AR
Cathepsin A, CTSA Galactosialidosis 20q13 | 25640 AR
Fucosidase, FUCAI Fucosidosis 1p36 | 230000 AR
Acid a-glucosidase, GAA Pompe disease 17925 | 232300 AR
Galactosylceramidase, GALC Krabbe disease 14931 | 245200 AR
Galactosamine-6-sulfatase, | Mucopolysaccharidosis | 16g24 | 253000 AR
GALNS type IVA
p-galactosidase, GLB1 Mucopolysaccharidosis | 3p22 | 253010 AR
type [IVB
Glucosylceramidase -1, GBA Gaucher’s 1g21 | 230900 AR
a-galactosidase A, GLA Fabry Xq22 | 301500 XL
N-acetylglucosamine-1- Mucolipidosis II 12923 | 252500 AR
phosphotransferase, o/f alpha/beta, I-cell
subunits, GNPTAB disease
N-acetylglucosamine-1- Mucolipidosis II 12923 | 252600 AR
phosphotransferase, o/f alpha/beta, pseudo
subunits, GNPTAB Hurler polydystrophy
N-acetylglucosamine-1- Mucolipidosis 11 v, 16p13.3 | 252605 AR
phosphotransferase, y subunit, | variant pseudo-Hurler
GNPTG polydystrophy
p-glucuronidase, GUSB Mucopolysaccharidosis | 7ql1 | 253220 AR
VII
Hexosaminidase A, HEXA GM2 Gangliosidosis, 15923 | 272800 AR
Tay Sach’s disease
Hexosaminidase B, HEXB GM2 Gangliosidosis 5ql3 268800 AR
Sandhoff’s disease
p-galactosidase, GLB1 GM1 Gangliosidosis 3p22 | 230500 AR
GM?2 activator, GM24 GM?2 Gangliosidosis 5q33 272750 AR
HPS1 biogenesis of lysosomal Hermansky-Pudlak 10g24 | 203300 AR
organelles complex 3, subunit type 1
1, HPS1
p-3A4 subunit of the AP3 Hermansky-Pudlak 5ql4 | 608233 AR
complex, AP3B1 type 2
HPS3 biogenesis of lysosomal Hermansky-Pudlak 3q24 | 614072 AR
organelles complex 2, subunit type 3

1, HPS3
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Gene name Lysosomal Storage | Human | OMIM | Inheritance
Disorders Locus
HPS4 biogenesis of lysosomal Hermansky-Pudlak 22ql12 | 614073 AR
organelles complex 3, subunit type 4
2, HPS4
HPS5 biogenesis of lysosomal Hermansky-Pudlak 11pl5 | 614074 AR
organelles complex 2, subunit type 5
2, HPSS
HPS6 biogenesis of lysosomal Hermansky-Pudlak 10g24 | 614075 AR
organelles complex 2, subunit type 6
3, HPS6
Dystrobrevin-binding protein Hermansky-Pudlak 6p22 | 614076 AR
1, DTNBPI type 7
Biogenesis of lysosome- Hermansky-Pudlak 19q13 | 614077 AR
related organelles complex I, type 8
subunit 3, BLOCI1S3
Biogenesis of lysosome- Hermansky-Pudlak 15g21 | 614171 AR
related organelles complex I, type 9
subunit 6, BLOCI1S6
Adaptor-related protein Hermansky-Pudlak 19p13 | 617050 AR
complex 3, 0-1 subunit, type 10
AP3DI1
Biogenesis of lysosome- Hermansky-Pudlak 6p24 | 619172 AR
related organelles complex 1, type 11
subunit 5, BLOCI1S5
Hyaluronoglucosaminidase 1, | Mucopolysachharidosis | 3p21 | 601492 AR
HYAL type IX
Iduronate 2-sulfatase, IDS Hunter syndrome Xq28 | 309900 XLR
a-L-iduronidase, IDUA Hurler syndrome 4pl6 | 607014 AR
Lysosome-associated Danon disease Xq24 | 300257 XLD
membrane protein 2, LAMP?2
Lipase A, LIPA Lysosomal acid lipase | 10g23 | 278000 AR
deficiency (Wolman)
Mannosidase-o. class 2B a-Mannosidosis 19p13 | 248500 AR
member 1, MAN2B1
Mannosidase- A, MANBA B-Mannosidosis 4q24 | 248510 AR
Mucolipin, MCOLN1 Mucolipidosis type IV | 19p13 | 252650 AR
Myosin VA, MYO5A Griscelli syndrome 15921 | 214450 AR
type 1
Ras-asociated protein Griscelli syndrome 15921 | 607624 AR
RAB27A4, RAB274 type 2
Melanophilin, MLPH Griscelli syndrome 2q37 | 609227 AR
type 3
a-N-acetylgalactosaminidase, Schindler 22ql13 | 609241 AR
NAGA
Sulphamidase, SGSH Mucopolysaccharidosis | 1725 | 252900 AR

type I1IA
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Gene name Lysosomal Storage | Human | OMIM | Inheritance
Disorders Locus
N-acetyl-a-D- Mucopolysaccharidosis | 1721 | 252920 AR
glucosaminidase, NAGLU type I1I1B
Acetyl-CoA:a-glucosaminide | Mucopolysaccharidosis | 8pll | 252930 AR
N-acetyltransferase, HGSNAT type I1IC
N-acetylglucosamine-6- Mucopolysaccharidosis | 12q14 | 252940 AR
sulfatase, GNS type 111D
Neuraminidase 1, NEUI Sialidosis type 1 and 2 6p21 | 256550 AR
NPC intracellular cholesterol | Niemann-Pick type C1 | 18qll | 257220 AR
transporter 1, NPCI
NPC intracellular cholesterol | Niemann-Pick type C2 | 14q24 | 607625 AR
transporter 2, NPC2
Scavenger receptor class B, Myoclonus-renal 4921 | 254900 AR
member 2, SCARB?2 failure syndrome
Solute carrier family 17, Sialic Acid Storage 6ql13 | 269920 AR
member 5, SLCI1745
Sphingomyelin Niemann-Pick type A | 11pl5 | 257200 AR
phosphodiesterase 1, SMPDI and B 607616
Sulfatase-modifying factor 1, Multiple Sulfatase 3p26 | 272200 AR
SUMF1 Deficiency
Prosaposin A, PSAP-A Atypical Krabbe 1022 | 611722 AR
Prosaposin B, PSAP-B Metachromatic 10g22 | 249900 AR
Leukodystrophy due to
Saposin B
Prosaposin C, PSAP-C Atypical Gaucher 10922 | 610539 AR
Prosaposin D, PSAP-D Not known 10g22 - AR
Prosaposin, PSAP Combined Saposin 10g22 | 611721 AR
deficiency

AR = Autosomal recessive; XL = X-linked; XLR = X-linked recessive; X-linked dominant =

XLD
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visceromegaly (abnormal enlargement of the organs in the abdomen) and skeletal dysmorphia
(abnormal shape and size of the bone) (34, 35). The symptoms of LSDs are invariably
progressive, resulting in multi-organ system dysfunction and premature death — in many cases
reflecting central nervous system neurodegeneration. The average age of death for LSDs varies

depending on the types, severity, and progression rates.

1.4.3 Treatments

Over the past decade, the number of clinical trials of treatments for LSDs has dramatically
increased. Enzyme replacement therapy, substrate reduction therapy, and gene therapy are
amongst those being explored (reviewed in (34)). Despite this progress, the efficacy of these

therapies remains limited, particularly when treating the CNS.

1.4.4 Enzyme replacement therapy

Predicated upon chaperoned delivery of recombinant produced lysosomal enzymes to their site
of action within the lysosome (utilising mannose-6-phosphate dependent transport
mechanisms), enzyme replacement therapy (ERT) acts to surplant dysfunctional endogenous
protein (48). However, therapy is quite invasive and requires repeat administration via systemic
and, at times, intrathecal routes of delivery. Intravenously administered ERT has been shown
to be effective in reducing lysosomal storage material in mucopolysaccharidoses I, 11, IV, VI,
and VII disorders and ameliorating clinical symptoms such as organomegaly and even
improving organ function (34, 48). Moreover, Brineura, a drug that is recently approved by the
United States Food and Drug Administration (US-FDA) to treat Ceroid lipofuscinosis 2
(CLN2) has been shown to be successful in attenuating disease progression, specifically in
motor and language decline in children with CLN2 following intrathecal delivery (49). Indeed,
the inability of ERT to cross the blood brain barrier and target the nervous system presents a
significant clinical limitation. Hence, there remains a need to develop further a novel treatment

that is less invasive that could also cross the blood- brain barrier (BBB).
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1.4.5 Substrate reduction therapy

Substrate reduction therapy (SRT) is a therapeutic approach with the aim of retarding the
production of target macromolecules and reducing the catabolic burden upon endogenous
lysosomal enzymes (50). Examples of therapies that have shown to have clinical efficacy are
N-butyldeoxynojirimycin, which inhibits ceramide glucosyltransferase, the enzyme that is
responsible for synthesizing glucosylceramide, the storage compound in Gaucher disease (51,
52). SRT can be administered orally, does not trigger an immune response and can cross the
BBB. However, SRT is only approved for use in two LSDs (Gaucher’s disease and Fabry

disease), and further research is required to determine the efficacy of SRT in other LSD.

1.4.6 Gene therapy

Gene therapy (GT) is administered in two general ways, in vivo and ex vivo for the treatment
of metabolic diseases. GT is delivered by introducing genetic material into an individual’s cells
and tissues aimed at correcting the inherited genetic defect in order to restore the normal
function of the gene and ameliorate the clinical phenotype (53). The use of GT has been
reported in several studies, primarily due to its capability in reaching the central nervous system
of patients with LSD. This is the case where studies conducted by Tardieu et al. have shown
effective gene delivery and expression after injection into the central nervous system of MPS
[ITA children (54). Based on these preclinical studies, MPS IIIA children aged two and six
years showed improvement in attention skills, behaviour and sleep after receiving intracerebral
injection of an AAV vector carrying complementary DNA encoding the SGSH gene (54).
Similarly, in children affected by metachromatic leukodystrophy, the introduction of normal
Arylsulfatase A into CD34-positive hematopoietic stem cells by lentiviral vector that was re-
introduced to patients showed no decline in motor and cognitive function over a period of 24
months (55). Previous studies in MPS IIIB, Pompe disease and Fabry disease also showed
encouraging results in patients that were treated with GT (56-58). However, despite these

promising results the research on long-term safety and efficacy of GT are warranted.
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1.5 Heterozygosity in lysosomal degradative genes and other neurodegenerative disorders

Although they have historically been considered to be unaffected, recent attention has focused
upon the potential for neurological dysfunction amongst carriers of heterozygous mutations in
lysosomal genes. Indeed, this is exemplified in the case of GBA mutations which give rise to
Gaucher's disease in their homozygous form, carrier status (mutations in a single allele) has
been identified as the most common genetic risk factor for late-onset neurodegenerative
pathology similar to Parkinson's disease (PD) and Lewy body dementia with the suggestion of
class effects in a number of cognate lysosomal disorders (59-61). Based on recent genome-
wide association study (GWAS), other lysosomal degradative genes such as sphingomyelin
phosphodiesterase 1 (SMPDI), NPC intracellular cholesterol transporter 1 (NPCI), granulin
(GRN), and cathepsin D (C7TSD) have been associated with common neurological disorders
(59, 62, 63). However, the disease mechanisms sub-serving these observations remain
undefined, and it is unclear whether heterozygosity in lysosomal gene mutations confers a
neurological or cellular phenotype across the spectrum of lysosomal degradative pathway
genes. Further, the contribution of different mutation types, for example, null (normal protein
produced) or missense mutations in which misfolded, mutant proteins are produced, remains

largely unexplained, although a toxic gain of function is a possibility.
The literature describing what is currently known about the impact of heterozygous mutations

in lysosomal genes and the link to neurodegenerative diseases has been reviewed and a

manuscript drafted (section 1.6).
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Abstract

The monogenic lysosomal storage disorders (LSDs) are a group of diseases typically arising
from autosomal recessive or X-linked mutations in genes encoding catabolic lysosomal
enzymes or proteins. Mutations in these genes result in inactive, absent or misfolded proteins
and reduced enzymatic activity. The lack of enzyme activity leads to progressive accumulation
of undegraded substrates, perturbation of cellular function, and a condition known as LSD, two
thirds of which occur as paediatric neurodegenerative disorders. While paediatric
neurodegenerative phenotypes are prominent amongst the LSDs, individuals with
heterozygous mutations in lysosomal protein genes have largely been considered to be
clinically unaffected. However, recent genome wide association study data suggests that some
heterozygous mutations may confer an increased risk of developing a later-onset neurological
condition. This is evident in carriers of mutations in the glucosylceramide beta-1 (GBA), NPC
intracellular cholesterol transporter 1 (NPC1), and granulin (GRN) genes, which respectively
increase an individual’s risk of developing Parkinson’s disease, dementia with Lewy bodies,
and frontotemporal lobar degeneration. Heterozygous mutations in other lysosomal genes such
as sphingomyelin phosphodiesterase 1 (SMPDI), Cathepsin D (CTSD), beta-
galactosylceramidase (GALC), Hexosaminidase B (HEXB), alpha-N-acetylglucosaminidase
(NAGLU), and N-sulfoglucosamine sulfohydrolase (SGSH) may also confer an increased risk
based on genome-wide association studies. Given there are more than 70 lysosomal protein-
encoding genes, access to molecular profiling is expanding, and that therapies targeting
disorders of lysosomal catabolism are emerging, defining the clinical significance of
heterozygous mutations in lysosomal genes holds increasing importance. Here we review the
current evidence for, and mechanisms attributed to predisposition to late-onset
neurodegenerative disease in carriers of heterozygous mutations in genes encoding lysosomal

proteins.

Keywords Lysosomal storage disorders, haploinsufficiency, heterozygous mutation, carriers,

lysosomal genes, neurodegenerative diseases, Parkinson’s disease
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Introduction

Lysosomal storage disorders (LSDs) are a group of more than 70 monogenic diseases that are
individually associated with specific deficiencies of a lysosomal catabolic function. The
majority are consequent to autosomal recessive loss of function mutations, resulting in a
deficiency of enzyme activity and impairment in the breakdown of macromolecular substrates
within the cells. The progressive accumulation of these incompletely undegraded cellular
substrates leads to perturbation of critical cellular function and eventually leads to cell death.
The symptoms are invariably progressive, resulting in multi-organ system dysfunction and
premature death. Early onset neurodegeneration is prominent across many of the LSDs and
while the pathological mechanisms remain incompletely understood, it is notable that
histopathological features congruent with common later-onset neurodegenerative diseases
have been reported (48, 64, 65). For example, histopathological assessment of post-mortem
brain tissue from severe patients with Gaucher’s disease or NPC1 disease has revealed the
presence of lesions reactive for a-synuclein and/or amyloid beta (Af), in addition to Lewy
bodies and neurofibrillary tangles (NFT), which are hallmarks of Parkinson’s disease (PD) and
Alzheimer’s disease (AD) (66-70). The accumulation of these protein aggregates in the brain
is suggested to be due to impairment of the endosomal-lysosomal network (ELN) which plays
an important role in removing unwanted materials and maintaining cell homeostasis (71).
However, recognition now exists that heterozygous mutations in lysosomal genes may
also predispose to clinical disease, albeit in a modified or attenuated form from the manifesting
homozygous state (Figure 1) (72). To date, the level of lysosomal enzyme activity in
heterozygous carriers has typically been considered sufficient to prevent disease. However,
genome wide association study (GWAS) data (59, 62, 63, 73), suggest that individuals
heterozygous for pathogenic mutations in lysosomal pathway genes are at increased risk of
developing a range of late-onset neurological conditions, with potential cumulative risk when
mutations are present in more than one lysosomal gene (63). This is exemplified by mutations
in glucosylceramidase beta-1 (GBA 1), NPC intracellular cholesterol transporter 1 (NPCI), and
granulin (GRN), which increase an individual’s risk of developing PD, dementia with Lewy
bodies, and frontotemporal lobar degeneration (FTLD) respectively (70, 74, 75). Similarly,
mutations in the N-sulphoglucosamine sulfohydrolase (SGSH) and N-acetylglucosaminidase
(NAGLU) genes (which, in their homozygous form lead to Sanfilippo syndrome) have also

been recognised as risk factors for the development of Parkinson’s disease (67).
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Figure 1. Diagram illustrating the potential risk associated with heterozygous and
homozygous mutations in lysosomal genes. Individuals with two functional copies of
lysosomal enzyme/protein-encoding genes can produce a normal amount of lysosomal enzyme
or protein to degrade macromolecules. Heterozygous individuals with one functional copy of
the lysosomal genes are only able to produce approximately half the normal amount of
enzyme/protein and are thought to be at increased risk of neurodegeneration (+ mutant protein).
Homozygous individuals inherit mutations that lead to completely absent or low amount of

enzymatic activity to degrade macromolecules and are known to cause dysfunctional

lysosomes, which ultimately leads to LSDs.
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With an estimated carrier frequency of 1 in 40 (calculated based on Hardy-Weinberg
equation) in the general population, heterozygous mutations in one or more lysosomal pathway
genes are potentially important contributors to the global burden of later-onset
neurodegenerative disease. Recognition of these associations holds particular importance,
given the increasing access to molecular phenotyping, including identification of mutations
amongst phenotypically normal carriers via pre-conception programmes (76-78) and
increasing community access to screening through commercial platforms (e.g. ancestry.com.au
and 23andme.com) (59). Moreover, understanding clinically relevant associations between
carrier status and disease extends beyond predictions of population risk, with potential to
inform therapeutic design and extrapolate mechanistic approaches being developed for
homozygous LSD states to heterozygous carriers. Here we seek to review the current literature
pertaining to manifesting neurodegenerative disease amongst individuals who are carriers of

heterozygous mutations in lysosomal enzyme or protein-encoding genes.

Glucosylceramidase beta-1 (GBA)

The human GBA gene [chromosome: 1g21] encodes the lysosomal enzyme glucocerebrosidase
(GCase), which is responsible for hydrolysis of the sphingolipid, glucosylceramide (GlcCer)
to liberate glucose and ceramide (79); deficiency of enzyme activity results in accumulation of
GlcCer, its derivatives and upstream precursors (80). Biallelic mutations in GBA give rise to
Gaucher’s disease (GD), a multisystem disorder, typified by aberrant sphingolipid
accumulation within the cells of the macrophage-monocyte lineage, with pathology prominent
within the reticuloendothelial system (e.g., bone marrow, spleen, and liver) (81, 82). Central
nervous system pathology is also present across the clinical disease subtypes, though
historically considered isolated to mutation dependent neuronopathic subtypes presenting in
infancy and later childhood (Type 2 and 3 GD) (83). Clinical symptoms of GD vary according
to disease type, including but not limited to enlargement of the spleen and liver, cytopenia,
skeletal deformities, and neurological impairment (84). The variability of clinical
representations of GD may be explained by the different pathogenic mutations on both alleles
of the GBA gene (82). GD is classically divided into three main types on the basis of clinical
symptoms and neuronal involvement: type 1 is termed non-neuronopathic, type 2 and 3 are
termed neuronopathic due to involvement of the central nervous system (85). Indeed, the
predominant mutant allele among type 1 Gaucher disease patients, N370S, is often cited as

neuroprotective (86), though studies are limited.
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Historically, the link between GBA and the development of Parkinson’s disease and
related Lewy body disorders was first discovered in the 1990’s with the identification of
patients with GD who also developed PD (87-89). This was further validated in clinical and
epidemiological studies where it was observed that GBA mutations were significantly prevalent
in PD patients, occurring in approximately 5-20% of individuals with PD (90-93).
Neuropathological assessment in GBA mutation carriers has also confirmed hallmark
pathological features of a-synuclein pathology and neocortical Lewy body pathology (Figure
2) (94). Previous studies also reported prodromal signs of PD in GBA mutation carriers where
clinical signs and symptoms of autonomic dysfunction (i.e., urinary dysfunction, orthostatic
hypotension), fatigue, anxiety, changes in REM sleep behaviour and cognitive decline were
found to be more frequent in carriers of GBA mutations compared to individuals with non-GBA
associated PD (95, 96). Recent studies showed that mutations in the GBA gene can promote
the dysregulation of extracellular vesicles (EV) (97). Neuroblastoma (SH-SY5Y) cells
overexpressing alpha-synuclein were used to assess the ability of patient derived small EVs
from PD patients with or without GBA mutations to affect alpha-synuclein. Cerri and
colleagues reported that EVs derived from PD patients with GBA mutations promote the release
of EVs, independently of mutation severity (97). Moreover, EVs released from the cells of PD
patients with GBA 1.444P missense mutations (producing misfolded protein) increased the
intra-cellular levels of phosphorylated alpha-synuclein, indicating that dysregulation of EV
trafficking may play a role in GBA associated PD. Additionally, Gatto and colleagues observed
that patients with the L444P mutations have the highest risk of developing early onset GBA
PD, and more rapid cognitive decline, while other mutations e.g., N370S and E326K missense
mutations (both produced misfolded protein, but the extend of misfolding is variable) have
been reported to confer an intermediate to low risk, respectively (61, 98). Hence, the severity
of GBA PD related cases appears dependent on the type of GBA variants inherited, contributing
to the risk of PD and dementia in carriers of GBA mutations (99).

Studies using flies carrying Gba mutations have also been reported, with transgenic
flies expressing the human N370S, L444P, or 84GG (deletion mutation; truncated proteins)
mutations (100). Experiments conducted with these Drosophila models revealed that
production of misfolded GCase in dopaminergic neurons can lead to the development of PD
signs, manifested by death of dopaminergic cells and decreased mobility (Figure 3). Further,
there were mutation-specific decreases in lifespan, loss of dopaminergic neurons, and impaired

motor activity, with L444P mutations resulting in the most severe phenotype. Hence, the study
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suggests that the presence of misfolded GCase in dopaminergic cells results in the development
of parkinsonian signs.

A range of heterozygous Gba murine models (101-103) have also been evaluated. In
2011, a study conducted by Sardi and colleagues examined hippocampal a-synuclein levels
and memory function in GD mice with either the D409H mutation or with the Gba gene
knocked out (104). The study reported that GbaP** and Gba*- mice showed no
accumulation of glucosphingolipid in the brain, suggesting that one functional copy of the
wildtype Gba allele is sufficient to maintain normal Gba function and prevent the build-up of
incompletely degraded GlcCer substrate. However, GbaP*®"* (but not Gba™") mice exhibited
a-synuclein-reactive lesions in the hippocampus at 6 months of age, suggesting that the
presence of mutant misfolded GCase protein might impair alpha-synuclein trafficking and/or
degradation (104). Curiously, Gba®*®"* mice did not exhibit any memory deficits when
subjected to the novel recognition test, suggesting that accumulation of a-synuclein in the
hippocampus is not sufficient to cause memory loss at the age the mice were tested. A separate

study by Kim and colleagues using GbhaP4*H*

mice crossed with A53T a-synuclein mice
investigated the potential influence of Gha mutations on the disease progression of PD. Crossed
mice exhibited loss of dopaminergic neurons in the substantia nigra, increased activation of
glial cells, and motor abnormalities (105). Notably, inducing expression of D409H Gba led to
reduced lifespan, indicating that the D409H mutation may impact upon the age of disease onset
and the severity of disease in A5S3T a-synuclein mice. Recent studies have also shown mice
heterozygous for other Gbha variants (E326K, N370S and L444P) also display a-synuclein-
reactive lesions and loss of dopaminergic neurons (103, 106-108). Perturbed mitochondrial
function, disrupted mitophagy and increased oxidative stress has been observed in the central
nervous system in mice carrying the L.444P allele (109, 110).

Additionally, knockout heterozygous mutations in Gba appear to negatively modify the
neurodegenerative course, with earlier onset of PD symptoms in a murine model of PD which
overexpresses the human transgene SNCA”33T (101). This study explains how the combination
of multiple genetic factors can potentially lead to an early-onset and worsening
neurodegenerative condition. Of note, lipidomic studies in these animals confirmed an absence
of glucosylceramide and glucosylsphingosine accumulation, suggesting that the changes in the
clinical course were not due to substrate deposition (102). The findings of Ikuno and colleagues
are somewhat contradictory. In their hands, knockout Gba heterozygous mice producing

human a-synuclein demonstrated a reduction in dopaminergic neurons within the substantia
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nigra pars compacta, however increased levels of the lysolipid glucosylsphingosine were noted
in the brain, suggesting that perturbed lipid metabolism as a consequence of GCase deficiency,
may have a pathogenic role in disease (101, 102).

Although the genetic link between GD and PD is well established, we lack an
understanding of why carriers of GBA mutations are prone to neurodegeneration, emphasising
the need to further explore the pathobiological mechanisms underpinning these emerging

associations.

Sphingomyelin phosphodiesterase 1 (SMPDI) & NPC intracellular cholesterol
transporter 1 (VPCI)

Niemann-Pick disease (NPD) is a group of autosomal recessively inherited disorders associated
with neurological impairment and the storage of lipids, including sphingomyelin and
cholesterol (111). NPD is characterised by hepatosplenomegaly and neurological signs,
including ataxia, cognitive decline, and seizures. Many intermediate cases have been reported
with mild-to-moderate neurological presentation (112). NPD is divided into two major
subcategories, neuronopathic (type A and C) and non-neuronopathic (type B). NPD type A and
B are caused by homozygous mutations in the SMPDI gene, which encodes for acid
sphingomyelinase (ASM) (111). The mutation in SMPD] results in a deficiency of ASM
required to degrade sphingomyelin to phosphocholine and ceramide in late endosomes and
lysosomes (47, 111). Homozygous mutations in NPCI result in the accumulation of
unesterified cholesterol in late endosomes and lysosomes of cells due to impaired cholesterol
transport (113, 114). As a result, accumulation of lipid storage bodies, dendritic and axonal
abnormalities, and ultimately cell death is seen (115). The loss of neurons and the presence of
hyperphosphorylated tau and the formation of NFTs are standard neuropathological features
seen in NPD diseased brain (47, 70, 115).

Similar to the GBA PD association, carriers of mutations in SMPDI have previously
been shown to be at increased risk for the development of PD (59, 63, 116). However, due to
the rarity of SMPDI mutations in the population, there is a lack of research examining the
aetiology of SMPD1 and PD association. Gan-or and colleagues reported that L302P missense
mutation, which results in the production of misfolded protein in SMPDI gene was strongly
associated with increased risk of developing PD based on a population study (117). Similarly,
carriers of the R591C (missense; misfolded protein) and fsP330 (frameshift; truncated protein)

mutations are also known to confer an increased risk of PD. Interestingly, the R496L missense
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mutation (produced misfolded protein), which is the most common point mutation in SMPD1
was not associated with an increased risk of developing PD (116, 118, 119). However, given
the limited existing evidence on the relationship of SMPD1 and PD, further research is required
to determine the correlation and elucidate the underlying mechanism of neurodegeneration and
how it predisposes carriers of SMPDI mutations to an increased risk of developing
neurodegenerative diseases.

A detailed review of clinical and diagnostic features of heterozygosity in NPD type C
can be found elsewhere (120) but briefly, carriers of heterozygous NPC/ gene mutations have
been shown to have an increased risk of developing PD (121) and AD (122). Moreover, family
members of several NPC patients, have presented with symptoms of parkinsonism, suggesting
a possible genetic link to PD (123). Prodromal signs such as autonomic dysfunction (hyposmia,
orthostatic hypotension, urinary incontinence), changes in REM sleep behaviour, and
impotence were present (Figure 2) (123). Individuals with heterozygous mutations in NPC1
also exhibited similar pathology to that seen in NPD type C, with splenomegaly and abnormal
filipin staining observed (120, 124). Electrophysiological recordings using transcranial
magnetic stimulation demonstrated impaired intracortical facilitation, short afferent inhibition,
and long-term potentiation like plasticity in symptomatic NPCI mutation carriers (125).
Atrophy of the cerebral cortex and midbrain using MRI have also been observed (121). A
recent study by Bremova-Ertl and colleagues also reported that NPC1I heterozygotes showed
characteristics of NPD type C disease such as oculomotor abnormalities, hepatosplenomegaly,
and impaired cognitive function (126). Positron emission tomography imaging also revealed
significantly abnormal metabolic rates in half of the participants, affecting cerebellar, anterior
cingulate, parieto-occipital, and temporal regions.

Furthermore, studies investigating the impact of heterozygosity in knockout murine
Npcl gene on phenotype reported motor function impairment and increased anxiety-like
behaviour by nine weeks of age (Figure 3) (127). The authors also noted knockout NpcI*- mice
showed no improvement in motor coordination and balance on the negative geotaxis test over
time in comparison to wildtype mice, suggesting carriers of Npc/ mutations could potentially
be susceptible to developing motor disorders (127). Purkinje cell loss is apparent in the brain
of aged Npcl™ cats and mice, with significant accumulation of glycolipids and
hyperphosphorylation of tau (128, 129), suggesting that carrying a Npc/ mutation leads to
impaired lipid metabolism. Collectively, these studies demonstrate reduced production of Npcl
with or without mutant protein production impairs neuronal architecture, cellular function and

lipid metabolism and provides some evidence that carriers of Npc/ mutations may potentially
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have a greater risk of developing neurodegenerative disorders, or more specifically, PD.

Nevertheless, more research is required to assess the aetiology and mechanism(s).

Beta-galactosylceramidase (GALC)

The B-galactocerebrosidase (GALC) gene is found on the long arm of human chromosome 14
(14931.3) and encodes for the lysosomal enzyme [-galactosylceramidase, which functions to
remove galactose from ceramide derivatives, for example galactosylceramide,
galactosylsphingosine, and lactosylceramide. Homozygous mutations in this gene cause
Krabbe disease (KD), also known as galactosylceramide lipidosis or globoid cell
leukodystrophy. Loss of residual enzyme activity leads to accumulation of toxic substrates -
galactosylcerebroside and galactosylsphingosine in oligodendrocytes in the CNS and Schwann
cells in the peripheral nervous system (PNS) (130). Consequently, this increases recruitment
and infiltration of macrophages and microglial cells to phagocytose the non-degraded
substrates, ultimately forming multi-nucleated globoid cells (131, 132). Due to their respective
role in regulating signal transduction in the CNS and PNS, accumulation of toxic
galactoyslsphingosine in the oligodendrocytes and Schwann cells leads to demyelination (133),
and altered neuronal conduction that is a key identifying hallmark of KD pathology.
Approximately 70 disease-causing mutations in GALC have been identified (134). Similar to
other LSDs, KD has different clinical forms that are usually described according to the age of
onset (135). Children affected with the infantile form, which accounts for 95% of all cases are
typically diagnosed within the first six months of life and have a shorter lifespan (136). The
late-onset forms of KD are much more variable and categorized into two subgroups: late
infantile and juvenile (137, 138), based upon observed clinical symptoms. Common symptoms
include increased irritability, spasticity, cognitive decline, seizures, and motor dysfunction
along with unexplained fever, blindness, and deafness (139, 140). Interestingly, late-onset
forms of KD typically exhibit slower disease progression, and may even exclude peripheral
neuropathy in some cases (141).

Individuals with heterozygous GALC mutations exhibit an increased risk for the
development of diseases such as open angle glaucoma (142), pulmonary artery enlargement
(143), and late-onset synucleopathies like PD (144). Furthermore, sporadic PD patients
identified with p.Phe596Ser and pTrp132* mutations have been found to exhibit reduced

38



Glucosylceramidase B1 (GBA)

Pathology: Lewy bodies, a-synuclein, oxidative stress,
impaired autophagy, dysregulation of extracellular
vesicles

Symptoms: Alteration in brain functional connectivity,
autonomic dysfunction, fatigue, anxiety, changes in

REM sleep behaviour, cognitive decline, resting
tremor, motor difficulties, bradykinesia

Granulin (GRN)

Pathology: Frontal and anterior lobe atrophy, tau
pathology, accumulation of lipofuscin, TDP-43

Symptoms: Changes in behaviour and personality,
epilepsy, retinopathy, impaired language capabilites

NPC Intracellular cholesterol transporter 1 (NPC7)

Pathology: Cortical atrophy, splenomegaly, abnormal
filipin staining, altered electrophysiological recording,
decreased in metabolic activity

Symptoms: Hyposmia, orthostatic hypotension,
urinary incontinence, changes in REM sleep
behavipur, impotence, hallucinations, oculomotor
abnormalities, cognitive impairment

Cathepsin D (CTSD)

lysosomal function reported in in vitro studies

Figure 2. Reported neuropathology and clinical symptoms in carriers of mutations in

lysosomal genes. Heterozygous mutations in GBA, NPCI, CSTD, and GRN have been

associated with neuropathology and symptoms of Parkinson’s disease and Frontotemporal

Lobar Degeneration (75, 95, 96, 120, 145-148).
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GALC activity and sphingolipid accumulation when compared to healthy controls, suggesting
a role for GALC mutations in the onset of PD (149). Interestingly, the loss of GALC activity is
also apparent with normal aging (149), indicating age may be a compounding factor to
heterozygous GALC mutations in the development of PD.

Recent GWAS studies have also demonstrated that mutations in GALC are a genetic
risk factor for multiple sclerosis (MS) (150, 151). A study by Scott-Hewitt and colleagues
provides some evidence of the relationship between Galc mutations and aberrant myelination
of neuronal cells (152). The authors utilised cuprizone, a highly selective and sensitive copper-
chelating agent that produces toxic demyelination that resembles the demyelination commonly
seen in MS and found no difference in the amount of corpus callossum myelin, number of
oligodendrocytes and motor behaviour as examined by several gait parameters that are
normally altered in homozygous Galc animals (152). However, Scott-Hewitt and colleagues
reported defects in heterozygous in Galc mice in repairing myelin damage caused by cuprizone
exposure during the recovery phase where fewer oligodendrocytes and less myelin staining
was observed when compared to recovery-matched wildtype littermates (152). Defects in
remyelination were present up to 4 weeks after restoration to a cuprizone free diet. Moreover,
defects in clearing myelin debris were also reported in heterozygous Galc mice, indicating
impaired phagocytosis and microglial function. The authors also found that the microglia in
wildtype mice appeared more ramified while the heterozygous Galc microglia appeared
stunted with less complex processes (152). This study suggests heterozygous mutations in Galc
may increase the likelihood of neurodegeneration, however, there exists a need for more studies
to be conducted to elucidate whether failure of remyelination due to Galc mutations directly
contributes to the development of MS in humans, and whether carriers of J-
galactocerebrosidase mutations are susceptible to an increased risk of developing other

neurological diseases.

a-N-acetylglucosaminidase (VAGLU)

The NAGLU gene can be found on human chromosome 17g21.2 and encodes a-N-
acetylglucosaminidase, a lysosomal enzyme responsible for the removal of N-
acetylglucosamine from the glycan derivatives, resulting in the breakdown of heparan sulfate
(HS). Genetic mutations in NAGLU are responsible for one of the four types of
mucopolysaccharidosis type III (MPS III) termed MPS IIIB. Other subtypes of MPS III are
attributed to sulphamidase (MPS II1A), heparan acetyl-CoA: a-N-acetyltransferase (MPS II1C),
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and N-acetylglucosamine 6-sulfatase deficiency (MPS IIID) (153-156). Mutations in one of
these genes leads to a deficiency in the corresponding lysosomal enzymatic activity which is
critical in the degradation of HS, causing subsequent accumulation of incompletely degraded
HS in the cells (157). Common symptoms of MPS III include but are not limited to delayed
cognitive development, behavioural abnormalities, speech impairment, skeletal pathology, and
hepatosplenomegaly (158, 159).

The impact of carrying a heterozygous mutation in NAGLU is not well understood at
present, however a study by Winder-Rhodes and colleagues reported that NAGLU mutations
are common genetic variants associated with PD (67). Further, a GWAS study has also
identified NAGLU to be a novel locus associated with PD risk (160). However, more research
is required to fully explore the relationship between NAGLU mutations and neurodegenerative

(and other) disease susceptibility.

N-sulfoglucosamine sulfohydrolase (SGSH)

The SGSH gene found on the human chromosome 17g25.3 encodes for the lysosomal enzyme
sulphamidase, which plays an important role in the breakdown of long-chain GAGs via the
removal of the N-sulfate group at the end of the GAG chain (34). Homozygous mutations in
SGSH leads to MPS IIIA. A recent study by Douglass and colleagues observed that mice
carrying a missense D31N mutation in heterozygous Sgsh (Sgsh*P3™) mice (producing
misfolded protein) exhibit mildly impaired motor function, as indicated by the number of falls
in the negative geotaxis test (Figure 3) (161). Interestingly, whilst the brain of Sgs# mutation
carriers was subjected to a battery of markers for neurodegenerative disease lesions, only subtle
changes in motor cortex pyramidal neuron morphology were noted (161), indicating that overt
disease lesions and phenotypic changes observed in individuals with heterozygous mutations
in lysosomal enzyme genes may be enzyme or mutation dependent. Nonetheless, more research
is required to fully elucidate if heterozygous mutations in Sgs#/SGSH gene confer an increased

risk of neurodegenerative or other clinical diseases.

Granulin (GRN)

Apart from Parkinson’s disease, there is increased risk of developing frontotemporal lobar
degeneration (FTLD) in carriers of mutations in the lysosomal gene, granulin (GRN). The GRN

gene is found on human chromosome 1p34.2 and it encodes the lysosomal enzyme progranulin.
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Progranulin plays a role in regulating cellular growth, division, and survival of rapidly-dividing
cells, such as skin cells (fibroblasts), immune cells, and neuronal cells (162). In the brain,
neurons and microglia produce progranulin, which helps to regulate neuronal survival, neurite
outgrowth, synaptogenesis, as well as neuroinflammation (162-165). Homozygous GRN
mutations lead to development of neuronal ceroid lipofuscinosis (NCL; also known as Batten’s
disease). NCL are characterized by progressive cognitive and psychomotor deterioration,
seizures, and in some cases death in early childhood (166). NCL are caused by pathogenic
mutations in one of at least 14 different genes, with deposition of lipofuscin. Classification of
NCL disorders is based on age of onset (infantile, late infantile, juvenile, and adult) and the
gene involved (each disease type is given the designation “CLN”, meaning ceroid
lipofuscinosis, and then a number to indicate its subtype). Other genetic variants of CLN such
as CLN5, CLN6, CLN7/MFSDS8, CLNS, CLN4/DNAJCS5, CLNI11/GRN, CLN12/ATP13A2,
CLN13/CTSF, and CLN14/KCTD17 have also been identified based on recent advances in
whole-exome sequencing (166).

FTLD is an incurable neurodegenerative disease characterized by the progressive
degeneration of the frontal and anterior temporal lobes (167) and is the second most common
cause of dementia under the age of 60 years (75, 168, 169). Haploinsufficiency in GRN is the
leading risk factor for the pathogenesis of FTLD (75, 145-147). Common clinical symptoms
include a progressive change in behaviour and personality, including social disinhibition,
epilepsy, and retinopathy, as well as a gradual decline in language capabilities (170).
Histopathological features of FTLD include inclusion bodies positive for tau, accumulation of
lipofuscin, auto-fluorescent lipid, and ubiquitinated TAR DNA-binding protein 43 (TDP-43)
(167, 171).

More than 60 mutations that result in progranulin deficiency have been identified (162).
Individuals with genetic polymorphism in GRN are at increased risk for developing AD, PD,
progressive nonfluent aphasia, and corticobasal syndrome (172-175). The mean age of onset
for GRN mutation carriers is 60 years (176). Perry and colleagues reported two patients with
novel GRN mutations who presented with clinical features similar to AD. One patient aged 65
years showed evidence of amyloid aggregation on positron emission tomography whilst
another patient aged 54 years presented with logopenic progressive aphasia with TDP-43
inclusions post-mortem (175). Furthermore, about nine to seventeen percent of carriers of GRN
mutations present with an AD phenotype (177). Interestingly, individuals haploinsufficient for

GRN have also been reported to have similar clinicopathological features to those with NCL,

42



Glucosylceramidase B1 (GBA)

Type of mutations: E326K, N370S, D409H, and L444P, missense NPC intracellular cholesterol transporter 1 (NPCT)
84GG, deletion Type of mutation: Knockout

Pathology: a-synuclein aggregation, mitochondrial dysfunction, loss of
dopaminergic neurons, g?ucosylceramide accumulation, reduction of
dopaminergic fiber densities, activation of microglial and astrocytes,
endoplasmic reticulum stress

Pathology: Purkinje cell loss, glycolipid accumulations,
hyperphosphorylated tau
Symptoms: anxiety, motor deficits

Symptoms: motor deficits, cognitive deficits, bladder dysfunction, weight loss Model: Mouse and cat

Model: Mouse and drosophila melanogaster

£ Sulphamidase (SGSH)
Granulin (GRN) Type of mutation: D3N, missense
Type of mutation: Knockout . Pathology: Alterations in cortical pyramidal

neuron morphology in the motor cortex
Pathology: Lipofuscin deposition in
retina Symptoms: Mild motor phenotype
Symptoms: Emotional dysfunction, Model: Mouse
lower sociability

: Hexosaminidase B (HEXB
Model: Mouse B-galactosylceramidase (GALC) ¢ )
Type of mutation: Knockout
Type of mutation: not reported
Pathology: Amyloid-B plaques, amyloid-B 42
Pathology: microglial defects, impaired
remyelination Symptoms: Mild motor phenotype

Model: Mouse Model: Mouse

Figure 3. Summary of reported pathology and symptoms in animals who have
heterozygous mutations in lysosomal genes. Reduced production of lysosomal proteins in
heterozygous animals leads to variable disease pathologies and alteration in behaviour (101-

103, 106-108, 127-129, 152, 161, 178-181).
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with the presence of autofluorescent NCL-like storage material seen in the frontal cortex (169).
Impairment of lysosomal protease activity in carriers of GRN mutations also results in substrate
accumulation in lymphoblasts, increased levels of the pro-inflammatory cytokine interleukin-
6 and decreased cytokine interluekin-10 in macrophages (182, 183).

Whilst haploinsufficient knockout Grn mice exhibit no accumulation of lipofuscin in
the brain (i.e., thalamus, hypothalamus, and amygdala) (179, 180), deposits have been noted in
retina, consistent with human studies (Figure 2 and 3) (169). Filiano and colleagues found no
significant changes in neuroinflammatory markers (e.g. Ibal, TNF-alpha, GFAP) nor any
evidence of microgliosis and astrocytosis in Grn mouse brain (179), despite this,
haploinsufficent knockout Grn mice display a change in social interaction by six months of
age, with reduced sociability and emotional dysfunction (179). Minami and colleagues also
reported that reduced Grn leads to impaired phagocytosis, cognitive deficits, and increase in
amyloid plaques (181). The functional impact of GRN haploinsufficiency and any link to the

development of FTLD and AD or other disorders requires considerable research.

Cathepsin D (CTSD)

The CTSD gene (chromosome: 11p15) encodes a soluble lysosomal aspartic endopeptidase.
CTSD has numerous physiological functions, including regulation of apoptosis, activation of
enzymatic precursors and degradation of cytoskeletal proteins (184). Congenital NCL type-10
(CLNI10/CTSD) is an early-onset form of Batten’s disease caused by homozygous mutations in
the CTSD gene. Human studies have shown that reduced CTSD activity is associated with the
development of AD and PD (185), but studies on haploinsufficiency in C7SD are limited. A
study by Bae and colleagues generated a C7SD knockout cell line (148). The study revealed
that knockout CTSD haploinsufficiency results in impaired lysosomal degradation activity as
shown in neuroblastoma cells with nonsense mutations in C7SD. As a consequence, a-
synuclein accumulated at higher levels in haploinsufficient cells compared to normal cells,
suggesting that partial loss of CTSD activity is sufficient to cause a significant decline in
lysosomal function, which in turn accelerate the propagation of a-synuclein (148). The role of
CTSD in the development of clinical diseases requires further assessment to determine whether

haploinsufficienct individuals are at risk in developing a clinical phenotype.
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Hexosaminidase B (HEXB)

The human HEXB gene is located on chromosome 5q13.3 and encodes S-hexosaminidase that
is responsible for the degradation of GM2 gangliosides into GM3 by removing the N-
acetylgalactosamine residue (186). Homozygous mutations in HEXB are associated with the
development of Sandhoff disease (SD), which is a form of GM2 gangliosidosis. Defective -
hexosaminidase leads to accumulation of GM2 ganglioside in the cells throughout the body,
resulting in typical clinical presentation of early onset LSD such as hepatosplenomegaly,
coarse facies, and bone abnormalities (187). The clinical manifestation of SD is classified
clinically into three forms, infantile, juvenile, and adult. Common symptoms of SD includes
developmental delays and regression, cherry red spots in ophthalmic examination, and
organomegaly (188). The association between heterozygous mutations in HEXB and
neurodegenerative disease is not well studied. However, a study conducted by Whyte and
colleagues reported the role of Hexb heterozygosity in the development of AD. Studies shown
that knockout Hexb"" mice crossed with AD mice showed no substantial memory impairment
or upregulation of neuropathological markers, suggesting that deficient §-hexosaminidase
activity is not the main factor in the progression of AD (178). Interestingly, knockout Hexb"
mice exhibited amyloid-f plaques in the cortex and hippocampus at 46 weeks of age and
amyloid-f 42 in the hippocampus with mild impairments in behaviour activity (Figure 3)
(178). Given the preliminary nature of the findings, more research is required to evaluate the
role of HEXB mutation and the potential risk for the development of AD or other neurological

disease.

Discussion

It is increasingly evident that carrying a single genetic mutation in a gene associated with an
autosomal recessive disorder may, in some circumstances at least, increase a person’s risk of
developing a clinical disorder of the central nervous system. The type, severity, and age of
onset of the conditions appear dependent on the number and nature of the genetic mutation(s)
inherited. This is particularly evident in humans with GBA mutations where the [444P
mutation for instance leads to the development of PD with earlier age of onset and rapid
progression whereas the N370S polymorphism results in an attenuated form of PD. It is
speculated that the production of misfolded proteins from these mutations compared to a null

mutation exacerbate the disease process due to changes in the protein’s amino acid sequence,
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structure and ultimately impacting its function in the CNS (189). Additionally, dysfunction of
endoplasmic reticulum-associated degradation (ERAD) can lead to the accumulation of
misfolded proteins, which can overwhelm the ubiquitin-proteasome system (UPS) to degrade
and remove misfolded or damaged proteins from the cells (190). As a consequence,
accumulation of misfolded proteins can lead to the formation of toxic aggregates and inclusion
bodies that disrupt cellular function. Thus, dysregulation of ERAD can indirectly affect the
function of UPS, further contributing to the accumulation of misfolded proteins and the
development of neurodegenerative disease (191).

Whilst studies on GBA are well-advanced, detailed research on the impact of
heterozygous mutations in many/most of the other 70 genes associated with LSDs is severely
lacking. This therefore means there is a significant gap in our knowledge and a need to
understand the etiopathogenesis of potential neurodegeneration in carriers of lysosomal gene
mutations.

A comprehensive review and proposed mechanism of neurodegeneration in carriers of
GBA mutations has been reported (192). The deleterious effects of the mutant GBA gene are
thought to be the main contributor to the development of PD in carriers of mutations in
lysosomal genes (100). The GBA mutations can cause structural changes in the GCase protein,
leading to decreased enzymatic activity, loss of function or toxic gain of function. These
changes can result in substrate accumulation, altered lipid metabolism, and lysosomal
dysfunction, all of which have been linked to PD pathogenesis (68, 193). However, it should
be noted that substrate accumulation has not been recorded in carriers of GBA mutations,
although minor accumulation of GlcCer has been reported in inducible pluripotent stem cells
heterozygous for GBA mutations (194, 195). Moreover, while perturbation of lipid metabolism
has been suggested to be one of the mechanism of neurodegeneration in PD, impairment of the
endosomal-lysosomal network (ELN) has also been implicated, as the degradative pathway
play a crucial role in the removal of alpha-synuclein in the brain (68, 194, 196).

In support of the concept that toxic gain of function may hasten disease, a recent study
by Pan and colleagues demonstrated that MPS IIIC mice with P304L mutations in the heparan
sulfate acetyl-CoA:a-glucosaminide N-acetyltransferase (HGSNAT) gene and knockout mice
showed similar levels of HGSNAT activity (197). However, mice homozygous for the

7394 mutation producing misfolded protein show an earlier onset of behavioural

Hgsna
changes with reduced lifespan, increased neuroinflammation, and defects in synaptic

neurotransmission (197), suggesting that the mutation that leads to product of a mutant
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misfolded proteins hastens the disease pathology and infers a toxic gain of function. However,
due to limited studies, more research is required to support this hypothesis as the differences
in neuropathology may also be enzyme dependent.

It has also been hypothesised that the development of a neurological disease may
potentially be due to mutations in more than one gene, resulting in a cumulative effect that may
increase the risk of a clinical disease. This was suggested in a study conducted by Robak and
colleagues where 56% of the PD cases analysed had at least one mutation in a gene that is
involved in lysosomal function, and 21% had more than one genetic risk factor (73). It was
also suggested that multiple genetic hits may act in combination to impair overall lysosomal
function, which in turn could enhance susceptibility to neurological diseases. Further, chronic
diseases like AD, PD, and MS are thought to result from a combination of genetics and
environmental factors, a concept commonly referred to as the multiple-hit hypothesis (198-
201).

As more carriers of lysosomal gene mutations who are potentially at risk of
neurological diseases are identified through carrier screening projects (e.g., Mackenzie’s
Mission in Australia), therapeutic options will need to be investigated. Current LSD treatment
in development for homozygous lysosomal disease, might be considered as therapeutic
strategies in an effort to mitigate risk of late-onset neuropathology in heterozygous state.

In conclusion, carriers of mutations in some lysosomal genes appear to be at increased
risk of neurological disease; however, our understanding of the biological basis underlying
such increased vulnerability remains limited as does our knowledge about the broader

applicability of these associations.
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1.7 Research significance and hypothesis

Carriers of mutations in some lysosomal degradative genes are at an increased risk of
developing common neurological disorders. There is a need to understand the underlying
mechanism of disease development in carriers of mutations in lysosomal genes and the breadth
of the impact. This project seeks to define pathological consequences of haploinsufficiency in
the lysosomal degradative gene, Sgsh/SGSH, and further elucidate and add to the existing
literature on the mechanism and biology of heterozygosity and how it influences the
individual's risk of potentially developing a neuropathology. Additionally, this work will
reinforce the prognostic significance of Sgsi#/SGSH mutation carrier status in the context of
late-onset neurodegenerative disease risk and underpin rationale for prophylactic therapeutic

intervention amongst mutation carriers.
The hypothesis tested is that:

Carriers of a mutation in the N-sulfoglucosamine sulfohydrolase (Sgsh) gene exhibit
aberrations in neuron structure, biochemistry and/or metabolism, which may predispose them

to impaired neurological function.
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1.8 Aims of the study

The overall aim of this project was to define the morphological, biochemical, and functional
neuronal consequences of heterozygosity in the lysosomal degradative gene, Sgsk; in both an
authentic murine model arising from a D31N mutation, which leads to production of mutant
(misfolded) enzyme and decreased activity in affected animals and in heterozygous human cell

lines.

The specific objectives of the study were to;

1. Study the temporal impact of the D31N Sgs/ heterozygous mutation upon the mouse

cortical proteome.

2. Assess the impact of the D31N Sgs/ heterozygous mutation on motor cortex pyramidal

neuron morphology and cortical neural function.

3. Investigate the impact of heterozygous mutations in the metabolic profile of D31N Sgs

heterozygous mouse and SGSH heterozygous human fibroblast cells.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Animal Husbandry

[tem Product Code Source

1.5mL Eppendorf Tube 0030120086 Eppendorf, NSW, Australia

100% Ethanol EL027-10LP ChemSupply, SA, Australia

Rodent Ear Punch AS500077 AbleScientific, SA, Australia

2.1.2 Genotyping

[tem Product Code Source

1.5mL Eppendorf Tube 0030120086 Eppendorf, NSW, Australia

MicroAmp Adhesive Film Applicator 4333183 ThermoFisher Scientific,
MA, USA

MicroAmp Optical Adhesive Film 4311971 ThermoFisher Scientific,
MA, USA

MicroAmp Support Base 4379590 ThermoFisher Scientific,
MA, USA

MicroAmp Optical 384-Well Reaction | 4309849 ThermoFisher Scientific,

Plate MA, USA

Sterile Water 2037157 Clifford Hallam Healthcare,
SA, Australia

Chelex 100 Resin 142-1253 BioRad Laboratories, CA,
USA

2x Tagman Gene Expression Master Mix | 4369016 ThermoFisher Scientific,
MA, USA

2x Tagman Genotyping Master Mix 4371353 ThermoFisher Scientific,
MA, USA

40x Custom MPS IIIA Assay CCUOO1SNR ThermoFisher Scientific,

MA, USA
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Custom SNP Assay for GFP

CCU001S

ThermoFisher Scientific,

MA, USA

Custom Tagman Copy Number Assay for | 4331348 ThermoFisher Scientific,

GFP MA, USA

Tagman Copy Number Reference Assay | 4458366 ThermoFisher Scientific,
MA, USA

2.1.3 Tissue Collection

Item Product Code Source

Anodised Aluminium Brain Slicer - Braintree Scientific, MA,
USA

GEM Stainless Steel Blades - Adelab Scientific, SA,
Australia

23G Butterfly Needle - Hamilton Company, NV,
USA

Paraformaldehyde P6148 Sigma-Aldrich, NSW,
Australia

Phosphate Buffered Saline (10x Stock)

Sodium Chloride 465-2.5KG Science Supply, VIC,
Australia

Potassium Chloride 383-500G Science Supply, VIC,
Australia

Disodium Hydrogen Orthophosphate 391-500G ChemSupply, SA, Australia

2.1.4 Histology
Item Product Code Source

Anodised Aluminium Brain Slicer

Braintree Scientific, MA,
USA

GEM Stainless Steel Blades

Adelab Scientific, SA,

Australia
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23G Butterfly Needle

Hamilton Company, NV,
USA

Shandon Embedding Cryomold E6032-1CS Sigma-Aldrich, NSW,
Australia

Double-edge Stainless Blades 82133316 Wilkinson Sword, UK

Superfrost Plus Coverslips - Menzel-Glaser, Germany

Superfrost, Plus Microscope Slides - Menzel-Glaser, Germany

Paraformaldehyde P6148 Sigma-Aldrich, NSW,
Australia

100% Ethanol EL027-10LP ChemSupply, SA, Australia

bisBenzimide H33342 trihydrochloride | 14533 Sigma-Aldrich, NSW,

(Hoechst) Australia

Acetone AA008-2.5L ChemSupply, SA, Australia

Low Melt Agarose 1613111 BioRad Laboratories, CA,
USA

Triton-X 100 X100 Sigma-Aldrich, NSW,
Australia

Cubic Reagent

Urea U5378 All products obtained from

Quadrol 122262 Sigma-Aldrich, NSW,

Triton-X100 X-100 Australia

Phosphate Buffered Saline (10x Stock)

Sodium Chloride 465-2.5KG Science Supply, VIC,
Australia

Potassium Chloride 383-500G Science Supply, VIC,
Australia

Disodium Hydrogen Orthophosphate 391-500G ChemSupply, SA, Australia
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2.1.5 Mass Spectrometry

Item Product Code Source

1.5mL Eppendorf Tube 0030120086 Eppendorf, NSW, Australia

Acetone AA008-2.5L ChemSupply, SA, Australia

Methanol MAO004-2.5L-P | ChemSupply, SA, Australia

Ammonium Bicarbonate A6141 Sigma-Aldrich, NSW,
Australia

Dithiothreitol D9760 Sigma-Aldrich, NSW,
Australia

Iodoacetamide 11149 Sigma-Aldrich, NSW,
Australia

Trifluoroacetic Acid TS181-100M ChemSupply, SA, Australia

Formic Acid AC10760050 ChemSupply, SA, Australia

Acetonitrile 34967-2.5L Fisher Scientific, VIC,
Australia

RapiGest Surfactant 186002123 Waters™, NSW, Australia

Non-binding 96-well plate CLS3370 Interpath Sevices, VIC,
Australia

Bicinchoninic Acid Protein Kit 23235 ThermoFisher Scientific,
MA, USA

2.1.6 Tissue Culture

[tem Product Code Source

Dulbecco/s Modified Eagle’s Media 11965092 ThermoFisher Scientific,

(DMEM) MA, USA

Ham’s nutrient F12 11765054 ThermoFisher Scientific,
MA, USA

Fetal Bovine Serum FBSFR-SO0FU | Bovogen, Biologicals, VIC,
Australia

Penicillin/Streptomycin (10,000 U/mL) 15140122 ThermoFisher Scientific,
MA, USA
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Trypsin-EDTA (0.5%), no phenol red 15400054 ThermoFisher Scientific,
MA, USA

Glutamax Supplement (100X) 35050061 ThermoFisher Scientific,
MA, USA

Dulbecco Phosphate Buffered Saline (1x) | 14190136 ThermoFisher Scientific,
MA, USA

Corning SmL Sterile Pipettes CNG4487 Adelab Scientific, SA,
Australia

Corning 10mL Sterile Pipettes CNG4488 Adelab Scientific, SA,
Australia

Corning 25mL Sterile Pipettes CNG4489 Adelab Scientific, SA,

Australia

229mm Glass Pasteur Pipettes

HIR92601.01

Adelab Scientific, SA,

Australia

Corning T25 Flask CNG430639 Adelab Scientific, SA,
Australia

Corning T75 Flask CNG4306411U | Adelab Scientific, SA,
Australia

100% Ethanol EL027-10LP ChemSupply, SA, Australia

Sodium Hypochlorite ST044-5L ChemSupply, SA, Australia

Mycoplasma PCR detection kit G238 Apploed Biological
Materials, Richmond,
Canada

2.1.7 Electrophysiology

Item Product Code Source

Neurobasal-A Media 10888022 ThermoFisher Scientific,
MA, USA

Hank’s Balanced Salt Solution 14175095 ThermoFisher Scientific,
MA, USA

1M HEPES 15630080 ThermoFisher Scientific,

MA, USA
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B27 Supplement 17504044 ThermoFisher Scientific,
MA, USA

DNase I D5025 Sigma-Aldrich, NSW,
Australia

Poly-L-Lysine P6282 Sigma-Aldrich, NSW,
Australia

24-well plate with Pedot Electrode on | 24W300/30G- | Multi-Channel Systems,

Glass 288 Germany

Rotenone R8875-1G Sigma-Aldrich, NSW,
Australia

Borate Buffer

Boric Acid B6768 Sigma-Aldrich, NSW,
Australia

Sodium Tetraborate Decahydrate B3545 Sigma-Aldrich, NSW,
Australia

Sodium Chloride 465-2.5KG Science Supply, VIC,
Australia

2.1.8 Mitochondrial Assay

[tem Product Code Source

Seahorse XF Cell Mito Stress Test Kit 103015-100 Agilent, CA, USA

Seahorse XFe96 Fluxpak mini with PDL | 103729-100 Agilent, CA, USA

plates

Seahorse XF DMEM media 103680-100 Agilent, CA, USA

Seahorse XF Glucose 17504044 Agilent, CA, USA

Seahorse XF Pyruvate D5025 Agilent, CA, USA

Seahorse XF L-Glutamine 103579-100 Agilent, CA, USA

Seahorse Calibrant Solution 100840-000 Agilent, CA, USA

Tetraethylbenzimidazolylcarbocyanine ab141387 Abcam, Cambridge, UK

iodide (JC-1)

DMEM with no phenol red 21063029 ThermoFisher Scientific,

MA, Australia
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Black, Clear-bottom 96 well-plate 6055300 PerkinElmer, MA, USA
2.1.9 Hyperspectral Imaging
Item Product Code Source
Glass Bottom Dish 35mm 81218-200, DKSH, SA, Australia
DMEM with no phenol red 21063029 ThermoFisher Scientific,
MA, USA
Nicotinamide Adenine Dinucleotide + | 10107735001 Sigma-Aldrich, NSW,

Hydrogen (NADH)

Australia

Flavin Mononucleotide (FMN)

F6625-100MG

Sigma-Aldrich, NSW,

Australia
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2.2 Methods

This section includes methods that are used in multiple Chapters, while methods specific to a

single Chapter are provided in that Chapter.

2.2.1 GFP"--MPS IIIA Mouse Colony Establishment and Maintenance

In the year prior to the commencement of the study, reanimation of transgenic mice
(SgshP3IN; TgThvI-EGFPLArty wag performed by the Australian Phenomics Facility, Australian
National University, Canberra. Nine female and ten male GFP hemizygous mice were shipped
to the Women'’s and Children’s Hospital (WCH). The mouse line had previously been created
by the Childhood Dementia Research Group lab by crossing D31N MPS IITIA mouse with the
“M" line (202). The mouse model uses a murine Thy! promoter at transgenic (reporter)
insertion M to express green fluorescence proteins (GFP) in the central nervous system (CNS)
(Figure 2.1). This line is subsequently termed as “7hy/-GFP-M” to describe the expression of
the fluorescent protein and the location of the insertion in the model (202). The mouse line
contains a modified regulatory region of the Thyl gene where deletion of exon 3, and the
flanking introns upstream of the fluorescent protein sequences resulted in the selective
expression of GFP in subsets of neurons in the brain (Figure 2.1). Around 10-30% of sensory
neurons found in the dorsal root ganglia are labelled; pyramidal neurons are selectively labelled
in the cerebral cortex and hippocampus; mossy fibres are labelled in the cerebellar cortex; and
approximately 10-20% retinal ganglion cells are identified and labelled in the retina (202).

All animals were bred, housed, and maintained in the Animal Care Facility of the WCH,
with all breeding (AE#1112) and experimental (WCH: AE#1013, University of Adelaide: M-
2020-075) procedures undertaken with approval from the Institutional Animal Ethics
Committee, according to the guidelines of the National Health and Medical Research Council’s
Australian Code for the Care and Use of Animals for Scientific Purposes (8" Edition). Gene
technology approval (B144/12/2020) was obtained from the Biosafety Committees of the
WCH and the University of Adelaide.

All mice were housed in a temperature- and humidity-controlled environment in the
WCH Animal Care Facility with a 14-hour light: 10-hour dark cycle and were provided pelleted
food and water ad libitum. Further, to improve the well-being of the mice, environmental

enrichment such as plastic houses, cardboard and tissue paper were provided. These
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Figure 2.1. Expression of green fluorescent protein in transgenic GFP*- mouse. (A) Sagittal cut of GFP*~ mouse brain, scale bar 2mm (B)

GFP positive pyramidal neuron in layer 5 of the cerebral cortex, scale bar 100um. Approximately 10-20% of sensory neurons are labelled on the
dorsal root ganglia, pyramidal neurons are selectively labelled in the cerebral cortex and in the hippocampus, and approximately 10-30% of retinal

ganglion cells are labelled in the retina (202). Scale bar 2mm.
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environmental enrichments permitted them to grow, mature, reproduce and maintain good
health within the colony. The date of birth was recorded when mouse pups were first observed
in the morning following birth. For identification, each mouse had a unique identity number,
which corresponds to the number of ear notches it has as shown in Figure 2.2. Notches were
placed either on the left or right ear to show the individual mouse number. Mice were ear
notched typically between the ages of 19- to 21-days or when the ears are big enough to notch.
The notched tissue was subsequently stored in -20°C or immediately used for genotyping
(method described in section 2.2.2) to identify its genetic variants. Following ear notch, mice
were housed in same-sex groups of similar ages, monitored daily and overall health assessment
such as body weight and eye check was conducted weekly.

In this study, a breeding plan was developed to ensure enough mice were born with the
desired genotype and that only female mice were utilised. For neuronal morphology study
(Chapter 4), wildtype progeny was generated by having one parent with no copies of GFP
(GFP”") while the other parent possess two copies of GFP (GFP*), and that both parents were
homozygous wildtype (Sgs#™*). To produce heterozygous progeny, one parent had to possess
zero copies of GFP (GFP"), the other parent required to have two copies of GFP (GFP**), and
either parent had to be homozygous wildtype (Sgs#*'*) or homozygous for the D31N Sgsh gene
mutation (SgshP3'NP3IN MPS IIIA). Hence, hemizygous single-copy GFP (GFP"-) with
wildtype (Sgsh*") was classified as wildtype (Sgsh™* EOFP) and single-copy GFP"- with
heterozygous (Sgsh™P3N) classified as heterozygous (Sgsh™P3N EGFPy mice. A total of 50
transgenic mice aged 0, 3, 6, 12, and 24 weeks old (5 mice/genotype/age) were collected for

the neuro-morphological assessment of pyramidal neurons in the cerebral cortex.

2.2.2 Congenic MPS IIIA Mouse Colony

A congenic mouse strain was developed by Crawley and colleagues by backcrossing mice with
the MPS IIIA D31N mutation, which were initially on a mixed genetic background, with the
inbred C57BL/6 strain (203). The congenic mice (no GFP expression) were utilised and Sgsh™*

classified as wildtype, and Sgsh™/P3N

classified as heterozygous. In proteomic study, a total of
60 mice (5 mice/genotype/age) and only female mice were used. Female mice were selected
for the proteomic study because group housing is possible, allowing them to be housed in
groups up to 48 weeks. In contrast, male mice necessitate individual housing due to welfare
concerns, as they tend to engage in aggressive behaviour, which can subsequently affect

proteomic outcomes. For electrophysiological recordings, a total of 24 mice (12 mice/genotype)
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were used from the congenic colony. However, given that newborn mice were utilised in the
assay, identification of gender was unable to be performed. Thus, mice with mixed gender (male

and female) were utilised in the electrophysiology experiment.

2.2.3 Mouse Ear-Notching

Prior to ear notching, a clean area in the laboratory was set up with all supplies laid out (70%
ethanol, ear punch scissors, tweezers, bench coat sheets, genotyping book to record information,
and autoclaved Eppendorf tubes). Mice aged between 19- to 21- days were removed from the
mother’s cage and placed in a separate cage with soft tissues and environmental enrichment to
reduce stress on the animals. Each mouse was then handled on bench coat to identify sex and
ear punch scissors was used to perform the ear notch, corresponding to a designated
identification number as shown in Figure 2.2. In between mice, the scissors and forceps were
sterilised with 70% ethanol and wiped dry to remove any contaminants or leftover tissues. The
ear notched tissue was then placed into a sterilised 1.5mL Eppendorf tube and stored on ice
until further use. Once all litters had been ear notched, the mice were returned to the mother
ahead of weaning and monitoring. The tubes containing the ear tissue were stored in -20°C for

long term storage and genotyping.

2.2.3 Genotyping of mice

2.2.3.1 Genomic DNA lysis from mouse tissue

Genomic DNA extraction from mouse tissue was done using 10% (w/v) Chelex-100 solution.
Briefly, an aliquot of 10% Chelex-100 was thawed and 100uL of vortexed solution was added
to a tube containing the mouse tissue. The tube was subsequently vortexed ensuring the tissue
is immersed in the Chelex-100 solution, and then immediately transferred to a 100°C heating
block for 20 minutes. The tube was vortexed briefly at the 10-minute mark and returned to the
heating block for a further 10 minutes. Following incubation, the tube containing cellular debris
and Chelex-100 particles were spun down for 5 minutes at 13, 000 rpm using a bench
centrifuge. The supernatant containing genomic DNA was either directly used for Polymerase

Chain Reaction (PCR) amplification or stored at -20°C for long term storage.
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2.2.3.2 Quantitation of Genomic DNA by Nanodrop

Genomic DNA was quantified using a NanoDrop-1000 Spectrophotometer (ND-1000;
ThermoFisher Scienctific, Waltham, MA, USA) loaded with the ND-1000 v3.7.0 software
under the “Nucleic Acid” selection. The NanoDrop was calibrated by pipetting 2ul of Milli-Q
water onto the pedestal. Following further instruction, the NanoDrop was then “blank” and
loaded with a new 2ulL of Milli-Q water. Once calibration was completed, the amount of
genomic DNA was measured by loading 1uL of genomic DNA onto the pedestal. The amount
of DNA was recorded, and the pedestal wiped clean between samples using kimwipes. Prior to
genotyping, the final concentration of genomic DNA needed was determined to be 5Sng in 1uL

of sterile water using the following equation:

e gDNA volume to add (uL)
200ng/ [neat genomic DNA concentration in ng/pL]

e Water for Injection volume to add (uL)
40uL — genomic DNA volume in steps above (for Sng/ul)
200uL — genomic DNA volume in steps above (for 1ng/ul)

The diluted genomic DNA with final concentration of Ing/uL and S5ng/ul. were used

immediately for genotyping or stored at -20°C for long term storage.

2.2.3.3 Genotyping assay

A Tagman custom single nucleotide polymorphism (SNP) genotyping assay was developed by
Dr. Adeline Lau (Childhood Dementia Research Group, Flinders University) and used to
differentiate wildtype (Sgsh**) and heterozygous (Sgsh"P3™) mice (Figure 2.3). Prior to
starting genotyping assay, diluted DNA was thawed at room temperature and subsequently kept
in the fridge until ready for sampling. A PCR master mix was created in a sterile Eppendorf
tube in a designated PCR cabinet. The master mix contained SuL. of 2x Tagman Genotyping
Master Mix, 0.25uL. of 40x MPS IITA SNP Custom Assay, and 3.75uL of sterile water as a
working stock. Each component was multiplied by the number of samples being tested, which
included two negative control samples (sterile water instead of genomic DNA), three positive

controls (Wildtype, Heterozygous, and MPS IIIA), and three spares for pipetting error.
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Figure 2.2. Mouse ear notching and sex identification chart. (a) I1lustrated gﬁide on marking

mice for ear notch. (b) Identification of sex at weaning age.
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The MPS IITA SNP custom assay contained the following primers:

Forward primer: 5" ACG CCCTCT GCT CTG TCT TC 3°
Reverse primer: 5" GCG ATG GCA GTG TTG TTG TAT AC 3’
Wildtype probe: 5’ VIC-TCA GCG GAT GAC GG-NFQ-MGB 3°
Mutant probe: 5 FAM-TCA GCG AAT GAC GG-NFQ-MGB 3°

The master mix was then subsequently vortexed to mix the reagents and briefly spun down to
ensure no liquids were stuck in the cap. In each well of a 384 well plate, 9uL. of master mix was
aliquoted, followed by 1uL of the negative control into two of the wells. The plate was then
transferred from the PCR hood to a lab bench, where 1uL of genomic DNA (1ng/uL) was added
to each assigned well. Once all the samples were loaded with master mix and genomic DNA,
the plate was then sealed with an adhesive film and briefly centrifuged for about 10 seconds in
a plate centrifuge. The plate was then inserted into Quant Studio 7 Flex Real Time Polymerase
Chain Reaction (PCR) System (ThermoFisher Scientific, MA, USA). The conditions used to

amplify the targeted sequences are as follows:

60°C 30 seconds  Pre-read stage

959C 10 minutes  Hold stage

959C 15seconds  PCR amplification stage (x40 cycles)
60°C 1 minute PCR amplification stage (x40 cycles)

60°C 30seconds  Post-read stage

At the completion of the assay, the data were then exported and analysed with the Quant Studio

Real-Time PCR software to determine the genotype of each sample.

2.2.3.4 Genotyping assay for GFP in GFP*--MPS IIIA mice

Similarly, a Tagman custom SNP genotyping assay to differentiate the GFP transgene in GFP*"
-MPS IIIA tissue was developed by Dr. Adeline Lau (Childhood Dementia Research Group,
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Flinders University) (Figure 2.4, A). A PCR master mix was created in a sterile Eppendorf tube
in a designated PCR cabinet. The master mix contained 1.5uL of sterile water, 2.5uL of 2x
Tagman Genotyping Master Mix, and 0.25uL of 20x GFP-FAM SNP Custom Assay to make a
working stock. Each component was multiplied by the number of samples being tested, which
included two negative control samples (sterile water instead of genomic DNA), two positive
controls (a hemizygous GFP single copy and a homozygous YFP double copy), and three spares

to account for pipetting error.

The GFP-FAM SNP Custom Assay Working Stock contained the following primers;

Forward primer: 5 GCA CCA CCG GCA AGCT 3
Reverse primer: 5 AGT CGT GCT GCT TCA TGT GGT 3’
GFP probe: 5’ FAM-CCA CCC TGA CCT ACG-NFQ-MGB 3’

The master mix was then subsequently vortexed to mix the reagents and briefly spun down to
ensure no liquids are stuck in the cap. In each well of a 384 well plate, 4.5uL. of master mix was
aliquoted, followed by 0.5uL of the negative control into two of the wells. The plate was then
transferred from the PCR hood to a lab bench, where 0.5uL of genomic DNA (5ng/ulL) was

added to each assigned well.

Once all the samples had been loaded with master mix and genomic DNA, the plate was then
sealed with an adhesive film and briefly centrifuged for about 10 seconds in a plate centrifuge.
The plate was then inserted into Quant Studio 7 Flex Real Time Polymerase Chain Reaction
(PCR) System (ThermoFisher Scientific, Waltham, MA, USA). The conditions used to amplify

the targeted sequences are as follows:

60°C 30 seconds  Pre-read stage

959C 10 minutes  Hold stage

959C 15seconds PCR amplification stage (x40 cycles)
60°C 1 minute PCR amplification stage (x40 cycles)

60°C 30seconds Post-read stage
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Figure 2.3. An example of an Allelic Discrimination Plot exported from QuantStudio
Real-Time PCR Software. The software was used to analyse raw data from genotyping

experiments created on a Life Technologies real-time PCR system.
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At the completion of the assay, the data were then exported and analysed with the Quant Studio

Real-Time PCR software to determine the GFP copy number expressed in each sample.

2.2.3.5 Genotyping assay for GFP copy number in GFP*--MPS IIIA mice

To differentiate between hemizygous GFP single copy from homozygous GFP double copy, a
Tagman custom SNP genotyping assay was developed by Dr. Adeline Lau (Childhood
Dementia Research Group, Flinders University) (Figure 2.4, B). A PCR master mix was created
in a sterile Eppendorf tube in a designated PCR cabinet. The master mix contained 2uL of
sterile water, SuLL of 2x Tagman Genotyping Master Mix, 0.5uL. of Tagman Copy Number
Reference Assay, and 0.5uL of 20x GFP-FAM SNP Custom Assay as a working stock. Each
component was multiplied by the number of samples being tested, which included two negative
control samples (sterile water instead of genomic DNA), two positive controls (a hemizygous

GFP single copy and a homozygous GFP double copy), and three spares for pipetting error.

The GFP-FAM SNP Custom Assay working stock contained the following primers:

Forward primer: 5" GCA CCA CCG GCAAGCT 3
Reverse primer: 5 AGT CGT GCT GCT TCA TGT GGT 3’
GFP probe: 5 FAM-CCA CCC TGA CCT ACG-NFQ-MGB 3’

The master mix was then subsequently vortexed to mix the reagents and briefly spun down to
ensure no liquids are stuck in the cap. In each well of a 384 well plate, 8uLL of master mix was
aliquoted, followed by 2uL of the negative control into two of the wells. The plate was then
transferred from the PCR hood to a lab bench, where 2uL of genomic DNA (5ng/ul) was added
to each assigned well. Once all the samples had been loaded with master mix and genomic
DNA, the plate was then sealed with an adhesive film and briefly centrifuged for about 10
seconds in a plate centrifuge. The plate was then inserted into Quant Studio 7 Flex Real Time

Polymerase Chain Reaction (PCR) System (ThermoFisher Scientific, Waltham, MA, USA).
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Figure 2.4 Genotyping assay output. (A) identification of positive expression of fluorescence protein in individual mice of GFP (blue), and non-
fluorescence (black). (B) The CopyCaller histogram visualises the zygosity of individual mice expressing GFP with copy number presented on the

y-axis, and individual samples listed on the x-axis.
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The conditions used to amplify the targeted sequences were as follows:

60°C 30 seconds Pre-read stage

959C 10 minutes  Hold stage

959C 15seconds  PCR amplification stage (x40 cycles)
60°C 1 minute PCR amplification stage (x40 cycles)

60°C 30seconds Post-read stage

At the completion of the assay, the data were then exported and analysed with the Quant Studio
Real-Time PCR and CopyCaller v2.1 software to determine the number of GFP copy number

in each sample.

2.2.4 Perfusion and fixation

Four percent paraformaldehyde (PFA; w/v) in 1xPBS (pH 7.4) was prepared fresh each
morning prior to tissue collection. The fixative was kept at 4°C or on ice until use. Mice were
then humanely euthanised via CO, asphyxiation (at a rate of 0.5-1 L/minute), with confirmation
of death by a toe pinch. All mice were euthanised humanely in an isolated holding chamber to
minimise stress to other animals. Each mouse was then transported to a fume hood, and
individual limbs were pinned to a Styrofoam board to stabilise the mouse. Using surgical
scissors, the abdominal cavity was cut opened, diaphragm and rib cage were cut away to expose
the heart. Using a 23G butterfly needle, the left ventricle of the heart was subsequently
punctured to allow the perfusion process to occur. The right auricle was then cut using a surgical
scissor to allow for blood to escape and phosphate buffered saline (PBS) to perfuse throughout
the body. Approximately 20 mL of PBS was perfused prior to fixation with 4% PFA to ensure
blood was cleared from all the tissues in the body. A sample is sufficiently perfused with PBS
when the colour of the liver changed from red-brown to pale-brown. Following PBS,
approximately 20 mL of 4% PFA was perfused to ensure complete fixation of the tissue. This
was confirmed by stiffening of the body, tail and limb twitching during fixation. Once perfusion
with both PBS and 4% PFA were completed, the head was decapitated, and the brain swiftly
removed. The brain tissue was immediately immersed in 4% PFA overnight at 4°C and then

transferred to 1xPBS for long-term storage at 4°C.
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2.2.5 Statistical Analysis

Most data were analysed using GraphPad Prism software (v9.4.1; GraphPad Prism Software
Inc., San Diego, CA, USA), and data are presented as mean = standard error of the mean (SEM),
with statistical significance set as p-value < 0.05. All data were assessed for normality
distribution and tests of statistical significance are two-sided. Perseus software
(http://maxquant.net) and R (https://www.r-project.org/) were utilised for the analysis of
proteomic data. Electrophysiological data were analysed with parametric unpaired t-tests. All
hyperspectral data analyses were carried out using Matlab software R2017b (MathWorks, MA,
USA). Data were either analysed by unpaired student t-test or Mann—Whitney test (due to data
not following a normal distribution). All remaining data were analysed with analysis of variance
(ANOVA), followed by post-hoc Bonferroni correction to adjust for multiple group

comparisons.
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Chapter 3: Quantitative Proteomic Analysis of the Motor Cortex
in Wildtype and Sgsh Heterozygous Mice using Mass

Spectrometry

3.1 Introduction

Proteomic analysis (or proteomics) refers to the identification and quantification of the
complete complement of proteins from biological samples such as cells, tissues, organs, or
biological fluids (reviewed in (204)). Proteomics enables the study of protein synthesis,
structure, and function, which aids in identifying proteins that could be involved in human
disease. Studies have shown that perturbation in protein production or post-translational
modifications (PTMs) contributes to disease pathogenesis in several neurodegenerative
diseases including Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral sclerosis and
Huntington’s disease (reviewed in (205)). Hence, proteomic analysis provides a powerful
platform technology to inform patho-aetiology and identify temporospatial alterations in
protein synthesis across the disease course.

Mass spectrometry (MS) has been developed as an important and widely used method
to identify proteins and their isoforms, and measure changes in PTMs (206). Through MS based
quantitative proteomics, identification of complete proteins or specific sets of peptides can be
determined. Moreover, by incorporating multiple separations and pre-fractionation techniques,
MS is able to identify the target protein or peptide with high yield and accuracy (207). For
example, liquid chromatography (LC) or high-performance liquid chromatography (HPLC)
facilitates the continuous separation of a large number of proteins from complex mixtures and
when paired with MS, it forms LC-MS resulting in increased sensitivity and specificity (208,
209).

Moreover, clinical diseases (e.g., cancers and neurodegenerative diseases) in humans
are complicated biological processes that are caused by perturbation in protein synthesis and
signalling pathways (210). Changes to these signalling pathways results in dysregulation of
cellular homeostasis and as a consequent, leading to various pathology to occur (210). Hence,
uncovering the specific changes in protein signalling networks provides deeper insight into the
molecular mechanism of disease pathogenesis as well as distinctive disease signature to the
type or stage of the disease (211-214). Therefore, utilising proteomic analysis can offer insights

into the function of proteins and its role in biological pathways.
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While genetic associations between haploinsufficient lysosomal gene mutations and
late-onset forms of neurodegeneration are well accepted, as described in Chapter 1, the
underpinning mechanisms of disease remain poorly defined.

In this study, we employed an existing MPS IIIA mouse model that has been well-
characterised to create Sgsh heterozygous (Sgsh*/P3N) mouse model, which exhibits the D31N
missense mutation in one copy of the Sgsh gene (215, 216). The aspartic acid residues D31 are
believed to play an important role in the catalytic activity of the sulfatase family of enzymes,
including sulfamidase (216). Specifically, these residues are involved in the coordination of a
divalent metal ion such as zinc that is required for the enzyme to function properly (216).
Hence, if the D31 residues are impaired or absent, the enzyme may not be able to coordinate
the metal ion, leading to its reduced or absent catalytic activity (216). As a consequence, the
activity of sulfamidase enzyme is impaired leading to the accumulation of undegraded heparan
sulfate within the lysosomes and development of MPS IIIA. Further, the accumulation of
heparan sulfate in MPS IIIA has been shown to contribute to cellular dysfunction, tissue
damage, and development of neurological symptoms (217). Additionally, altered structure of
pyramidal neurons in MPS IIIA mouse cortex has recently been reported supporting
interrogation of this target neuronal population (218). The cerebral cortex was studied as it is
commonly implicated in neurodegenerative diseases as well as in both mouse and human MPS
IITA due to its involvement in learning, memory formation, and motor function.

Overall, the aim of this study was to investigate the temporal impact of Sgsh D31N
heterozygous mutation upon the mouse cortical proteome. Hence, the outcome from this
experiment will be to expand our understanding on the impact of Sgs/ heterozygous state in the
brain as well as insight to potential disease mechanisms associated with neurodegeneration. To
the best of our knowledge, this is the first proteomic study that has been conducted on carriers

of any mutation in a lysosomal gene.
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3.2 Methods

3.2.1 Sample Preparation

A discovery proteomics experiment was conducted on a set of female mouse motor cortex
samples covering six time points (0, 3, 6, 12, 24, 48 weeks) and two genotypes (Wildtype and
Heterozygous) with five biological replicates for each genotype and age (n = 5
mice/genotype/age; Figure 3.1). Mouse breeding and genotyping was undertaken by Meghan
Douglass (Research Assistant, Childhood Dementia Research Group) as was sample collection.
This resulted in 60 samples in total. Details of mouse husbandry and genotyping methods can
be found in Chapter 2. All samples (motor cortex) were snap frozen in liquid nitrogen and stored
at -80°C until used. Samples were randomised and blinded prior to tissue homogenisation.
Cortical tissue was homogenised in a mixture of methanol and Milli-Q water (MeOH:H2O) in
aratio of 1:1 for 40 seconds with 30 seconds rest at 6500 revolutions per minute. Five-hundred
pL of MeOH:H>O was then added to each tube containing Precellys bead mill homogeniser,
and the total protein concentration of each homogenate using the Bicinchoninic Acid Protein

(BCA) method.

3.2.2 Bicinchoninic Acid (BCA) Protein Assay

To determine the total protein content in each cortical tissue, a BCA protein assay was
conducted by Meghan Douglass, and performed according to the manufacturer’s instructions.
A standard curve was first prepared from bovine serum albumin which was then added in
duplicate to a non-binding 96-well plate in addition to duplicates of each quality control brain
homogenates from MPS IIIA mice. Each cortical homogenate was then diluted in Milli-Q water
and was subsequently added to the plate in duplicates. Milli-Q water was added to each well to
ensure an equal volume of 100uL for all wells. Subsequently, 100uL of micro-BCA working
reagent was administered to each well to give a final volume of 200uL. The plate was then
sealed and incubated for two hours at 37°C. After two hours, the plate was then read on the
Spectramax iD5 (Molecular Devices, CA, USA); absorbance wavelength at 562nm. To
determine the quality of a plate and sample, the calculations from the standard curve presented
a coefficient of variation (% CV) and a sample was rejected if the CV value was greater than

10%.
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Figure 3.1. A schematic of the experiment to study the proteomic changes in the motor
cortex of Sgsh heterozygous mice. Cortical tissues from Sgsi D31N heterozygous, and
wildtype mice were dissected and snap frozen after perfusion with ice cold phosphate buffered
saline. The cortical samples were then homogenised in a mixture of methanol and Milli-Q water
with a ratio of 1:1. Cortical proteomes were obtained from LC-MS/MS analysis and proteins
identified using Progenesis QI for Proteomic software. The full list of proteins was then
statistically analysed using Perseus software (http://maxquant.net) and R to determine
differentially abundant proteins and biological pathways that could provide insight to risk of

neurological disease. (Diagram created by BioRender.com).
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3.2.3 Liquid Chromatography-Mass Spectrometry (LC-MS)

The subsequent steps were conducted by Drs. Paul Trim and Marten Snel (SAHMRI). The
experimenters were blinded to the samples genotype and age. The samples were randomised
and processed by batch on the LC-MS as detailed in Table 3.1. All samples were prepared and
loaded into the autosampler simultaneously, and one run was initiated, spanning a total of eight
days. Unfortunately, the run was halted twice due to instrument breakdown, which required a
restart. Prior to continuing the analysis, additional quality control samples were run to ensure
that the performance of the LC-MS had not been affected.

The volume equivalent to 150 ug total protein was placed in a 2 mL Eppendorf tube
made up to 350 pL with 50:50 MeOH:H>O and the protein was precipitated for 1 hour at -20°C
using 1600 pL ice cold acetone. Precipitated protein was pelleted by centrifugation (10 min at
12,000 x g) and the pellet was briefly air dried. The protein pellet was resuspended in 25mM
ammonium bicarbonate solution, proteins were denatured using 0.05% Rapigest surfactant and
incubated at 80°C for 10 mins. Subsequently, proteins were reduced and alkylated by
incubating in 2.5 mM Dithiothreitol (DTT) for 10 mins at 60°C followed by incubation with
7.5 mM iodoacetamide (IA) for 30 min at room temperature. The proteins were then
enzymatically digested using a 1:100 w/w ratio to trypsin and incubated overnight at 37°C.
Following digestion, the samples were acidified with Trifluoroacetic acid (TFA) 0.5% to
degrade the Rapigest surfactant followed by centrifugation. The supernatant was retained and
transferred to total recovery sample vials and stored in the auto sampler of an Acquity M class
UPLC prior to analysis. The final concentration of the sample was equivalent to 1.5 pg/uL
starting protein concentration.

All data were acquired on a XEVO G2-XS QT of mass spectrometer equipped with an
M-Class ACQUITY LC (both Waters Corp., Milford, MA). For each sample 7.5 pg of total
protein was loaded onto a 100 mm x 0.3 mm high strength silica (HSS)-T3 analytical column
(Waters™). Tryptic peptides were chromatographically separated using an 80-minute solvent
gradient starting at 3% mobile phase B rising to 40% at a flowrate of 7 uL/min. Mobile phases
used were A: 0.1% aqueous formic acid and B: 0.1% formic acid in acetonitrile. All solvents
used were LC-MS grade. MS analysis was performed in SONAR mode. In this instrument

mode a quadrupole window of 30 Da is scanned over 0.5 seconds from 400 Da to 900 Da.
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Table 3.1. Samples from wildtype and Sgsh D31N heterozygous mice were randomised and analysed by batch on the LC-MS.

Batch 1 Batch 2 Batch 3
ID number Genotype Age (Week) | ID number Genotype Age (Week) | ID number Genotype Age (Week)
147 Normal 3 55 Het 12 221 Normal 48
1.1 Het 0 174 Normal 48 125 Het 3
597 Het 24 146 Normal 3 158 Normal 6
144 Normal 3 565 Het 24 82 Het 6
218 Het 48 566 Normal 24 98 Normal 12
188 MPS 48 75 Het 6 216 Het 48
53 Het 12 111 Normal 12 81 Normal 6
84 Het 6 596 Het 24 567 Het 24
72 Het 6 219 Het 3 3.2 Normal 0
152 Het 3 253 Normal 48 217 Het 48
52 Het 12 623 Normal 24 3.1 Normal 0
145 Normal 3 1.5 Het 0 173 Normal 48
33 Normal 0 99 Normal 12 96 Normal 12
621 Normal 24 56 Het 12 149 Het 3
1.3 Het 0 85 Normal 6
97 Normal 12 54 Het 12
568 Het 24 181 Het 48
143 Normal 3 254 Normal 48
157 Normal 6 564 Normal 24
238 Het 6 182 Het 48
126 Het 3 622 Normal 24
3.5 Normal 0 83 Normal 6
1.4 Het 0
34 Normal 0
1.2 Het 0




Scans alternate between low (5 V) and elevated (15 V to 40 V) collision energies (CE). At low
CE predominantly peptide ions are observed and at elevated CE mostly peptide fragment ions
are measured. Fragments were linked to peptides based on chromatographic retention time and
quadrupole scan position. These two dimensions of separation provided excellent quality

fragment ion data with low levels of interference from co-eluting peptides.

3.2.4 Progenesis QI Software for Proteomics Analysis

Following LC-MS analysis, the subsequent steps were conducted by Nazzmer Nazri. The raw
data was subsequently processed in Progenesis QI software (Version 2.2) from Nonlinear
Dynamics (Durham, NC), which enables the quantification and identification of proteins by
using the advantages of label free analysis. The raw data were imported into Progenesis QI for
alignment, peak picking, and annotation. Data processing parameters were set identically for
all samples to make the results comparable. Default parameters for peak picking (automatic
thresholds, minimum peak width = 0.5 minutes) and alignment were applied. Single ion
compounds were removed to reduce noise and false discovery. Only ions with a charge state of
two to seven were considered and included in the analysis. Peptide ions with a charge state of
one and above eight were removed. Moreover, due to technical limitations (i.e., slow processor)
with the analysis computer and the time taken to analyse the proteomic data, this necessitates
batch analysis of the raw files. This was to prevent the Progenesis QI for Proteomics software
from shutting down every couple of days and to allow the processor to work faster. Hence, “0
and 37, “6 and 127, and “24 and 48”, week timepoints were paired and analysed together. The
total time taken for raw data analysis per group was approximately 3-4 days. Approximately
2000 proteins were identified and relatively quantified. The analysed data were then exported

in a pdf (.pdf) format and bioinformatic analysis conducted in Perseus.

3.2.5 MaxQuant — Perseus

All data analysis steps were performed within a graphical workflow (Figure 3.2). Each tab is
represented as an entity in the workflow and any matrix or network undergoing analysis
becomes a new entity that gets connected to the original data in the workflow. The interactive

workflow allows the user to keep track of all steps in the analysis and to navigate through data
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Figure 3.2. Graphical workflow of data processing in Perseus. The interactive workflow

allows the user to keep track of all steps in the analysis and to navigate through data matrices

and visualisation components. Briefly, the data was log transformed and normalised to sum

intensity values. The protein profiles were then compared to the mus musculus database for

accurate identification of protein IDs. Following this, proteins were individually filtered for

each time point to exclude those with missing values. Finally, a multiple sample test correction

was conducted using a permutation-based false discovery rate (FDR).
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matrices and visualisation components. Every processing step in the analysis is transparent and
reproducible.

Data from 0-, 3-, 6-, 12-, 24-, and 48-week-old mice tissues were imported into Perseus
(Version 2.0.3) and downstream analysis was performed. Firstly, before the data can be used
for subsequent analysis, the data was log transformed and normalised to sum intensity values.
Protein profiles were then matched to Mus musculus annotation to allow for correct
identification of protein ID. Independently for each timepoint, proteins were then filtered to
only retain proteins that do not have a missing value. Finally, a multiple sample test correction
using a permutation based false discovery rate (FDR) was conducted. This method enables
reliable estimation of the percentage of proteins that are mistakenly indicated as differentially
abundant. The FDR value was set as 0.05% with the minimum fold change (So) set as 0, aiming
for a list of differentially abundant proteins in the datasets. These data were then exported for

enrichment analysis in R and data visualisation in Prism9 (Version 9.4.1).

3.2.6 Gene-set Enrichment Analysis (GSEA)

Gene-set enrichment analysis (GSEA) was performed under the guidance of Dr. Karissa
Barthelson (Childhood Dementia Research Group) using R (https://www.r-project.org/). The
KEGG pathways for Mus musculus were obtained using the msigdbr package (219). GSEA was
implemented using the fgsea R package (220). A directional ranking statistic for each protein
in the dataset was compared between Sgsi P3N and Sgsh™* mice in each timepoint. This was
calculated from the differential abundance tests from Perseus by the following R code:
sign(logFC)*-Logio(1/p-value). A Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway was considered significant if the Bonferroni-adjusted p-value was < 0.05. Although
GSEA is a valuable method for identifying enriched pathways, one limitation of using GSEA
is its inability to determine whether a pathway is upregulated or downregulated. Data

visualisation was performed using Prism9 (version 9.4.1).
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3.3 Results

A total of five biological replicates (one wildtype each from 0-, 3-, and 6- week, and one
heterozygous each from 24- and 48- week timepoint) were omitted due to missing lock mass,
reducing the number of biological replicates to four in some timepoints. Missing lock mass
during MS measurement could potentially be due to instrument malfunction. The lock mass is
important as it provides an internal mass standard and is used to adjust the mass calibration for

the scan in MS so other mass peaks or peptides can be accurately measured.

3.3.1 Quantitative Proteomic Analysis of LC-MS/MS data

Differential proteomic analyses were carried out using a tandem mass tags-based (TMT)
quantitative proteomic approach. The fractions were analysed by Liquid Chromatography-
MS/MS individually which led to 14328 peptides from 2020 proteins identified at “0 and 3”
weeks; 25131 peptides from 2533 proteins identified at “6 and 12 weeks; and 28470 peptides
from 2221 proteins identified at “24 and 48 weeks. The number of peptides identified that
contains more than one unique amino acid sequences was 1904, 1856, and 1920 in the “0 and
3”,“6 and 12”7, and “24 and 48” weeks respectively. The acceptable range of missing values in
proteomic studies is less than 10-20% (221), however, the number of missing values in this
study was 6, 27 and 14 percent in “O and 3”, “6 and 12” and “24 and 48 week group
respectively (Table 3.2). There are several reasons for missing values in proteomic studies,
including the presence of low abundance proteins, which can make them difficult to detect and
quantify. Further, missing values may occur along the analytical pipeline as a result of losses
in protein digestion and separation, as well as failure in measurement during mass spectrometry
acquisition (222). Typically, if a dataset has more than 20% missing values, imputation is
recommended. However, imputation of data can introduce bias because it replaces the missing
data with estimated values, which may not reflect the true underlying biological processes,
leading to inaccurate conclusions (223). Therefore, no data imputation was conducted in this
study. A summary of the number of proteins, unique peptide and peptide counts can be found
in Table 3.2.

Of the proteins identified, many proteins were found to be significantly differentially
abundant in the Sgsh*P3'™N mouse motor cortex at all time-points after adjusting for multiple
testing. A total of 141, 80, 31, 95, 196, and 204 proteins were dysregulated in the Sgsh*/P3N
motor cortex at 0-, 3-, 6-, 12-, 24-, and 48- weeks respectively (P-value <0.05). A volcano plot
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representing the log2 fold change distribution of the dysregulated proteins in Sgs#™/P3'N and
Sgsh*P3N mice is shown in Figure 3.3 (A-F). The Sgsh*P3N motor cortex proteome datasets
showed 88 upregulated proteins and 54 downregulated proteins at 0-week; 33 upregulated
proteins and 47 downregulated proteins at 3-week; 20 upregulated proteins and 11
downregulated proteins at 6-week; 27 upregulated proteins and 68 downregulated proteins at
12-week; 108 upregulated proteins and 89 downregulated proteins at 24-week; and 113
upregulated proteins and 92 downregulated proteins at 48-week. However, no single proteins
were found to be dysregulated (statistically significant) with age (or at all timepoints), though,
we identified several proteins that appeared in two timepoints, specifically at 24- and/or 48
weeks. These proteins are primarily involved in synaptic transmissions (Table 3.3), oxidative
phosphorylation (Table 3.4), proteasome (Table 3.5), and phosphatidylinositol signaling
pathways (Table 3.6).

The complete list of these significant differentially abundant proteins in Sgsh*P3N
motor cortex can be found in Appendix 1-6 which includes the Swiss-Prot accession code, gene

name, protein description, up- or down- regulation information, and p-value for each protein.
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Table 3.2. Number of proteins, unique peptides, peptide counts, and missing values

identified in all the timepoints between Sgsh™?3N and Sgsh** mice.

Peptide
Number of Proteins Proteins with Percentage
Age count from
proteins with unique unique of missing
(Week) proteins
identified | peptides >2 | peptides =1 values
identified
0and3 2020 1510 394 14658 6
6 and 12 2533 1292 564 25131 27
24 and 48 2221 1548 372 28470 14
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Table 3.3 Dysregulated proteins associated with synaptic transmission in Sgsh D31N

heterozygous mouse motor cortex compared to wildtype.

(\$ egeek) Swéss(_;;mt Gene Name  Protein Description Ufég?;lggxln_ P-Value
3 Q972Q6  Septin5 Septin-5 l 0.04288744
12, 48 QI9R1T4  Septin6d Septin-6 l 0.0318925
12 P42208  Septin2 Septin-2 l 0.00887606
24 Q8C650  Septinl0 Septin-10 l 0.03948762
24,48 055131  Septin7 Septin-7 l 0.0486011
48 Q8CIB7 Septinll  Septin-11 l 0.01439375
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Table 3.4 Dysregulated proteins associated with oxidative phosphorylation in Sgsh D31N

heterozygous mouse motor cortex compared to wildtype.

Age Swiss- Gene Up- or
Prot Protein Description down- P-Value
(Week) Name .
Code regulation
V-type proton ATPase 116
0 Q9Z1G4  Atp6vOal kDa subunit a isoform 1 ! 0.03919869
V-type proton ATPase
0 Q9WTT4 Atp6vlg2 subunit G 2 ! 0.012717
V-type proton ATPase
3 P62814  Atp6vlb2 subunit B, brain isoform ! 0.02428979
3 P03930 Mtatp8  ATP synthase protein 8 ! 0.03586702
V-type proton ATPase
3,24 Q9CRS51  Atp6vlgl subunitG 1 ! 0.01093093
Cytochrome b-c1 complex
48 Q9CQ69 Uqcerq subunit 8 ! 0.04189749
Cytochrome c oxidase
48 P00416 mt-Co3  subunit 3 ! 0.04264393
Cytochrome c oxidase
0 P48771 Cox7a2  subunit 7A2, mitochondrial ) 0.0153701
V-type proton ATPase
0 Q9D593  Atp6vle2 subunitE 2 1 0.04018359
NADH dehydrogenase
[ubiquinone] 1 alpha
0 Q9ERS2  Ndufal3  subcomplex subunit 13 ) 0.03813646
NADH dehydrogenase
[ubiquinone] flavoprotein 3,
0 Q8BK30  Ndufvd  mitochondrial 1 0.02751149
Cytochrome b-c1 complex
subunit 11;Cytochrome b-c1
complex subunit Rieske,
0 QI9CR68 Ugerfsl ~ mitochondrial 1 0.03236579
Potassium-transporting
48 Q9Z1W8 Atpl2a  ATPase alpha chain 2 1 0.02312761
NADH-ubiquinone
48 P03888 Mtnd1 oxidoreductase chain 1 ) 0.03193311
NADH-ubiquinone
48 P03921 Mtnd5 oxidoreductase chain 5 1 0.00951583
NADH dehydrogenase
[ubiquinone] 1 alpha
48 Q9Z1P6 Ndufa7  subcomplex subunit 7 1 0.00598861
NADH dehydrogenase
[ubiquinone] flavoprotein 1,
48 QI91YTO Ndufvl  mitochondrial 1 0.01521449
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Table 3.5 Dysregulated proteins associated with ubiquitin proteasomal system in Sgsh

D31N heterozygous mouse motor cortex compared to wildtype.

. Up- or
(Vl\? eg:k) Sw(ljss(-iI;rot IEI}:;ee Protein Description down- P-Value
regulation
Proteasome subunit
0 Q97200 Psma7  alpha type-7 ! 0.0440709
Proteasome subunit
0 Q9QUM9 Psma6  alpha type-6 ! 0.01166511
Ubiquitin carboxyl-
terminal hydrolase
12 QI9ROP9 Uchll isozyme L1 ! 0.04658101
Proteasome subunit
24 Q9Z2U1 Psma5  alpha type-5 ! 0.01785697
Proteasome subunit
24 Q9QUM9 Psma6  alpha type-6 ! 0.01166511
Proteasome subunit
48 P49722 Psma2  alpha type-2 ! 0.02177988
Proteasome subunit
48 009061 Psmbl  beta type-1 ! 0.00696669
26S proteasome non-
ATPase regulatory
48 Q8BG32 Psmdl1l  subunit 11 ! 0.02235092
Proteasome subunit
48 Q9QUM9 Psma6  alpha type-6 ! 0.01166511
Proteasome subunit
0 070435 Psma3  alpha type-3 ) 0.01124378
Ubiquitin-conjugating
0 P68037 Ube2I3  enzyme E2 L3 1 0.02083104
26S proteasome non-
ATPase regulatory
3 P14685 Psmd3  subunit 3 1 0.04331233
Ubiquitin-like
modifier-activating
3,6 Q02053 Ubal enzyme 1 1 0.00345846
Calmodulin-like
24 Q9D6P8 Calml3  protein 3 ) 0.04235441
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Table 3.6 Dysregulated proteins associated with phosphatidylinositol signalling pathways

in Sgsh D31N heterozygous mouse motor cortex compared to wildtype.

. Up- or
Age SWiss- Gene . - down-
Prot Protein Description . P-Value
(Week) Name regulatio
Code N

Phosphatidylinositol transfer

24 P53810  Pitpna protein alpha isoform ! 0.0368898
Inositol-trisphosphate 3-kinase

24 Q8RO71  Itpka A ! 0.03052499
1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase

24 Q9Z1B3  Plcbl  beta-1 ! 0.03197723
Diphosphoinositol
polyphosphate

48 Q9JI146  Nudt3 phosphohydrolase 1 l 0.02674355
Phosphatidylinositol 5-
phosphate 4-kinase type-2

48 Q91XU3 Pipd4k2c gamma l 0.02851004
Phosphatidylinositol 4-

24 P70182 PipSkla phosphate 5-kinase type-1 alpha 1 0.02984908

Q9EPW Type I inositol 3,4-bisphosphate

24 0 Inpp4a  4-phosphatase 1 0.02195163
CDP-diacylglycerol--inositol 3-

48 Q8VDP6  Cdipt phosphatidyltransferase 1 0.02475217
Phosphatidylinositol 4-kinase

48 E9Q3L2  Pidka alpha 1 0.02483484
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Figure 3.3. Volcano plot of dysregulated proteins identified in the motor cortex of Sgsh™3'N mice at 0, 3, 6, 12, 24, and 48 weeks. (A) 0-
week, (B) 3-week, (C) 6-week, (D) 12-week, (E) 24-week, (E) 48-week. The volcano plot displays the results of approximately 2000 proteins in
all timepoints. The plot displays two variables on the x- and y- axes: the log2 fold change of each protein and its -log10 p-value. The log2 fold
change is a measure of the difference in the production of proteins between two conditions, with positive values indicating an increase in production
and negative values indicating a decrease. The -log10 p-value represents the statistical significance of the observed difference in protein synthesis.

Proteins that are in red represents dysregulated proteins in Sgsi P3N mice compared to Sgsh™* mice in each of the timepoints (p-value < 0.05).
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3.3.2 Gene-Set Enrichment Analysis (GSEA) of Proteins in Sgsh™?3'N Mouse
Motor Cortex

GSEA analysis is a powerful analytical method that is commonly performed to associate a
disease phenotype to a group of proteins by using quantitative data (224). GSEA analysis
ranked all the proteins identified from most up-regulated (enriched, more abundant) to most
down-regulated (depletion, less abundant) to detect subtle changes to protein synthesis. The
identified proteins are termed leading edge proteins in the GSEA analysis and are the ones
which drive the enrichment (statistical significance) of the pathway. Hence, in order to further
elucidate the biological implications of the differentially abundant proteins in the Sgsh™P3IN
mice brain compared to Sgsh**, the whole proteome profile containing the upregulated and
downregulated proteins were analysed by GSEA enrichment pathway analysis.

GSEA enrichment pathway analysis revealed enrichment of all five KEGG pathways in
the 0-week timepoint. The enriched KEGG pathways identified were Ribosome (p-value =
2.8x10°%), Long-Term Potentiation (p-value = 4.8x10%), Proteasome (p-value = 0.003),
Spliceosome (p-value = 0.003), and Wnt signaling (p-value = 0.005) (Figure 3.5, A).

At 6-week timepoint, the enriched KEGG pathways identified were Alzheimer’s disease
(AD; p-value = 0.003), Parkinson’s disease (p-value = 0.007), Epithelial cell signaling in
helicobacter pylori infection (p-value = 0.008), Peroxisome (p-value =0.01), and Valine leucine

and isoleucine degradation (p-value = 0.013) (Figure 3.5, B). At 24-week timepoint, the

enriched KEGG pathways detected were Phosphatidylinositol signaling system (p-value
0.002), Hungtington’s disease (p-value = 0.006), Inositol phosphate metabolism (p-value =

0.001), Oxidative phosphorylation (OxPhos; p-value = 0.013), and peroxisome (p-value =
0.023) (Figure 3.5, D).

At 48-week, only four KEGG pathways were enriched i.e, Glycolysis gluconeogenesis
(p-value = 0.003), Pyruvate metabolism (p-value = 0.015), Phosphatidylinositol signaling
system (p-value = 0.017), and Antigen processing and presentation (p-value = 0.044) (Figure
3.5,E).

Furthermore, no pathways were identified in the 3-week timepoint based on the GSEA
analysis, indicating no subtle changes in pathway detected. Moreover, no pathways were found
to be statically enriched at 12-week timepoint, however, the top five pathways identified were
Cardiac muscle contraction, Oxidative phosphorylation, Arrhythmogenic right ventricular

cardiomyopathy arve, Parkinson’s disease, and long-term depression (all p-value > 0.05)
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(Figure 3.5, C). The pathways identified in these timepoints revealed neurodegenerative and
cellular energy related pathways to be slightly altered with age.

Moreover, a group of proteins dysregulated in murine Sgs/™?*'N mouse motor cortex
clustered as “Oxidative Phosphorylation” (Atp12a, Atp6v0al, Atp6v1b2, Atpovie2, Atpovigl,
Atp6vlg2, Cox7a2, mt-Atp8, mt-Co3, mt-Nd1, mt-Nd5, Ndufal3, Ndufa7, Ndufvl, Ndufv3,
Uqcrfs1, Uqcrq), “Glycolysis Gluconeogensis” (Aldoa, Aldob, Aldoc, Dlat, Gpil, Ldhb, Ptkm,
Pfkp, Pklr), and “Pyruvate Metabolism” (Dlat, Ldhb, Pklr). These alterations correlate with the
deregulation of the metabolic pathways.

Additionally, dysregulation of proteins involved in neurodegenerative pathways,
including “Parkinson’s Disease” (Camk2d, Gnai2, Gnai3, Maob, Septin5, Ubal, Ube2l3,
Uchll; Figure 3.4, B), “Alzheimer’s Disease” (Akt2, Ctnnbl, Grin2a, Grin2b, Hsd17b10,
Mapkl, Mapk3, Plcbl, Rtn4; Figure 3.4, B), and “Hungtinton’s Disease” (Slcla3; Figure 3.4,
D) was identified. Furthermore, dysregulated proteins that overlapped in the neurodegenerative
pathways was further classified into “Metabolic pathways” (Atp2al, AtpSe, Cox7a2, Mcu, mt-
Atp8, mt-Co3, mt-Nd1, mt-Nd4, mt-Nd5, Ndufal3, Ndufa3, Ndufa7, Ndufa9, Ndufvl, Ndufv3,
Uqcerfs1, Uqerq) and “Ubiquitin-proteasome system (UPS)” (Calml3, Psma2, Psma3, Psma5,
Psma6, Psma7, Psmbl, Psmdl1, Psmd3, Ubal, Ube213, Uchll), further suggesting that
metabolic pathways and impaired proteasome function may potentially contribute to the
pathogenesis of neurodegeneration in Sgsi D31N heterozygotes.

Furthermore, dysregulated proteins in phosphatidylinositol signalling pathways (Pitpna,
Pip5Skla, Inpp4a, Itpka, Plcbl, Cdipt, Pi4ka, Nudt3, Pip4k2c) were also detected at 24 and 48
weeks in murine Sgsh™P*'N mouse motor cortex. Perturbations in this pathway have been

associated in several neurodegenerative diseases.
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Figure 3.4. Bar charts depicting the top five KEGG pathways identified in Sgsh*?3N mice
using GSEA enrichment analysis at different timepoints. (A) KEGG pathways identified at
0-week, (B) KEGG pathways identified at 6-week, (C) KEGG pathways identified at 12-week,
(D) KEGG pathways identified at 24-week, and (E) KEGG pathways identified at 48-week.
Significantly enriched KEGG pathways were identified at 0-, 6-, 24-, and 48- week timepoint
in the motor cortex of Sgs/#™P3'N mouse. No pathway was identified at 3-week timepoint, and
no perturbation of enriched pathways was detected at 12-week based on GSEA analysis. A

pathway is significantly enriched if Bonferroni p-value < 0.05.
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3.4 Discussion

3.4.1 Proteomic Profiling of Sgsh™P3'"N Mice Cerebral Cortex

To the best of our knowledge, this is the first proteomic study to be conducted on the brain of
mice heterozygous for a mutation in a lysosomal enzyme/protein gene. At the single protein
level, differentially abundant proteins in the Sgsh*P3'™N mouse motor cortex was identified at
all timepoints. In this study, 141, 80, 31, 95, 196, and 204 proteins were dysregulated in the
Sgsh*P3N mouse motor cortex compared to Sgsh™* at 0-, 3-, 6-, 12-, 24-, and 48- weeks
respectively, indicative of changes in protein synthesis with age and between genotypes.
Moreover, the differentially abundant proteins detected in this study reflected perturbation of

neurodegenerative and energy-related pathways.

3.4.2 Dysregulated proteins involved in metabolic pathways

Oxidative phosphorylation (OxPhos) is a key metabolic pathway that is responsible for the
production of ATP (225), which is the primary source of energy for cellular processes. ATP is
required for neuronal plasticity, axonal transport, synaptic transmission, and for
neurotransmitter release (226). Hence, dysregulation of this pathway or ATP production in
Sgsh D31N heterozygotes can have significant consequences for cellular metabolism due to
production of reactive oxygen species, which can lead to oxidative stress and cell death if not
tightly regulated (225). Impairment of OxPhos have been reported in MPS IIIC where a
decrease in mitochondrial respiratory chain complex Il and IV activities was observed, though,
no studies was reported in the heterozygous state (227, 228). Moreover, studies in Gbal*"
mice carrying L444P mutations also showed perturbed mitochondrial function, disrupted
mitophagy and increased oxidative stress in the central nervous system (109, 110). Together
with the current findings, these studies suggest that heterozygous mutations in lysosomal genes
may contribute to mitochondrial dysfunction and the severity is dependent on the types of
mutations inherited.

Glycolysis and pyruvate metabolism are two closely interconnected metabolic
pathways that play a crucial role in cellular metabolism. Glycolysis is a process whereby
glucose i1s broken down into pyruvate, to generate ATP and NADH, whilst Pyruvate

metabolism is the process by which pyruvate is converted to acetyl-CoA, lactate and alanine
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(229). Dysfunction of these pathways has been implicated in a variety of diseases, including
cancer, and neurological disorders (230). Metabolic dysfunction has been recognized as one of
the early abnormalities observed in the brain during preclinical stage of dementia such as AD
(231, 232). Evidence has shown that in the development of AD, pathophysiological changes
can occur up to 20-30 years earlier before clinical symptoms manifest (232, 233). Further, the
cerebral metabolic rate of glucose (CMRglc) has been utilised as an indicator of neuronal and
synaptic activity (234). From these studies, nearly all clinical AD symptoms are accompanied
by reduction of CMRglc with significantly decreased glucose metabolism observed in AD-
vulnerable brain regions, such as hippocampus, and the cerebral cortex (232, 235, 236). Related
to the present work, proteomic studies in 8-month-old MPS IIIB knockout mouse brain also
revealed perturbation in metabolic pathways such as ATP synthesis, Glycolysis, Pyruvate
metabolism and Tricarboxylic acid cycle (237). Whilst similar studies have not been published

for MPS IIIA brain, similar outcomes would be predicted.

3.4.3 Dysregulated proteins involved in neurodegenerative pathways

Endoplasmic reticulum-associated degradation (ERAD) is a cellular process that targets
misfolded and damaged proteins for degradation (190). This process primarily occurs in the
endoplasmic reticulum, where the misfolded proteins are recognised and retro-translocated
across the endoplasmic reticulum membrane, and then delivered to the ubiquitin-proteasome
system (UPS), which resides in the cytoplasm for degradation (190, 238, 239). Dysfunction of
ERAD can indirectly affect the function of the UPS, resulting in accumulation of misfolded
proteins, which can form aggregates and inclusion bodies that can disrupt cellular function and,
ultimately development of neurodegenerative disease (191). One of the altered
neurodegenerative pathways observed in Sgsh™P*'N mouse motor cortex was the UPS where
Calml3, Psma2, Psma3, Psma5, Psma6, Psma7, Psmbl, Psmd11, Psmd3, Ubal, Ube213, and
Uchllproteins were found to be perturbed. The UPS mediates the degradation of short-lived
proteins and the removal of damaged soluble proteins in eukaryotic cells (240). UPS
dysfunction has been shown to induce pathological changes and abnormal brain function in
several neurodegenerative diseases such as AD and PD (reviewed in (241)). Further, studies in
lysosomal storage disorders (LSD model system) have shown that reduced expression of
lysosomal genes leads to impairment of the UPS system (242). This is evident where ubiquitin

C-terminal hydrolase (Uchll) is inhibited in several LSD patients fibroblasts (such as
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galactosialidodosis, GM; gangliosidosis, Morquio syndrome type A and B, sialidosis, sialic
acid storage disease and Gaucher’s disease I and II) and in brains of Sandhoff mice (242).
Ubiquitinylated protein accumulation has been reported in tissues of mice and humans affected
with LSD (243-249). This is the first study to document changes in the UPS in heterozygotes
for a lysosomal gene mutation and further research is required to verify the findings, and to
determine the cause and ramification of this pathway changes.

Moreover, phosphatidylinositol signalling pathway (PIP) was also found to be altered
at 24 and 48 weeks in Sgsh P3N mouse motor cortex. PIP play a crucial role in the regulation
of several cellular processes including endosomal trafficking, autophagy, vesicle trafficking,
and neurotransmitter release in the central nervous system (250-253). Dysfunction in PIP have
been implicated in several neurodegenerative diseases, including Alzheimer’s disease and
Parkinson’s disease (254). Perturbation in PIP, specifically in phosphatidylinositol-3-
phosphate (PI3P) in selected brain regions results in neuronal degeneration and reactive gliosis,
which appear to be associated with impaired endosomal system (255, 256). Supporting this,
deficiency of PI3P have been reported in the brains of human and murine models of
Alzheimer’s disease, which exhibit related impairments in the endosomal-lysosomal network
(257, 258). Additionally, phosphatidylinositol 4,5-biphosphate (P1(4,5)P2) also plays a crucial
role in neurotransmitter receptor signal transduction and maintaining the normal function of
numerous ion channels within the central nervous system (reviewed in (259, 260)). Decreased
P1(4,5)P2 levels in the brain have been linked to impairments in synaptic transmission (261).
Thus, future studies are required to verify if changes in PIP proteins observed at 24 and 48
weeks in Sgsh D3IN heterozygous mouse could potentially contribute to the risk of
neurodegeneration at a later stage.

Notably, Guanosine-5’-triphosphate binding proteins such as Septin 2, Septin 5, Septin
6, Septin 7, Septin 10, and Septin 11 have also been found to be aberrantly produced in
Sgsh™P3 N mouse motor cortex. Specifically, Septin 7 was found to be dysregulated at 24- and
48- weeks. Septins play a crucial role in axonal transport, vesicular trafficking, regulation of
dendritic spine morphology, and neurotransmitter release (262-264). The dysregulation of
Septins is associated with several neurological diseases, including Alzheimer’s disease,
Parkinson’s disease, frontotemporal dementia and Down syndrome (265-267). Studies in
frontal cortex of frontotemporal dementia patients reported increased levels of truncated forms
of Septin 11, which were localised to the superficial cortical layers with the presence of fibrillar
thread-like structures of Septin 11 (268). Brain proteome studies in the temporal neocortex of

Alzheimer’s disease patients also revealed that Septin 2 and 3 levels were increased while
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Septin 5 levels was decreased compared to normal patients (269). Changes in the production
of Septins may lead to altered synaptic function, therefore studies investigating dendritic spine
density and morphology as well as neuronal function are warranted to explore this outcome

more in Sgsh*/P3N cerebral cortex.

3.4.4 Limitation, and Future Directions

There are some limitations to the study conducted. The number of proteins identified with one
unique peptide was approximately 500 proteins in each timepoint and these were included in
the proteomic analyses. Identification of proteins with single peptide can make it difficult to
confirm the identity of the protein as many proteins have similar or identical peptides, and a
single peptide may be shared by multiple proteins (270). Factors that can contribute to proteins
with single peptide could be due to sample processing, such as fewer tryptic peptide digestion,
or masking by highly abundant proteins in the sample (271). For future studies, to avoid the
number of false positive in protein identification, more than two unique peptide within a single
protein is recommended (272).

Whilst the number of missing values in this study was within the acceptable range
(Table 3.2), this resulted in lower number of proteins identified especially in the “6 and 12”
week timepoint where the missing values was at 27 percent. The presence of missing values in
quantitative proteomic greatly reduces the completeness of the data and may have contributed
to the failure to identify significant changes in KEGG pathways at 12 weeks. A few reasons
for this might be related to how the data was analysed, which involved analysing distinct
timepoint data in batches rather than all at once. This may have an influence on protein
identification since some proteins may not be detected at different timepoints and was not
analysed together in the database. Further, as previously described, analysis of all the raw data
in a single run was unable to be conducted due to technical issues with the analytics computer.
Hence, this can result in missing values for proteins that are present at low levels and are
difficult to detect. Moreover, this could potentially contribute to the variable differences
observed in each timepoints, thus, there is a need to replicate this study with a refined method

with single batch analyses.
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age, the middle-aged mice range from 10-14 months and the human equivalent age ranges from

38-47 years. Mice age ranging from 18-24 months correlate with human age ranging from 56-

69 years and are define as “old” where changes in biomarkers of senescence in all animals are

often observed. Diagram obtained from (273).

96



Furthermore, female mice were selected because group housing is possible, and this
allowed mice to be housed in groups for up to 11 months. Male mice in contrast, require single
housing due to fighting, and various studies have reported alterations in hormones,
neurochemistry and metabolism in single-housed mice compared to those in social housing,
which can impact proteomic outcomes (274, 275). However, given that neurological diseases
affect both males and females, future studies should include both genders for a comprehensive
insight to potential disease mechanisms. Supporting this, a proteomic study conducted by
Distler and colleagues revealed that male and female mice at 6 weeks old had differentially
abundant synaptic proteins (276). The study reported 71 proteins in the hippocampus showed
differences in their protein levels between sexes; 28 proteins in the cerebellum was
dysregulated in females compared to males and the proteins identified were mainly involved
in the neuron projection and synaptic transmission (276). Moreover, in some neurological
diseases, the incidence is higher in men compared to women, for example, autism and
Parkinson’s disease is more common in men whereas depression and multiple sclerosis is more
common in women (reviewed in (277)), but this is not the case in autosomal recessive
lysosomal storage disorders.

Further, given that the mice age used in this experiment were relatively middle aged
(based on Figure 3.5), future proteomic studies using older cohorts of animals might be able to
provide further insight to potential mechanism of neurological dysfunction in Sgs/ P3N mice.
Additionally, validation studies using western blot to confirm the upregulated and
downregulated proteins involved in the perturbed pathways will need to be determined. Hence,

future studies utilising western blot or peptide sequencing is required to validate the results.
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3.5 Conclusion

In conclusion, this study is the first to provide biological insight to changes in the cortical

h*P3 N mice. Proteomic evaluation of Sgsh P3N mouse motor cortex revealed

proteome of Sgs
perturbations in protein synthesis at all timepoints. When compared with wildtype samples,
several pathways were identified based on the GSEA enrichment pathway analysis, with the
majority of dysregulated proteins were located in metabolic and neurodegenerative pathways.
Predicated upon these findings, assays to interrogate neuronal morphology and
electrophysiological function as well as mitochondrial health are presented in Chapter 4 and 5

respectively.
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Chapter 4: Structure and function of cortical neurons in Sgsh

heterozygous mice carrying a D31N mutation

4.1 Introduction

In Chapter 3, dysregulated proteins were identified at all timepoints in Sgsh P3N mouse motor
cortex compared to age-matched wildtype. Septin proteins were found to be reduced at 24- and
48- weeks in the Sgsh™P*'N mouse motor cortex (Chapter 3, Table 3.3). Septins are a group of
guanosine-5’-triphosphate binding proteins that have been associated with the regulation of
dendritic spine morphology and neurotransmitter release (262-264). Specifically, Septin 7
(Sept7) has been shown to play a crucial role in mediating dendritic spine maturation and
formation as well as synapse maturation (264, 278). Studies have shown that depletion of Sept7
results in decreased branching of axons and dendrites both in vitro and in vivo (279, 280).
Additionally, an increase in immature filopodia spines on neuronal cell was observed when
Sept7 was knocked down (264).

Moreover, a recent study conducted on Sgsh™P3N

mice reported mild impairment in
motor function and subtle changes in motor cortex pyramidal neuron morphology in 84-week-
old mice (161). Further, previous studies in MPS III mice reported perturbation in the
architecture and dendritic spine densities of pyramidal neurons as well alteration in synaptic
function (218, 281, 282). Studies in MPS IIIA mice showed an overall reduction in dendritic
spine densities on cortical pyramidal neurons from 6 weeks, with fewer stubby and mature
mushroom spine subtypes seen at 20-weeks of age (Figure 4.1) (218). Similarly, dendritic spine
deficiencies in basal and apical dendrites of cortical pyramidal neurons were also observed in
MPS IIIB mice at 20-weeks of age (218). Both studies suggest that perturbation in dendritic
spine morphology could contribute to the loss of neuronal function associated with MPS III.
Supporting this, Para et al. observed reduced levels of synaptic proteins (i.e., vVGLUT1 and/or
PSD-95) in cultured hippocampal and cortical pyramidal neurons in the MPS IIIC mouse
model leading to disruption of synaptic transmission (281, 282). Alterations in excitatory and
inhibitory postsynaptic currents was also evident in both MPS IIIA and MPS IIIC (218, 281),
further suggesting that the functional and structural changes observed could contribute to the

onset of neurological symptoms and cognitive decline seen in MPS III individuals.
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Figure 4.1. Dendritic spine densities in MPS IIIA layer S motor cortical neurons. (A) total
dendritic spine densities of wildtype and MPS IIIA mice at 3-, 6-, 12- and 20 weeks of age.
Spine subtypes were classified into (B) filopodia, (C) stubby, (D) thin, and (E) mushroom. n =
6 dendritic segments per cell; six animals per genotype per age. **p<0.01, ***p<0.001,
*HxEP<0001; Two-way ANOVA. Data are mean + SEM. Unpublished data obtained from
(218).
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Analysis in this study focused on the structure of layer 5 pyramidal neurons within the
motor cortex. Other than Douglass et al. paper, no other studies in heterozygous mutations in
lysosomal genes have looked at this brain region despite motor deficits being observed in
animal models of heterozygous mutations in Gbal, Npcl, and Hexb (100, 127, 178). Pyramidal
neurons are the most abundant excitatory neurons in the brain regions they inhabit and make
up two-thirds of all neurons in the cerebral cortex (283). Due to their role in numerous cognitive
processes and motor function, pyramidal neurons have been extensively studied in
neurodegenerative diseases. To evaluate dendritic spine density in the Sgsh*P3'™N mouse motor
cortex, a transgenic MPS IIIA mouse model expressing green fluorescence protein (GFP) was
created. This study utilised a reporter strain (thy/-GFP-M line) in which layer 5 pyramidal
neurons in the cerebral cortex are GFP positive (202). Heterozygous GFP mice were generated
by pairing congenic MPS IIIA mice from an in-house colony to produce the Sgsh /P3N EGFP
mouse model. Additionally, field potentials (measurement of electrical signals generated by
the collective activity of neurons) from neural cultures established from Sgsh*P3'N and Sgsh™"*

mouse brain were also evaluated to determine the functional impacts of carriers of Sgsh

mutations status.
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4.2 Methods

4.2.1 Dendritic spine visualisation and quantification

In order to assess dendritic spine density in both Sgsh™* EGFP and Sgsh™P3IN EGFP mijce,
Sgsh /P3N EGFP mice were bred and aged to 24 weeks. Genotyping and tissue collection
procedures can be found in Chapter 2. For dendritic spine characterisation, a total of 5 mice
per genotype was obtained, however, initial analyses were carried out on three animals per
genotype, three dendritic segments per cell and 3 cells per animal given the cost of confocal

microscopy.

4.2.1.1 Brain section preparation

Cryomold were placed on a levelled and flat work bench. Six-percent low melt agarose (w/v)
in 1xPBS was gently heated in a microwave until dissolved, and mixed. The agarose solution
was let to cool to approximately 37°C. Using a brain slicer and a GEM blade, a sagittal cut was
made from the midline of the mouse brain, separating the left and right hemisphere. The left
hemisphere was used in this study. The brain tissue was then carefully transferred into a
cryomold, positioned to the centre of the cryomold, and the cooled agarose was carefully
poured until the tissue was covered, taking care to prevent formation of air bubbles around the
tissue as this will impact sectioning. Once the agarose cooled and hardened, the embedded
tissue was then removed from the cryomold and stored in 1xPBS at 4°C in the dark until further
use. Embedded tissue was then fixed to the mounting stage of a Leica VT1000S vibratome
(Leica, Germany) with superglue. Once the glue set, the stage was then secured inside the
chamber and chilled 1xPBS was poured into the chamber until the tissue was completely
submerged. The vibrating blade was programmed to move at a slow speed (1 mm/s) and high
frequency (100Hz) to maintain the integrity of the sample. The razor blade was gently and
carefully wiped with acetone to remove oil residue, and washed with 100% ethanol to sterilised,
then dried before securing in the blade holder. Brain tissues were sectioned at a thickness of
100pum and mounted onto slides with freshly made CUBIC reagent-1 (mixture of urea (25%
final concentration), Quadrol (25% final concentration), Triton X-100 (15% final
concentration) and Milli-Q water), and cover slipped. Slides were then sealed with nail polish

and left to dry overnight in a fume hood before storing at 4°C in the dark.
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4.2.1.2 Dendritic spine imaging and data analysis

Mouse genotypes and age data were not available to the candidate during tissue imaging and
analysis. Slides were labelled 1-18 by a person not included in the study. To produce a high-
resolution image of dendritic spines suitable for evaluating density and morphology, the brain
sections were imaged on an Olympus FV3000 spectral confocal microscope (Olympus, Tokyo,
Japan) with an oil immersion 63x objective lens and a 2x digital zoom, which increases the
magnification to 100x objective. To reduce background noise and improve image quality, the
confocal microscopy settings were set: line averaging was accumulated three times, and a final
frame average of two times per image acquisition was done. GFP in the tissue sections was
excited with a laser tuned to 488nm excitation at 5% power and 510-550nm emission range.
Images of three dendritic segments with a length of 40pum were taken from the secondary apical
dendrite (Figure 4.2) per neuron, 3 neurons per mouse, and 3 mice per genotype were evaluated.
This is a total of 54 images. Z-stacks acquired by confocal microscopy were then exported and

processed with Imaris software (Version 9.7.2; Bitplane, Belfast, UK).

4.2.1.3 Automated image analysis using Imaris

In Imaris surpass mode, a new filament was created using the auto path mode and a region of
interest (ROI) was selected. To select an ROI, we identified a dendritic region of 40um that
branch off from the primary apical dendrite (Figure 4.2). A minimum dendrite end diameter
was measured for each dendrite and a single dendrite starting point was assigned. Automatic
thresholds were used for assigning dendrite end points. To trace spines, the maximum length
and minimum spine end diameter were set at 3um and 0.2um, respectively. This allowed
detection of dendritic spine in the subsequent steps. Automatic thresholds were used for
generating spine seed points and surface rendering. After generating the trace, a filter was
applied to ensure all dendritic protrusions less than 3um in length were assigned a spine. For
each subsequent image processed, an ROI was selected, a dendrite starting point was assigned,
and then the trace was built by clicking finish. Spines were classified as stubby, mushroom,
thin, and filopodia, using the “Classify Spines” plug-in by MATLAB (vR2017b; MathWorks,
MA, USA), following the parameters set in Imaris as shown in Table 4.1. The data were

subsequently exported for unblinding and statistical analysis.
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4.2.2 Multielectrode Array analysis

4.2.2.1 Newborn pups and primary cortical neuron cultures

24-well MEA plates were sterilised with 70% ethanol and air dried overnight in a laminar flow
hood with UV light on for 30 minutes. The plate was subsequently coated with Img/ml Poly-
L-Lysine and incubated overnight at 37°C. Following day, the substrate was removed from
each well and the surface was washed five times with sterile water to remove any unbound
PLL. The washed MEA plate was then stored in the 37°C tissue culture incubator with sterile
water in each well until further use. Neural feed (Neurobasal-A media, 2% B27 supplement,
1% penicillin/streptomycin (PenStrep)) and Neural seed (neural feed media and 10% FBS)
media was made prior to culturing neurons. Neural feed media was subsequently made fresh
each week.

A total of 12 newborn mice (postnatal day 0) per genotype were transported via road
from CMPH, Flinders University to the University of Adelaide and kept warm during transport.
Upon arrival, the pups were humanely euthanised by decapitation with sharp scissors in an
animal procedure room, and the brain was removed and put in a 10mL sterile tube containing

cold neurobasal-A media and transported to the lab on ice for dissection.
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Figure 4.2. Dendritic spine morphologies in the apical dendrite of layer 5 pyramidal
neuron. (A) illustrated GFP positive layer 5 pyramidal neurons in the motor cortex and the
ROI chosen for dendritic spine assessment, i.e., 40pum from the branch point as shown above,
(B) dendritic spine morphology from filopodia to long thin (immature), and stubby to

mushroom spines (mature). Scale bar is Spm.
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Table 4.1 Spine classifications parameters from Imaris

Type Parameters

Long-thin spines Mean width(neck)*2 < length(spine) AND
mean_width(neck) <= max_ width(head)

Mushroom spines Mean width(head) > mean width(neck)

Stubby spines Length(spine) < 1

Filopodia Mean width(head) <= mean_width(neck)
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The cerebral cortex was dissected using a pair of super fine forceps in dissection media
(made up with 500mL of HBSS, 3.5ml of 1M HEPES buffer, 1% Glutamax and 1% PenStrep,
filter sterilised and pH to 7.3). Dissected cerebral cortex was subsequently enzymatically
dissociated in trypsin solution containing Img/mL DNase I for 25mins, swirled briefly every
5 minutes. The trypsin was then neutralised by the addition of neural seed media supplemented
with 10% FBS. The tissue was dissociated mechanically with a fire polished glass pipette and
the media was supplemented with 1 mg/mL DNase 1. The dissociated cortical cells were then
plated at a density of 1x10° cells per well in a 24-well MEA plate. The cells were cultured in
neural seed media overnight and the media was changed to neural feed media the following

morning.

4.2.2.2 Primary cortical neuron cultures treated with rotenone

Select cultures were also exposed to rotenone, a potent inhibitor of complex I of the
mitochondrial respiratory chain. In this instance, a media change to neural feed was
supplemented with 0.1nM rotenone made up fresh every three days. The rotenone was
resuspended in 100% DMSO and the final concentration of DMSO in media was less than
0.005%. Plates were incubated in a humidified incubator at 37°C supplied with 5% CO,. The
media was changed (50% changed; half old media and half new media) every 3 days thereafter.

4.2.2.2 Dataset and recording set-up

Field potential recordings were conducted at 7, 14, 21, and 28 days in vitro (DIV). For the
rotenone study, electrophysiological recordings were done at 6, 12, 18, and 24 DIV. Prior to
recording, each of the 24-well plate was removed from the incubator and placed in a humidified
chamber at 37°C under a constant flow of humidified gas (5% CO2, 20% O2, 75% N>).
Recordings began after 30 minutes of equilibration when the baseline neuronal activity
was first recorded. Neuronal activity was measured with the MEA2100-Lite head stage (Multi
Channel Systems, Germany) connected to the MCS-IFB interface board (Multi Channel
Systems, Germany). Neuronal activities were recorded with a sampling rate of 20 kHz. After
filtering, a threshold of + six standard deviation was set for each channel to reduce the
likelihood of detecting spurious/noise signals and activity exceeding this threshold was counted

as a spike (284). The settings for burst detection in each electrode were a minimum of four
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spikes with a maximum inter-spike interval of 0.1 second, which meant that if four or more
spikes occurred within a 0.1 second window, they were considered to be part of the same burst.
Moreover, the settings were chosen based on previous studies where a minimum of four spikes
are considered a burst (284). The burst duration, number of spikes per burst, and interburst
interval were analysed by multi-well analyser software (Version 2.0.2.0, Multi-Channel
Systems, Germany). The recording lasted for 10 minutes, and all devices were maintained at
37°C under a constant flow of humidified gas to preserve the microenvironment.

To ensure consistency when acquiring MEA data, all the experimental procedures,
including the animal dissection, cell counting and plating, medium changes, and recordings
were conducted by the same individual. All data were analysed and visualised using Prism9

(Version 9.4.1).
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4.3 Results

4.3.1 No change in dendritic spine density or morphology in Sgsh*P3INEGFP

motor cortical pyramidal neurons

Examples of the images collected of a dendrite segment displaying dendritic spines on the
secondary apical dendrite are shown in Figure 4.2 A, B. There were no changes in total
dendritic spine density in Sgsh™P3NEGFP cortical pyramidal neurons compared to Sgsh ™" EGFP
at 24-weeks of age (Figure 4.3, C). Moreover, classification of dendritic spines based on
synaptic maturity (spine subtypes) also showed no statistical significance in spine maturation

(Figure 4.3, D).

4.3.2 Electrophysiological recording of primary cortical neural cultures derived

from Sgsh*P3'N mice show altered network burst activity

Electrophysiological recordings of primary mouse cortical neurons were conducted on the
multi-electrode array (MEA) platform to establish if Sgsh™P*!N cortical neural cultures have
altered neuronal activity. Cortical tissue was harvested from euthanised newborn mice pups
(day 0) and neuronal activity was recorded after 7, 14, 21, and 28 DIV. Using the MEA system,
the field potentials of mouse primary cortical neurons cultured in 24-well plates were detected
(Figure 4.3, A-B). Studies have shown that primary mouse neural cultures start exhibiting
global synchronised bursts around 19-20 days of culture and that neural cultures start to
deteriorate in day 28 (285). Hence, only day 7, 14, and 21 data are presented.

In Figure 4.4 A and B, representative images show the neural cultures on MEA plates.
Bursting activity in Sgsh™P*!N primary cortical neural cultures showed reduced spike count
(Figure 4.4, C), burst duration (Figure 4.4, E), and interburst interval (Figure 4.4, J) at day 7 in
vitro compared with Sgsh™" mouse cultures. No changes in burst count, burst spike count,
spike rate, burst spike rate, and percentage of spikes in burst were observed at this point.
However, in day 14 in vitro, a reduced burst count (Figure 4.4, D), and burst duration (Figure
4.4, E) were evident in Sgsh™P3N neurons with no changes observed in the other
electrophysiological parameters assessed. Interestingly, no changes in burst activity were

found at day 21 in vitro except for burst spike rate activity (Figure 4.4, H).
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Figure 4.3. Dendritic spine densities on layer S5 pyramidal neurons in the cerebral motor

h+/+ EGFP h+/D31N EGFP

cortex of Sgs

of dendritic spines in Sgsh** EGFP (A) and Sgsh /P3N EGFP phyramidal neuron (B). (C) overall
P 8.

and Sgs mice aged 24-weeks. (A-B) representative images
dendritic spine density, (D) Densities of dendritic spine sub-types. Overall, there were no
evident changes of spine density in the layer 5 pyramidal neurons between genotypes. n = 3
dendritic segments per cell; 3 cells per animal; 3 animals per genotype. Data are represented
as mean = SEM and individual animal averages are shown as dots. Experimenter was blinded

to genotype.
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The parameters assessed in Figure 4.5 reflect the neuronal activity of the whole network
and measure the degree of synchronisation and coordination between neurons in the network.

h /P3N peural

In Figure 4.5, significant changes in network burst activity were evident in Sgs
cultures at day 21 in vitro. A decrease in network burst count (Figure 4.5, A), network burst
spike rate (Figure 4.5, D), and percentage spikes in network burst (Figure 4.5, E) was observed.
Moreover, the average time between events, which consists of episodes of relatively fast
spiking separated by periods of quiescence is decreased as shown in network interburst interval
(Figure 4.5, F), indicating altered and delayed neuronal activity in Sgs#*P3'Nneurons compared
to Sgsh** neurons. However, no changes in network burst duration (Figure 4.5, B) and network
burst spike count (Figure 4.5, C) was observed at day 21. Changes in network burst duration
and network burst spike count were only apparent at day 7 and day 14 (Figure 4.5, B-C) with

Sgsh™P3 N recorded to have reduced neuronal activity with shorter burst activity compared to

Sgsh™* neural cultures.

4.3.3 Electrophysiological recording on rotenone-treated primary cortical neural

cultures in Sgsh™P3'N and Sgsh** mice

To test the multiple hit hypothesis theory, which states that the development of clinical diseases
or disorders results from a combination of multiple genetic or environmental factors (286), an
environmental insult was introduced into the neural cultures to determine if rotenone would
hasten (or worsen) the dysfunction of neuronal network activity in Sgs#™P3'N neurons.
Rotenone is a commonly used pesticide in the agriculture industry (287-289) and exposure to
it has been linked to the development of PD due to its potent inhibition of complex I of the
mitochondrial respiratory chain (290). In this study, primary cortical neural cultures established
from Sgsh*P3N and Sgsh™* mouse pups (day 0) were treated with 0.1nM rotenone
concentration and controls received an equivalent volume of diluent (DMSO). The
concentration of rotenone supplied was determined based on previous studies (14, 291, 292)
where 0.1nM rotenone have been shown to have the least impact on cell viability as well as
apoptosis. Electrophysiological recording of the neurons was undertaken every 6 days up to 24
days in vitro (Figure 4.6). However, due to loss of neuronal activity in day 24 cultures, only

day 6, day 12, and day 18 cultures were analysed.
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Figure 4.4. Bursting activity in primary cortical neural cultures at Days 7, Day 14, and
Day 21 in vitro. (A-B) In vitro images of Sgsh** and Sgsh™P3'N primary cortical neurons at
day 21, (C) spike count, (D) burst count, (E) burst duration, (F), burst spike count, (G) spike
rate, (H) burst spike rate, (I) percentage spikes in burst, (J) interburst interval. At day 7, a
reduction was observed in the spike count, burst duration, and interburst interval in Sgsh /P3N
neurons. On day 14, a decline in burst count, and burst duration was observed. On day 21, the
only changes observed was a decline in the burst spike rate, demonstrating a reduction in the
overall burst activity of Sgsh™P3'Nneurons. n = 6 mice/genotype; 4 technical replicate per mice;
Each point in the graphs represents one biological replicate; Multiple t-test; *P < 0.05, **P <
0.01, ***P < 0.001. Data are represented as mean = SEM.
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Figure 4.5. Network burst activity in primary neural cultures at Days 7, 14, and 21 in
vitro. (A) network burst count, (B) network burst duration, (C) network burst spike count, (D)
network burst spike rate, (E) percentage spikes in network burst, (F) network interburst
interval. Sgsh /P3N neurons show a decrease in network burst count, network burst spike rate,
percentage spikes in network burst, and network interburst interval at day 21 in vitro with no
changes observed in network burst duration and network burst spike count. Changes in network
burst duration and network burst spike count was only apparent at day 7 and day 14. n = 6
mice/genotype; 4 technical replicates per mouse; Each point in the graphs represents one
biological replicate; Multiple t-test; *P < 0.05, **P <0.01, ***P <0.001. Data are represented

as mean = SEM.

113



In the vehicle control group, network burst duration was found to be significantly
decreased in Sgsh™P3™N primary neural cultures compared to Sgsh** cultures at day 18,
indicating a decrease excitability and synchronization of neuronal firing (Figure 4.8, B).
Interestingly and in contrast to the findings in Figure 4.4 and 4.5, there were no statistically
significant changes in other parameters of burst and network burst activity in the vehicle group
between Sgsi /P3N primary neural cultures compared to Sgsh™* cultures (Figure 4.7, 4.8).

Sgsh™P3N neural cultures treated with 0.1nM rotenone exhibited a decrease in burst
spike count (Figure 4.7, D), and burst spike rate (Figure 4.7, F) compared to rotenone treated
wildtype cultures at day 6. No changes in bursting activity were observed in day 12. However,
at day 18, percentage spikes in burst (Figure 4.7, G) showed a decreased in overall firing
activity with increased interburst interval (Figure 4.7, H), suggesting Sgs/ /P3N neural cultures
treated with 0.1nM rotenone had lower spiking activity and delayed burst of electrical activity.
Moreover, Sgsh*P3N cultures treated with 0.1nM rotenone also showed a longer time in

bursting activity compared to vehicle treated Sgsh /P3N

cultures, indicating that treatment with
0.1nM rotenone affects neuronal firing (Figure 4.7, H).

In Figure 4.8, network burst activity in Sgsh™P3'N neural cultures treated 0.1nM
rotenone exhibited significant reduction in network burst duration (Figure 4.8, B) compared to
rotenone treated Sgsh™* cultures at day 6. Interestingly, a shorter network interburst interval
was observed at day 12 between rotenone treated Sgsh*P3'N neural cultures compared to
vehicle treated Sgsh™P3N cultures (Figure 4.8, F), indicative of faster neural firing in the
neuronal network. Significantly decreased network burst duration was observed in day 6, and
12 between vehicle treated Sgsh™P3'N cultures and rotenone treated Sgsh*P3'N cultures,

suggesting the treatment with 0.1nM rotenone affects neuronal firing in these neural cultures

(Figure 4.8, B).
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Figure 4.6. Timeline of experimental design for mouse primary cortical neurons treated
with 0.1nM rotenone. Primary mouse cortical neural cultures were treated with low dose
rotenone (0.1nM) supplemented in media every 3 days. Cell media and rotenone were made
up fresh every media change. After the media was changed on day 6, 12, 18 and 24, the plates
were returned to the incubator for an hour to allow neural activity to stabilise prior to MEA

recording.
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Figure 4.7. Bursting activity in 0.1nM rotenone-treated Sgsh”P3!N primary cortical neurons at day 6, 12, and 18 in vitro. (A) spike count,

(B) burst count, (C) burst duration, (D) burst spike count, (E) spike rate, (F) burst spike rate, (G) percentage spikes in burst, and (H) interburst

interval. Primary mouse neural cultures treated with 0.1nM rotenone exhibited perturbation in burst spike count, and burst spike rate at day 6 in

Sgs

h+/D31N

neural cultures. No changes in bursting activity was observed at day 12. However, percentage spikes in burst and interburst interval

showed alteration in neuronal activity at day 18 in Sgsh™P3!N cultures. Interburst interval exhibited a significant delay in network firing in rotenone

treated Sgsh P3N cultures compared to vehicle treated Sgsh™P3'N cultures. n = 6 mice/genotype in vehicle treated group, n = 3 mice/genotype in

rotenone treated group; n = 3 technical replicates; one-way ANOVA; *P < 0.05, **P < 0.01; Data are represented as mean + SEM.
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Figure 4.8. Network burst activity in 0.1nM rotenone-treated Sgsh™?3!N primary cortical neurons at day 6, 12, and 18 in vitro. (A) network
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network interburst interval. Network burst duration was ignificantly reduced in 0.1nM rotenone treated Sgsh P3N cultures compared to rotenone
treated Sgsh™" cultures at day 6. Network burst duration was significantly reduced in the rotenone treated Sgsh P3N neural cultures compared to
vehicle treated Sgsh™P3!N cultures at day 6, and 12. Moreover, rotenone treated Sgsh P3N neural cultures also showed a faster neural burst in day
12, suggesting Sgsh™P3'N neural cultures exhibited a shorter network burst duration with delayed burst. n = 6 mice/genotype in vehicle treated
group, n = 3 mice/genotype in rotenone treated group; n = 3 technical replicates; one-way ANOVA; *P < 0.05, ***P < 0.001, ****P < 0.0001;

Data are represented as mean = SEM
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4.4 Discussion

4.4.1 No alterations in dendritic spine densities in layer S pyramidal neurons in

motor cortex of Sgsh”P3INEGFP pjce

To the best of our knowledge, this is the first study to investigate dendritic spine density and
morphology in mice with a heterozygous mutation in a gene encoding a lysosomal
enzyme/protein. Whilst Douglass et al. reported the presence of subtle structural changes in
the dendritic morphology of cortical pyramidal neurons in 84-week-old Sgsh P3N mice (161),
no evaluation of spine density was undertaken. In the present study, no overt changes in
dendritic spine maturity or density were observed on layer 5 pyramidal neurons in the motor
cortex of 24-week-old Sgsh*/P3NEGFP mice, indicating that any changes in protein synthesis at
24 weeks does not affect the morphology of these neurons. The impact of carrying this mutation
on other neuronal subtypes is unknown. Given that MPS IIIA mice exhibit reduction in
dendritic spines in the cerebral cortex, future studies should evaluate the brains of older mice

and explore the hypothesis that the dendritic aberration occur on a continuum.

4.4.2 Perturbation of network burst activity in cortical neural cultures

Although no changes in dendritic spine density were seen in the layer 5 pyramidal neurons in
the motor cortex of Sgsh*P3'™N mice, distinct changes in network burst activity were observed
in the cortical neural cultures (Figure 4.4). Reduced spiking rate with delayed neural burst
activity was evident in Sgsh*/P3!N neurons compared to Sgsh*/*, suggesting altered neuronal
function. The reduced activity in neuronal networks in Sgsh*P3!N neural cultures could be
related to the changes observed in the proteomic data in Chapter 3. Specifically, perturbation
in proteasome pathway was found to be significantly enriched at 0-week timepoints and play a
crucial role in degrading and removing misfolded or damaged proteins from the cells (293).
Endoplasmic reticulum-associated degradation (ERAD) and the proteasome are interconnected
processes that help maintain protein homeostasis in cells by removing misfolded proteins
(190). The ERAD pathway identify and target misfolded or damaged proteins to be
retrotranslocated from the ER to the cytosol and then delivered to the proteasome for
degradation (190, 238, 239). Hence, perturbation in proteasome pathway can result in the

accumulation of misfolded proteins and ER stress, leading to neuronal cell death and impacting
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synaptic transmission in the neural cultures (191). Moreover, it was hypothesised that defects
in oxidative phosphorylation in neurodegenerative diseases are caused by the accumulation of
misfolded proteins (294). Hence, it is not surprising to see that dysregulated proteins involved
in oxidative phosphorylation pathway was found to be perturbed at 0-week timepoint in
Sgsh™P3N mice (Chapter 3, Table 3.4). Oxidative phosphorylation is the primary site of
cellular ATP production within the mitochondria and play a crucial role in maintaining
neuronal homeostasis such as generating action potentials, release of neurotransmitters and
intracellular signalling (295). Therefore, dysregulation of oxidative phosphorylation may

h*/P3Npeural cultures. However,

potentially contribute to altered neural network activity in Sgs
a repeat experiment is required to confirm this observation and future studies would include

assessment of proteostasis in Sgs/#™P*'™N mouse motor cortex to verify the findings.

4.4.3 Rotenone-treated neural cultures showed alteration in neural activity

Sgsh*/P3N and Sgsh™* primary cortical neural cultures treated with 0.1nM rotenone exhibited
conflicting outcomes compared to data observed in section 4.4.2. This is evident where vehicle
treated Sgsh™* and Sgsh*/P3™N neural cultures showed no aberration in network burst activity
between genotypes. On the other hand, Sgs/ P3N neural cultures treated with 0.1nM rotenone
revealed an effect on network burst activity where a decreased in network burst duration at
both day 6 and 12 was observed. This study indicates that the amount of time that the neurons
in the network were firing together in a synchronised manner was reduced. These findings
suggest that exposure to rotenone leads to a decrease in firing activity within the Sgsh™P3IN
neural network but not in Sgsi**, indicative of neural damage and susceptibility to the toxic
effects of rotenone in Sgsh™P*'N neural cultures. The study also showed that rotenone exposure
did not further exacerbate the dysfunction of neuronal network activity as hypothesised,
though, a dysfunction in network burst duration was observed. Theoretically, rotenone
exposure to neurons would increase oxidative stress as well as superoxide radicals, resulting in
mitochondrial dysfunction (296). As a consequence, this can lead to the activation of apoptosis
pathways, which ultimately results in the death of affected neurons (290). Moreover, rotenone
exposure is also associated with the inhibition of proteasome pathway, which is responsible in
breaking down and removing damaged or misfolded proteins, including alpha-synuclein (297).
Hence, we would anticipate that the inhibition of proteasome system by rotenone might lead

to increased accumulation of misfolded sulfamidase proteins in this study due to D3IN
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mutations, leading to further dysfunction and stress in the neural networks. However, this is
not the case in this study and a repeat study is warranted to confirm these observations.

A possible explanation for the conflicting data in 4.4.2 and 4.4.3 could potentially be
due to technical errors in culture establishment. Indeed, the mice allocated for this experiment
was born on the same day, and a total of 12 mice were euthanised, with neural cultures
subsequently established. However, the process of harvesting and isolating neuronal cells from
the dissected cerebral cortex took longer than expected, potentially affecting the quality of the
cultures. As a result, data variations were evident in the 0. InM rotenone treated cultures (Figure
4.7 and 4.8). Additionally, the extended duration required to establish the neural cultures from
12 mice may potentially cause the temperature of the cold dissection media, used for dissecting
the cerebral cortex to rise in temperature, resulting in accelerated neuronal cell death, thereby
further impacting the culture conditions. Hence, a repeat study is required to validate these
findings and assess the impact of rotenone exposure on Sgsi /P3N neural cultures as well as

the impact it has on synaptic transmission by interrogating changes in synaptic proteins.

4.4.4 Limitations and Future Directions

Given that the equivalent human age for 24-week old mice is around 20-30 years in humans
(273), dysfunction of dendritic spine density may not be detected at this timepoint. Hence,
future studies, would need to evaluate older timepoints to monitor changes in neuronal
morphology and activity in Sgs# P3N mice neurons and may need a larger sample size to find
a statistical difference. Additionally, the current study only looked at changes in the cerebral
cortex. Given that neurological diseases affect different parts of the brain, it is important to
evaluate other brain areas such as hippocampus to fully understand the risk of Sgsh
heterozygosity in the CNS.

Primary neurons harvested from newborn mice pups also have some disadvantages.
Isolation of healthy neurons is dependent on the user’s skills and experience in dissection and
preparation of cultures. Primary neurons are also highly sensitive to insult as subtle changes in
reagents or environment in cultures can lead to neuronal cell loss (298). Moreover, neurons
prepared using these techniques have a higher proportion of non-neuronal cell types compared
to cultures that was prepared from embryos due to the developmental stage of the animals. It
is estimated that the proportion of glial cells can vary between 10-20% and are relatively

present in low numbers compared to neurons (299). Additionally, maintaining healthy cultures
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beyond 28 days in vitro can be extremely difficult and studies are usually limited to a time
period. Hence, to reduce the number of glial cell contamination in cultures, embryonic day 18.5
or earlier is recommended as gliogenesis begins around embryonic day 16 (300). Further, the
use of inhibitors, such as cytosine arabinoside (ara-C) can inhibit the growth of dividing non-
neuronal cells in long-term cultures.

Finally, assessment of synaptic activity in pre- and post-synaptic markers were unable
to be completed due to lower number of isolated neuronal cells harvested from newborn mice
pups. Hence, future studies could potentially use brain tissue sections of similar age to assess
for pre- and post- synaptic markers to determine synaptic function. Studies have also shown
that electrophysiological properties can differ between male and female mice as sex hormones
in these animals can have an impact on synaptic plasticity in neurological disease (301, 302).
For example, a study conducted by Zhang and colleagues uncovered significant sex differences
in input resistance and in the percentage of neurons that displayed post-inhibitory rebound,
which was larger in media preoptic area neurons in the hypothalamus in male compared to
female mice (303). Moreover, dendritic branching of cells in the prefrontal cortex of female
rats showed less apical arbor than males in the agranular insular cortex (304). However, given
that newborn mice pups were used, identification of sex was unable to be determined and
stratification of electrophysiological data between genders in mice was unable to be analysed.
Future studies may also include Y chromosome in situ hybridisation to allow for identification

of Y chromosome in cells, allowing for separation of data by gender.

121



4.4 Conclusion

Overall, for the first time, the densities and morphologies of dendritic spines were assessed in
the Sgsh™P3NEGFP mouse motor cortex. This study shows that layer 5 pyramidal neurons in the

motor cortex of Sgsh /D3N EGFP

mice showed no significant changes in dendritic spine density
or maturity at 24-weeks old. However, altered network burst activity was observed in cortical
neural cultures derived from newborn Sgsh P3N mouse brain and maintained to day 21 in vitro,
suggesting perturbed neuronal function despite no evidence of morphological differences.
Further, Sgsh /P3N neural cultures that was treated with rotenone did not further exacerbate the
dysfunction in neuronal network activity, potentially due to technical errors in neural cultures
establishment. However, a repeat assay is required to confirm this observation. Overall, the
data indicate that Sgsh D31N heterozygosity may lead to subtle impairment in cortical neural
function, which may potentially be hastened by an environmental insult, however, given the

preliminary nature of the experiments, further validation studies are needed to confirm the

findings.
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Chapter 5: Metabolic profile of fibroblasts from Sgsh D31N mice

and patients carrying disease-causing mutations in SGSH gene

5.1 Introduction

Mitochondria are membrane-bound organelles found in most eukaryotic cells and play a crucial
role in several metabolic functions. Their primary role is to produce adenosine triphosphate
(ATP) through oxidative phosphorylation (OxPhos), which is supported by the tricarboxylic
acid cycle (TCA) (305). The process of OxPhos occurs within the inner mitochondrial
membrane, where five large-enzymatic complexes are located within the cristae (306). The
electron transport chain functions by shuttling electrons along the mitochondrial membrane
and pumping protons into the intermembrane space, creating a mitochondrial membrane
potential (307). The proton gradient generated by the electron transport chain is used to power
the production of ATP from ADP by the ATP synthase (308). A summary of the process is
shown in Figure 5.1.

Given their central role in cellular homeostasis, mitochondrial dysfunction is emerging
as an important contributory factor to the pathophysiology of several neurodegenerative
diseases, including LSDs. The causes of mitochondrial impairment in LSDs are thought to be
multifactorial and leads to impaired mitophagy, changes in mitochondrial morphology,
decreased mitochondrial membrane potential, and oxidative stress (reviewed in (309)).
Moreover, impaired mitochondrial function can directly affect the function of the lysosome by
increasing the generation of reactive oxygen species (ROS) and depriving the lysosome of ATP
for the maintenance of lysosomal lumen acidity via V-ATPase proton pump (310).
Dysregulation of autophagic flux can also have a major impact on mitochondrial function,
resulting in impaired clearance of dysfunctional mitochondria.

A study conducted in MPS IIIC mice reported changes in mitochondrial morphology
where the mitochondria appeared enlarged, structurally abnormal and swollen with many of
them containing disorganised cristae (228). In addition, a decrease in mitochondrial respiratory
chain (MRC) complex II and IV activities was observed in isolated mitochondria from the brain
of MPS IIIC mice and a deficit in cerebral CoQ10 levels was observed at the latter stages of
the disease (227, 228). Interestingly, human MPS IIIC patients were also reported to have a
deficit in plasma CoQ10 (311), possibly due to low levels of vitamin B6 detected in these
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Figure 5.1. Mitochondria are the site of ATP synthesis. Mitochondria are responsible for
generating energy in the form of ATP. Glucose, lactate, fatty acids, and amino acids are utilised
to create a flow of electrons through the NADH and FADH:> carriers. These electrons then
travel to the electron transport chain, where they are used to produce ATP through a process
called oxidative phosphorylation. This process is facilitated by several proteins, including,
voltage-dependent anion channel, isocitrate dehydrogenase 2, a-ketoglutarate dehydrogenase,
succinate dehydrogenase, branched-chain amino transferase and acyl CoA synthetase.

Electrons and reducing equivalents are depicted in yellow. Diagram obtained from (306).

124



patients. Furthermore, studies on MPS IIIA mice revealed impaired mitophagy and significant
accumulation of mitochondria in brown adipose tissue (BAT) (312). This correlated with a
significant accumulation of mitochondrial markers such as TOMM20 and cytochrome b-cl
complex subunit 1 in MPS IITA mice compared to wildtype controls. Additionally, the study
also revealed a significant increase in the number of mitophagosomes in MPS 1IIA BAT (312).
This study suggests that the increased mitochondrial activity in BAT and the persistent rise in
energy demand in MPS IIIA mice was driven by a reduced ability to generate energy.
Moreover, proteomic studies in the MPS I1IB mouse model revealed alterations in metabolic
pathways such as ATP synthesis, glycolysis, pyruvate metabolism and TCA cycle, thus, further
suggesting that the metabolism associated proteins may contribute to the pathogenesis of
neuropathology in MPS III (237). Trudel and colleagues have also suggested that oxidative
stress may be a direct result of cellular heparan sulfate accumulation in MPS IIIB mice,
although the mechanism is yet to be elucidated. Given that the mitochondria play an important
role in cellular homeostasis, and the maintenance of healthy neurons, there is a lack, and a need
to explore mitochondrial health in human Sanfilippo patient and whether there are dosage
effects in carriers of SGSH gene mutations. One promising approach to explore this area is
through the use of hyperspectral imaging microscopy.

Hyperspectral imaging is a novel technology which examines endogenous fluorophores
and non-invasively assesses the molecular composition of cells and tissues using a wide
spectrum of light (Figure 5.2) (313). This type of imaging uses multiple light-emitting diodes
with different excitation and emission wavelengths to capture endogenous auto-fluorescent
signatures (314, 315). The broad-spectrum approach, which covers excitation wavelengths
from 340nm to 750nm, enables the detection of variety of endogenous fluorophores integral to
cellular metabolism, including but not limited to NADH and FAD, thereby providing insight
into cellular respiration (314). NADH and FAD are involved in oxidative phosphorylation and
serve as valuable markers for cellular metabolism, with increased FAD abundance indicating
higher metabolism and increased NADH abundance signifying lower metabolism (316).
Hyperspectral imaging has been used in medical research such as in reproduction, cancer, and
in neuroscience (313, 317, 318). Evidently, hyperspectral imaging can detect subtle alterations
in metabolic signatures between disease and healthy states as shown in pancreatic cancer cells
(314), olfactory cells (315), and articular cartilage tissue (313). Moreover, the use of
hyperspectral imaging in reproductive biology was able to discern between good and poor-

quality bovine embryos (316, 319). Positioning, hyperspectral imaging as a promising
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technology with potential to inform changes of cellular metabolic activity through the analysis
of biomarker fluorophores specific to various metabolic pathways, for example, FAD and
NADH, which are involved in the generation of energy through oxidative phosphorylation.
Overall, the experiments in this Chapter aimed to explore general metabolic and
specific mitochondrial health in Sgsh™P3'N mouse and SGSH heterozygous human fibroblast
carrying disease causing SGSH mutation. SGSH homozygous cells from patients with MPS
ITITA were included as a positive control sample for comparison. The investigations focused on
examining the metabolic parameters in both mouse and human Sanfilippo fibroblasts by
utilising mitochondrial assays (tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye and
Seahorse Mito Stress test) and hyperspectral microscopy. JC-1 dye is a mitochondrial
membrane potential-sensitive dye, which exhibits a shift in fluorescence from green to red as
the membrane potential increases, allowing for the assessment of mitochondrial health in cells
whilst the Seahorse Mito Stress test is an assay that measures oxygen consumption rate in cells
to assess mitochondrial respiration using specific modulators of electron transport chain
complexes to interrogate several metabolic parameters of mitochondrial activity in vitro (320,
321). Hence, this study aimed to provide insight into the specific nature of mitochondrial
dysfunction in Sanfilippo type A cells as well as whether gene dosage effects were seen in cells

with heterozygous Sgsh/SGSH gene mutations.

126



Diagnostic Value, Esp. Changes

Fluorophore Function Ex::lt:‘t;on Emission (nm) Depending on Progress of
Disease
Structural Altered in neoplastic lesions or
ol protein in ECM B0=ow = fibrotic states, e.g., in liver fibrosis
Elastin Str.uc‘tural 350-420 420-510 Altered expression in invasive
protein in ECM tumors
R Structural Altered expression in invasive
Kesatin protein in ECM 355405 420-480 tumors, delineate tumor borders
A Cofactor in 440 (bound); Biomarkers of energy metabolism
e redox reactions 330-3%0 462 (unbound) and redox state
: Biomarker of energy metabolism
FAD Cofactor " 440450 525 and redox state e.g., in cancer
redox reactions fo A
rmation
—1 1 . Formation of Altered in dental caries and
H Porgnia heme “» =00 neoplastic lesions
LIS
End product of : .
- U Lipofuscin lysosomal 400-500 480-700 B'°m'ke5.°f SEEEnEnative
=] i ; iseases
- digestion
=H= AGEs Metabolic 300-420 420-600 Accqmulate with ege a.nd
il by-products progressive degenerative diseases
L i : .
| Amino acids, . - .
== e.g, Tyrosin, mel:r:bt(e);ir;m <310 5500 Altered abutr::‘:;g:se in invasive
Tryptophan
\4 Regulation of Postulated candidate fluorophore
g Calcium-sensing  parathyroid 785 822 for parathyroid AF, distinguishing
receptor hormone (PTH) between parathyroid and
secretion surrounding tissues
400nm 500nm 600nm 700nm

Visible Light
Figure 5.2. Overview of hyperspectral imaging and commonly known endogenous fluorophores. Hyperspectral imaging is a novel technology
which utilises endogenous fluorophores to non-invasively assess the molecular composition of cells and tissues. All wavelengths are approximate
values of the optimal excitation and emission spectra of fluorophores found in cells. Table in the figure obtained from (322). ECM = Extracellular
matrix; NAD(P)H = Nicotinamide adenine dinucleotide phosphate hydrogen; FAD = Flavin adenine dinucleotide; AGEs = Advanced glycation

end-products.

127



5.2 Methods

5.2.1 Mitochondrial assays

5.2.1.1 Cell Culture Lines

Established mouse fibroblast cell lines were obtained from the Childhood Dementia Research
Group, Flinders University. Cells were used at passage 6 and 14 in these experiments and
cultured at 37°C with 5% CO2in DMEM and Ham’s nutrient F12 (50:50) media supplemented
with 20% v/v Fetal Bovine Serum (FBS), 1% Glutamax, and 1% Penicillin-Streptomycin
(PenStrep).

Human fibroblast cell lines were purchased from the Coriell Institute for Medical
Research (New Jersey, United States) and were all examined at passage 12. The cells were
cultured at 37°C with 5% CO> in DMEM media supplemented with 20% v/v FBS, 1%
Glutamax, and 1% PenStrep. Information on both mouse and human fibroblast cell lines can
be found in Table 1 and 2. All cell lines were negative for mycoplasma as determined using

Mycoplasma PCR detection kit by the candidate.

5.2.1.2 Mitochondrial membrane potential (A¥m)

Changes in the mitochondrial membrane potential (A¥'m) in both mouse and human fibroblast
were assessed using the fluorescent reagent tetraethylbenzimidazolylcarbocyanine iodide (JC-
1) mitochondrial membrane potential dye following the manufacturer’s protocol. Fibroblast
cells were seeded at a density of 3x10* cells per well and allowed to adhere overnight in a
black, clear-bottom 96 well plate. The following day, cells were incubated with SuM JC-1 dye
in DMEM media with no phenol red for 15 minutes at 37 °C, protected from light. JC-1 dye
was then removed, and cells were washed twice with preheated media. 100pL of DMEM media
with no phenol red was then added to each well and read on iD5 SpectraMax (Molecular
Devices, CA, USA) plate reader using the red fluorescence in excitation/emission (530/590nm)
and green fluorescence excitation (475/530nm). The ratio of red over green fluorescence

intensity was analysed, and data visualisation was performed in Prism9 (Version 9.4.1).
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5.2.1.3 Metabolic Flux Analysis

To assess for mitochondrial bioenergetics, mouse and human fibroblasts were assayed using a
Seahorse Bioscience XF Analyser and Mito Stress kit according to manufacturer’s protocol
(Agilent Technologies, User Guide Kit 103015-100). Prior to the assay, cells were plated at
3x10* cells per well in a Seahorse XFe96 cell culture microplate, n = 3 cell lines were used per
genotype with each sample plated in 10 technical replicates. Cells were left at room temperature
for 1 hour to reduce the “edge” effect and incubated overnight at 37 °C, 5% CO prior to
analysis to facilitate cell attachment. Hydration of the sensor cartridge was done overnight
using Seahorse XF calibrant media at 37 °C in a non-CO> incubator. The following day, three
pharmacological compounds were administered sequentially: oligomycin (1.5uM), FCCP
(1.0uM), and rotenone/antimycin A (0.5uM). Three measurement cycles at five-minute
intervals were performed prior to the first compound injection and following every compound
injection, as is standard practise for metabolic analysis. Upon assay completion, the plates were
then fixed with 4% PFA and stained with Hoechst. A cell count was conducted using the well-
scan mode on the CLARIOstar plus (BMG Labtech, VIC, Australia) plate reader as per (323).
This method measures the fluorescence of Hoechst-stained nuclei and was used for cell
normalisation between wells in each plate. The data was then imported to Seahorse Analytics

(available online: seahorseanalytics.agilent.com) for calculations of metabolic capacity.

5.2.2 Hyperspectral Imaging

5.2.2.1 Culturing mouse and human fibroblasts for hyperspectral imaging

Mouse and human fibroblasts (Table 1 and 2) were cultured and maintained in 5% CO2 at
37°C. Using a 35mm glass bottom dish, 1x10° cells were plated in each dish and cultured
overnight to allow the cells to adhere to the glass. Prior to imaging, the cells were washed twice
with PBS without calcium and magnesium and cells were imaged in Hank’s balanced salt

solution supplemented with 1M of HEPES buffer.
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Table 5.1.

Human fibroblasts obtained from the Coriell Institute for Medical Research

No Genotype Cell ID Age Mutation Type of mutation/protein Passage
1 Normal/unaffected GM 38 9, Female n/a Normal 12
2 Normal/unaffected GM 3349 10, Male n/a Normal 12
3 Normal/unaffected GM 3377 7, Male n/a Normal 12
4 Heterozygous GM 886 19, Female E447k or R245H E447K: Missense, misfolded 12

R245H: Missense, misfolded
5 Heterozygous GM 1095 n/a, Female 9-BP-DEL or 9-BP-DEL.: Deletion, truncated 12
NT1307
NT1307: Missense, misfolded
6 Heterozygous GM1096 n/a, Male 9-BP-DEL or 9-BP-DEL: Missense, misfolded 12
NT1307
NT1307: Missense, misfolded
7 MPS IIIA GM 629 10, Male S66W Missense, misfolded 12
8 MPS IIIA GM6110 6, Female R245H Missense, misfolded 12
9 MPS IITIA GMS879 3, Female E447K/R245H E447K: Missense, misfolded 12
R245H: Missense, misfolded

Note: the exact mutation in heterozygous individuals is unknown. It can only be inferred based on the mutations found in their offspring, who has

MPS IIIA.
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Table 5.2.

Mouse fibroblast obtained from the Childhood Dementia Research Group, Flinders University

No Genotype Cell ID Age Mutation Type of mutation/protein Passage
1 Normal/Wildtype 288.1 Day 0 nil Normal 6
2 Normal/Wildtype 288.2 Day 0 nil Normal 6
3 Normal/Wildtype 935.5 Day 0 nil Normal 6
4 Heterozygous 9354 Day 0 +/D31N Missense, misfolded 6
5 Heterozygous 935.8 Day 0 +/D31N Missense, misfolded 6
6 Heterozygous 935.9 Day 0 +/D31N Missense, misfolded 6
7 MPS HIA 183.1 Day 0 D31N/D3IN Missense, misfolded 6
8 MPS HIA 183.2 Day 0 D31N/D3IN Missense, misfolded 6
9 MPS IITA 333.1 Day 0 D31N/D3IN Missense, misfolded 6
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5.2.2.2 Hyperspectral imaging and brightfield imaging

To allow the capture of autofluorescence or native endogenous fluorophores found within cells,
a standard fluorescence microscope (Nikon Eclipse TiE, 40 objective, NA = 1.3) that had been
modified and fitted with a multi-LED light source (Prizmatix Ltd, Givat-Shmuel, Israel) was
utilised. This newly built microscope had an excitation lamp (QuantativeTM, Australia)
comprising of multiple low-powered light emitting diodes (LEDs) with selected bands of
excitation wavelengths (centred at 348, 369, 371, 376, 384, 390,394, 407, 420, 423, 432, 447,
449, 471, 476, 480, 499, 507, 522, 531, 563, 597, 625, and 649nm) used to excite cellular
autofluorescence. Three epifluorescence filter cubes with long pass emission bands centred at
442 nm, 560 nm and 695 nm allowed the measurement of autofluorescence signals in cell
samples in a number of defined narrow bands. The modifications enabled generation of specific
and defined spectral channels (Appendix 7), covering excitation range of between 348-649nm
and emission range of 450-715nm wavelength. In total, 55 spectral channels were available to
measure autofluorescence signals in a biological sample. However, a modified protocol was
utilised due to no autofluorescence signal detected in channels 33-39. Images were then
captured by a digital camera C1140, OCRA Flash 4.0 (Hamamatsu, Shizuoka, Japan). Image
acquisition times of up to 3-5 seconds per channel, with 3-5 times averaging was used to
optimise the image quality in each channel. A total of four images per dish were captured from
the four corners of the glass bottom dish. Each data set was supplemented with a brightfield

image of the sample which was used as a broad reference.

5.2.2.3 Hyperspectral data analysis

Images obtained from the hyperspectral were then processed using a custom-made Graphical
User Interface (GUI) softwares (GUI Visual (324), GUI Preparation v3.12 (313) and
GUI_Segmentation). First, image preparation was carried out to remove any image artefacts,
this includes background fluorescence, Poisson’s noise, dead or saturated pixels. At the
beginning of each experiment, two calibration images (a culture dish with Milli-Q water, and
another with calibration fluid containing NADH and riboflavins were taken using the

hyperspectral system to act as a background reference.
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Figure 5.3. Representative images of the region of interest drawn using GUI segmentation
software. (A) Brightfield image, (B) representative image of channel 8, (C) region of interest
drawn around the cell, (D) cell masks. Fibroblast cell membranes were manually segmented to
create a region of interest/cell mask using the spectral channels prior to further analysis using
GUI preparation to determine the level of fluorescence intensity. Images taken using x40

objectives.
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The background reference image (Milli-Q water and calibration fluid) was included and
subtracted from all images with cells to remove any potential background signals generated
from the glass bottom dish or potentially due to fluorescence contamination from microscopic
optics that may increase fluorescence intensity in all spectral images.

The microscope was calibrated with a mixture of 30mM NADH and 18mM riboflavins
whereby their spectrum span across all spectral channels. The excitation and emission spectra
of this calibration fluid was measured using a fluorimeter (FluroMax Plus-c, Horiba, Japan)
and imaged on the hyperspectral microscope across all spectral channels. The calibration
images were then used to correct the same spectrum measured with the hyperspectral system
by utilising GUI preparation software. Finally, fibroblasts were manually segmented/drawn
using the brightfield image taken concurrently with the hyperspectral images, creating a region
of interest (ROI)/cell mask (Figure 5.3). For fibroblast, the ROI was drawn around the cell
membrane that was clearly visible on the spectral channel.

Moreover, presence of an artefacts (ring effect) during imaging made it difficult to
obtain an accurate readout of fluorescence intensity in all the spectral channels. The artefacts
can obscure signals from the cells, resulting in potentially inaccurate intensity measured.
Hence, in order to work around the artefacts and to keep the analysis consistent, cells within
the artefacts was analysed throughout the study. Also, due to time constraints, the HS machine
and the presence of artefact was unable to be fix, and the data collected for mouse and human

fibroblasts contains the artefact in the background image during analysis.
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5.3 Results

5.3.1 Evaluation of A¥Ym using JC-1 dye in MPS IlIA and Sgsh/SGSH

heterozygous fibroblasts

To determine whether SgshP3NVP3IN and Sgsh™P3IN fibroblast had an altered mitochondrial
activity, the fibroblasts were stained with JC-1 dye and the fluorescence intensity was
quantified using a microplate reader. The JC-1 dye allows for the detection of altered
mitochondrial membrane potential through the accumulation of dye within the mitochondria
in a healthy cell, and lack thereof in an unhealthy cell, thus reflecting changes in mitochondrial
function within a cell. Specifically, the JC-1 dye actively accumulates in the energised
mitochondria (negatively charged mitochondrial membrane), forming large aggregates that
fluorescence in the red wavelength range. On the other hand, unhealthy cells are typically
associated with increased membrane permeability and loss of electrochemical gradient (320),
therefore the JC-1 dye will passively enter the mitochondria to a lesser degree. In this condition,
JC-1 retains its monomer state and remains in the cytoplasm, which emits its original green
fluorescence. The ratiometric difference in red over green fluorescence reflects the changes in
mitochondrial membrane potential (A¥m), and thus of mitochondrial function.

As shown in Figure 5.4 (A), no statistically significant difference in AYm was observed
when comparing SgshP3ND3IN and Sgsh™* mouse fibroblast. However, MPS IIIA human
fibroblasts exhibited a significant decrease in A¥Ym when compared to normal human
fibroblasts, potentially indicating defective mitochondrial function (Figure 5.4, B). On the
other hand, Sgs/"P3'™N mouse fibroblast exhibited a statistically significant increase in A¥m,
potentially indicating an increase in mitochondrial activity compared to Sgsi** mouse
fibroblasts. No perturbation in AWm was noted across SGSH heterozygous human fibroblast,

regardless of the type of SGSH mutation (Figure 5.4, B).
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Figure 5.4 Assessment of mitochondrial membrane potential using JC-1 dye in mouse
and human fibroblast. Changes in the red (~590nm) / green (~529nm) fluorescence intensity
ratio is indicative of disruption of the mitochondrial membrane potential. (A) SgsA™P3'™N mouse
fibroblasts show a significant higher JC-1 fluorescence intensity ratio compared to Sgsh™";

hDP3ND3IN cells compared to Sgsh™*. (B)

however, no significant changes were observed in Sgs
No significant changes can be observed in the heterozygous human cell lines, but human MPS
IITA fibroblasts show a decrease in JC- 1 fluorescence intensity ratio compared to normal

hD31N/D31N and

human fibroblast. The sample size for mouse fibroblast: n = 2 wildtype and Sgs
n = 3 Sgsh*P3N fibroblast cell lines with 10 technical replicates; sample size for human
fibroblast: n = 3 normal human fibroblast with 8 technical replicates, and n = 1 heterozygous
and MPS IIIA fibroblast cell lines carrying different mutations, with 8 technical replicates; All
mouse fibroblasts were utilised at passage 6 and all human fibroblasts were utilised at passage
12 at the time of experiment; *P < 0.05; **P < 0.01; one-way ANOVA; Data are represented

as mean = SEM.
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5.3.2 Mitochondrial profiles of mouse Sgs/# and human SGSH heterozygous
fibroblast

To assess cellular respiration in the fibroblasts, the Seahorse Mito Stress Test was used to
measure the key parameters of mitochondrial function by sequentially blocking the different
OxPhos complexes. Oligomycin is the first compound that was injected into the Seahorse plate.
Oligomycin is an ATP-synthase inhibitor that reduces the influx of electrons, ultimately
reducing ATP production and forcing the cell to consume oxygen via OxPhos (325). As a
consequence, oxygen consumption rate (OCR) is expected to decrease upon exposure to
oligomycin. Following oligomycin treatment, carbonyl cyanide-4-phenylhydrazone (FCCP) is
injected. FCCP is an uncoupling agent that collapses the proton gradient, leading to a disruption
in ATP synthesis. OCR is expected to significantly increase following the administration of
this compound. Finally, a drug cocktail of rotenone and antimycin A (Rot/AA) is injected.
Rot/AA shuts down mitochondrial respiration by inhibiting OxPhos complexes 1 and III
respectively. The addition of this drug is expected to significantly decrease the OCR of cells
following FCCP addition. The sequential addition of these drugs allows for the calculation of
metabolic parameters by observing the changes to OCR (Figure 5.5).

Basal respiration provides the baseline of mitochondrial respiration of the cells in a
standard assay condition prior to adding any drug compounds (326). Maximal respiration
represents the maximum theoretical volume of mitochondrial respiration that the cell can
achieve whilst FCCP uncouples the proton gradient in the OxPhos (326). Proton leak represents
the diffusion of proton across the inner membrane independently of ATP synthase, resulting in
continued consumption of mitochondrial oxygen in the presence of oligomycin. Hence, proton
leak can be an indicator of mitochondrial membrane damage (326). Non-mitochondrial oxygen
consumption measures the consumption of oxygen that is occurring outside of the
mitochondria, such as the cell surface via transplasma membrane electron transport, or by a
subset of cellular enzymes such as nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) oxidase (327). ATP-production coupled respiration is defined as the oxygen
consumption driven by ATP synthesis in the mitochondria to meet the energetic needs of the
cell. Spare respiratory capacity represents the cell’s ability to respond to increase in energy
demand as well as how well the cell can respire to its theoretical maximum. Changes to this

parameter can indicate alterations in mitochondrial biogenesis or mass.
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Figure 5.5. Predicted changes in OCR due to mitochondrial and non-mitochondrial-
related metabolism. Different colours have been used to represent the different OCR

parameters. Graph obtained from BioRender.com
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To determine whether specific mitochondrial and non-mitochondrial metabolic pathways are
impacted in SgshP>"NVP3IN and Sgsh™P3IN fibroblasts, the Seahorse Mito Stress Test was used
to measure the oxygen consumption rate (OCR) in fibroblasts following sequential treatment
with metabolic inhibitor drugs. In Figure 5.6 (A-F), no significant perturbation of OCR was
found across all metabolic parameters assessed. However, there was a notable decrease in OCR

in SgShD31N/D31N

mouse fibroblasts across all metabolic parameters, albeit not quite reaching
statistically significance.

In Figure 5.7 (A), the heterozygous GM886 fibroblast cell line shows a significant
increase while heterozygous GM1096 fibroblast showed a significant decrease in basal
mitochondrial respiration compared to normal human fibroblasts. This finding suggests that
different mutations in the SGSH gene may be associated with distinct mitochondrial phenotype.
In contrast, all MPS IITA human fibroblast displayed a significant reduction in proton leakage,
regardless of the types of SGSH gene mutations (Figure 5.7, B). No statistically significant
effect on proton leakage was observed for SGSH heterozygous human fibroblast (Figure 5.7,
B). Similarly, no significant impact was observed in human fibroblasts on non-mitochondrial
oxygen consumption activity between genotypes (Figure 5.7, C).

When assessing the maximal respiration rate, only heterozygous GM1096 fibroblast
OCR was significantly reduced when compared normal fibroblasts (Figure 5.7, D). Likewise,
both MPS IIIA GM629 and GM879 fibroblasts exhibited a significant reduction in maximal
respiration rate compared to normal fibroblast. Similarly, a trend was seen in MPS IIIA
GM6110 (Fig 5.7, D). The same outcome was observed when assessing for the spare
respiratory capacity where heterozygous GM1096 fibroblast and MPS IIIA GM629 and
GMS879 were found to have significantly decreased OCR compared to normal fibroblast with
MPS IITA GM6110 exhibiting a trend in the same direction (Figure 5.7, E). In contrast, ATP-
production coupled respiration was significantly increased in heterozygous GM886, but it was
significantly decreased in heterozygous GM 1096 fibroblast when compared to normal human

fibroblast (Figure 5.7, F). No changes were seen in the MPS IIIA cell lines.
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Figure 5.6 OCR-related metabolic parameters in Sgsh™P3'N and SgshP3NP3IN mouse
fibroblasts. (A) basal respiration; (B) proton leak; (C) non-mitochondrial oxygen
consumption; (D) maximal respiration; (E) spare respiratory capacity; and (F) ATP-production
coupled respiration were calculated from measurements obtained using the Seahorse Mito
Stress test. There were no significant changes between genotypes in the metabolic parameters
assessed, although, SgshP3NVP3IN fibroblasts showed reduced OCR in all metabolic parameters.
n =2 Sgsh*"* and n = 3 Sgsh*P3N and SgshP3N'D3IN fibroblasts with 10 technical replicates;
One wildtype fibroblast was omitted due to low cell density at the time of experiment; All

mouse fibroblasts were utilised at passage 10; one-way ANOV A; Data are represented as mean

+ SEM.
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Figure 5.7 OCR-related metabolic parameters in human fibroblasts from patients
carrying single or homozygous SGSH mutations. (A) basal respiration; (B) proton leak; (C)
non-mitochondrial oxygen consumption; (D) maximal respiration; (E) spare respiratory
capacity; and (F) ATP-production coupled respiration were calculated from measurements
obtained using the Seahorse Bioscience Metabolic Flux Analyser Mito Stress test. Asterisk (*)
represents statistically significance difference with normal fibroblast control. Each data point
in the graphs above for normal fibroblast represents one biological replicate with 10 technical
replicate at the time of assay; each data point for heterozygous and MPS IIIA fibroblasts
represent technical replicates; n = 3 normal human fibroblast, n = 1 heterozygous and MPS
IITA fibroblast carrying different mutations; 10 technical replicates per genotype; all human
fibroblasts were utilised at passage 13 at the time of experiment. *P <0.05; **P <(.01; ****Pp

<0.0001; one-way ANOVA; Data are represented as mean + SEM.

141



5.3.3 Hyperspectral microscopy detects subtle metabolic changes in human

fibroblasts carrying single or homozygous SGSH mutation

Fixed human fibroblast imaging (in Figure 5.8), shows representative images taken in spectral
channels 1-5, demonstrating the changes seen in normal, SGSH heterozygous, and MPS IIIA
human fibroblast.

When fixed mouse fibroblasts were imaged (Figure 5.9, A, B, C, D, E), no statistically
significant changes in signal intensity were detected in Sgsh"P3N and SgshP3ND3IN mouse

fibroblasts compared to wildtype across all hyperspectral channels. The result suggests that the

h+/D3lN hDS]N/D31N

signal detected in both Sgs and Sgs mouse fibroblasts exhibit no aberrant
changes in endogenous fluorophores.

On the other hand, endogenous fluorophores detected by hyperspectral imaging in both
fixed human heterozygous (GM886 and GM1095) fibroblasts were higher in Channels 2-10
(Figure 5.10, A), 11 (Figure 5.10, B), 30 (Figure 5.10, C), 31-40 (Figure 5.10, D), 41-44 and
46-47 (Figure 5.10, E), with an exception at Channel 45 (Figure 5.10, E) where signal intensity
was significantly lower compared to wildtype fibroblasts. Additionally, only heterozygous
GM886 fibroblasts were significantly higher in Channel 19 compared to wildtype fibroblasts.
All three MPS IIIA GM629, GM6110, and GM879 human fibroblast cell lines have
significantly higher signals detected in Channel 31 (Figure 5.10, D), 41, 42, 44, 45, and 47
(Figure 5.10, E) compared to wildtype human fibroblast. Notably, MPS IIIA GM629 and
GM&879 fibroblasts have significantly higher signal intensity in Channel 11 (Figure 5.10, B),
whilst signal intensity detected was significantly lower in Channel 43 for MPS IIIA GM6110
and GM879 fibroblasts (Figure 5.10, E). Overall, it appears that both SGSH heterozygous
human fibroblasts GM886 and GM1095 have consistently higher signal intensity detected

across most, if not all hyperspectral channels, while signals detected for all three MPS IIIA

human fibroblasts were highly variable, and in most cases, were similar to wildtype human

fibroblasts.
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Figure 5.8 Representative images acquired from hyperspectral channels 1 to 5 of human fibroblasts from normal, SGSH heterozygous,

and MPS IIIA. Changes in autofluorescence were analysed using GUI software.
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Figure 5.9 Hyperspectral microscopy revealed no changes in endogenous
autofluorescence in fixed Sgsh™P3'™N mouse fibroblasts. (A, B, C, D, E) bar graphs of spectral
channels. No changes in autofluorescence intensity were found in the spectral channels in mice
of different genotypes. n = 3 Sgsh™* and SgshP3'VDP3IN fibroblasts and n = 2 Sgsh™P3N; 3
technical replicate per genotype; 4 images per technical replicate; One heterozygous fibroblast
was omitted due to low cell density at the time of experiment; Data are represented as mean +

SEM.
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Figure 5.10 Hyperspectral microscopy detects metabolic changes in human fibroblasts.
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(A, C, E, G, I) bar graphs of spectral channels (B, D, F, H, J) spectral line graph.
Autofluorescence intensity was statistically significant between genotypes as observed in some
spectral channels. n = 2 normal and heterozygous and n = 3 MPS IIIA fibroblasts; 3 technical
replicates per genotype; 4 images per technical replicate; One wildtype and one heterozygous
fibroblast was omitted due to low cell density at the time of experiment; *P<0.05; **P<0.01;

*ExP<0.001, ****P<0.0001; Two-way ANOVA; Data are represented as mean + SEM.
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5.4 Discussion

In this study, skin fibroblasts derived from mice and patients with MPS IIIA and from murine
and human carriers of mutations in the Sgsh/SGSH gene were used as cell models in which to
examine changes in metabolic activity. Skin fibroblasts have been suggested as a useful
strategy to investigate and detect early mitochondrial abnormalities in neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease (328-
330). Skin fibroblasts obtained from these patients can be reprogrammed into neuronal cells
and the metabolic changes observed are similar to those seen in the skin fibroblasts (328-330).
Importantly, mitochondrial dysfunction that is commonly found in neurodegenerative diseases
such as oxidative stress, reduced ATP levels, and altered mitochondrial morphology have been
reported in skin fibroblasts derived from human patients (331-335). Hence, fibroblasts
represent a novel and accessible cell model in which to study the progression of mitochondrial

dysfunction and other metabolic abnormalities in neurological diseases.

5.4.1 Changes in A¥m in Sgs# mouse and SGSH human fibroblast carrying

single or homozygous mutations

Stability of intracellular ATP and A%¥m is required for normal cellular functioning (336, 337).
Prolonged perturbation of these factors can contribute to loss of cell viability, resulting in
pathological consequences (reviewed in (338)). Recent findings have also indicated that AYm
plays an important role in mitochondrial viability and elimination of dysfunctional
mitochondria (reviewed in (339)). Hence, altered A¥Ym has been widely used as an indicator
of mitochondrial function prior to deeper investigation into mitochondrial bioenergetics.

In this study, the AYm in MPS IIA human fibroblasts was significantly lower
compared to that in normal fibroblasts, with no changes observed in AYm in human SGSH
heterozygous fibroblasts. The human fibroblast data are consistent with previous studies where
mitochondrial dysfunction was reported in MPS III mice (227, 228, 311, 340). Decrease in
A¥m in MPS IITIA human fibroblasts suggest that the mitochondria could be bioenergetically
stressed due to ATP depletion as a decrease in AWm is associated with reduced ATP
production. Decreased ATP in MPS 11l could potentially be a result of impaired OxPhos where
a decrease in complex II and IV activities was observed in MPS IIIC. (228). This is further

supported by proteomic studies in MPS IIIB mouse model where mitochondrial proteins such
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as NADH dehydrogenase, ATP synthase, and pyruvate dehydrogenase were found to be
downregulated, hence, impacting ATP synthesis (237). It is important to note that while the
above findings shed light on the mitochondrial dysfunction in MPS IIIA, the focus of this study
is on SGSH heterozygous human fibroblasts. Despite observing parallel changes in the disease
state, the specific assays used in this study did not reveal similar alterations in the SGSH
heterozygotes human fibroblasts. This discrepancy could potentially be attributed to the low
sample size, sensitivity of the assay, or AWm is unaffected in SGSH heterozygous human
fibroblasts.

Moreover, murine Sgsh*P3'™N mouse fibroblasts unexpectedly exhibit a significantly
higher levels of JC-1 fluorescence intensity ratio, indicative of increased A%¥m in the fibroblast.
Increased in A¥Wm is typically associated with an upregulation of ATP production. However,
given that the study is underpowered, a repeat study is required to confirm this observation.
The potential reason for increased A¥m in mouse Sgs/™/P3!N fibroblasts are unclear but it could
potentially be due several factors such as a compensatory need for an increase in energy
demand or for mitochondrial biogenesis (341). An increase in A¥Ym can also be a sign of
mitochondrial stress and dysfunction as a result of increased production of ROS due to
excessive ATP production (342). As a consequence, production of ROS can lead to deleterious
effect in cells such as damage to cellular proteins and DNA (343). Intriguingly, no changes in
A¥m were observed in SgshP3NP3IN mouse fibroblast compared to wildtype, suggesting that
mitochondrial function is unperturbed. However, previous studies conducted on MPS III
mouse models revealed that mitochondrial dysfunction is affected (227, 237, 312). These
studies observed alterations in mitochondrial morphology, decrease in OxPhos, impaired
mitophagy, and perturbed mitochondrial pathways, as determined by proteomic analyses (227,
228, 237, 312). These various non-significant and variably contradictory findings could
potentially be due to low sample size in the Sgsh** and SgshP3'NP3IN cell line, thus affecting
statistical power in the study. Hence, future studies will need to include more cell lines to
increase statistical power. Moreover, measurement of ATP production and ROS is required to
validate the findings in Sgsh"P3N and SgshP3'NDP3IN mice fibroblasts as well as human

fibroblasts carrying single or homozygous SGSH mutations.
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5.4.2 Assessment of mitochondrial bioenergetics in mouse and human fibroblast

Following from the determination of A¥m, a Seahorse Mito Stress Test was utilised to study
the potential causes of mitochondrial dysfunction, while hyperspectral imaging was used to
detect alterations in metabolic activity in mouse and human fibroblast cells.

In this study, human MPS IIIA fibroblasts showed a reduction in maximal respiration,
spare respiratory capacity, and proton leak. The decreased OCR rate in maximal respiration
and spare respiratory capacity suggest that human MPS 1A cells (GM629 and GM879) have
an impaired response to satisfy an increased in energy demand and a loss in reserve capacity.
These findings support those in a recent study conducted by Tillo et al. where they found that
MPS IIIA mice exhibited impaired mitophagy in BAT, resulting in accumulation of
dysfunctional mitochondria and an increase in ROS production (312). The study suggests that
the impaired mitochondrial activity in BAT may contribute to the metabolic abnormalities
observed and that the persistent rise in energy demand could indicate the reduced capability to
generate ATP in MPS IIIA. Moreover, impair mitophagy in MPS IIIA mice could potentially
be a result of defective lysosomal function, specifically autophagy (344). Autophagy is the
cellular process in which damaged or cellular components are degraded and recycled while
mitophagy is responsible for the removal of damaged or dysfunctional mitochondria for
degradation (345). In MPS IIIA, the production of SGSH misfolded proteins due to the
missense mutations (shown in Table 5.1) can affect protein folding and stability. As a result,
accumulation of misfolded proteins as well as heparan sulfate occurs in the lysosome leading
to impaired autophagy, and the removal of defective mitochondria via mitophagy. Hence, a
build-up of defective mitochondria in the cells can lead to impaired ATP production and
increased generation of ROS that can damage cellular components (346). Furthermore, under
certain conditions, the cells in the body can require an increased amount of ATP, in response
to cellular stress or increased in workload (347). However, if the spare respiratory capacity of
the cell is unable to provide the required ATP as shown in MPS IIIA, this will result in cellular
senescence and ultimately, cell death (348). Additionally, depletion of spare respiratory
capacity has been associated with various diseases including cardiovascular and
neurodegenerative diseases (349-351).

Also, accumulation of toxic molecules such as lipids and ceramides in LSDs have also
been shown to impair mitochondrial function by interfering with mitochondrial electron
transport chain, mitochondrial respiration, OxPhos, and ATP production (352). Hence, a

decreased in both maximal respiration and spare respiratory capacity in MPS IIIA human
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fibroblast reflects unhealthy mitochondria. Moreover, proton leak was also found to be
significantly altered in all three human MPS IIIA fibroblast suggesting mitochondrial
membrane damage. Studies have shown that damage in the mitochondrial membrane can result
in altered mitochondrial morphology and loss of electrochemical gradient (as shown in Figure
5.4, B) (353), which ultimately can cause impair activity of the electron transport chain and
decrease ATP production.

On the other hand, SGSH heterozygous human fibroblasts showed perturbation in basal
respiration and ATP-production coupled respiration. An increased in basal respiration
compared to normal fibroblast suggest that basal respiration is almost entirely driven by ATP
coupled respiration and the decreased in basal respiration indicate that the cells may utilise a
different metabolic pathway for ATP synthesis. This is evident in Chapter 3 where KEGG
glycolysis pathway was found to be perturbed from 12 weeks of age. Moreover, the three SGSH
heterozygous human fibroblast exhibit different mitochondrial phenotypes, suggesting the
perturbed changes in mitochondrial respiration could potentially be due to the type of mutations
inherited (Table 5.1). NT1307, E447K, and R245H mutations are missense mutations,
producing misfolded SGSH proteins whereas 9-BP-DEL mutation is deletion producing
truncated SGSH protein. However, the effect of the mutations on SGSH protein and
mitochondrial health is not well characterised and further work is required to fully comprehend
the effects of misfolded proteins in mitochondrial function.

In contrast, mouse SgshP3NVP3INand Sgsh*/P3IN fibroblast did not show any significant
changes in any of the mitochondrial parameters assessed. However, a trend towards a reduction
in mitochondrial respiration can be seen in all the parameters in SgshP3'NP3IN mouse fibroblast.
The non-significant findings in this study could potentially be due to low sample size in the
experiments, thus, impacting statistical power in determining a statistical significance.
Moreover, both mouse Sgsh heterozygous and MPS IIIA fibroblast carry an Sgsh D31N
mutation and no studies have reported mitochondrial dysfunction in this mouse model.

Whilst spectral unmixing was unfortunately not possible in this study, based on
previous studies, channels 1 and 2 correspond to the spectral properties of NADH and NADPH
(318, 354). However, as both NADH and NADPH share near identical spectral properties, they
are collectively referred to as NAD(P)H to represent their combined signals (355). Moreover,
channels 24 and 25 correspond to the spectral properties of flavin adenine dinuecleotide (FAD)
(318, 354). The metabolic coenzymes NADH and FAD are autofluorescent and can be
monitored non-invasively using optical techniques. Typically, the intensity of NADPH divided
by the intensity of FAD is referred to as the optical redox ratio (ORR) (356) which is commonly

151



used to detect metabolic shifts in cells (357, 358). Hence, changes in these channels can only
indicate a potential change in metabolic activity and are used to confirm the observation seen
in the mitochondrial assays.

The results of this study revealed that human SGSH heterozygous fibroblasts showed
increased autofluorescence intensity in channel 2 and no changes in channels 24 and 25
between genotypes, indicative of NAD(P)H perturbation but not FAD. These results further
support the idea of impaired mitochondrial respiration in heterozygous human fibroblasts as
shown in Figure 5.7. Changes in these metabolic coenzymes can directly impact the level of
ATP production. Moreover, studies have shown that increased in NAD(P)H and FAD is
associated with increased metabolic cellular activity whilst a decrease implies impaired cellular
metabolic activity. Furthermore, given that no studies have reported changes in the other
spectral channels and spectral unmixing was unable to be done, we can only speculate that the
changes observed in the earlier channels (1-25 and 32-39) corresponds to changes in collagen,
elastin, keratin, amino acids, and mitochondrial proteins such as NADH and FAD whereas the
later channels (26-31 and 40-55) correspond to changes in vitamins, flavins, porphyrin,
lipopigments and lipids such as lipofuscin that is commonly seen in LSDs (Figure 5.2; spectral
channel excitation/emission wavelength can be found in Appendix 7).

In contrast, mitochondrial assays conducted in mouse Sgs/ P3N fibroblasts showed no
apparent changes in mitochondrial activity, further suggesting that the D31N missense
mutation, do not have a pathogenic effect on mitochondrial function, although, perturbations
of dysregulated proteins in energy-related pathways were identified in Chapter 3. However,
further studies are required to confirm this observation.

Overall, the relationship between different mutations in Sgsh/SGSH gene and
mitochondrial function remains to be elucidated. However, it is clear that lysosomal
dysfunction can have an impact on mitochondria, and that maintaining proper protein folding
and quality control within both organelles is critical for maintaining cellular health. Hence, to
better understand the underlying mechanism behind mitochondrial dysfunction in MPS IIIA
and Sgsh/SGSH heterozygotes, future studies will need to investigate for changes in
mitochondrial DNA to determine mitochondrial biogenesis, the number of mitochondria per
cell as well as fission and fusion processes in the mitochondria. More importantly, given that
these assays only looked at aerobic respiration (oxidative phosphorylation), mitochondrial
assays looking at changes in different metabolic pathway such as glycolysis and fatty acid
metabolism needs to be investigated. Moreover, hyperspectral imaging was able to detect

changes in metabolic activity in the human fibroblasts, confirming the findings from the
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mitochondrial assays. However, due to technical issues, endogenous fluorophores in other
spectral channels were unable to be identified by linear unmixing. Therefore, for future studies,
spectral unmixing and validation studies are required to determine the changes observed in
these spectral channels to provide thorough insight to the biological changes that are occurring

within these cells.

5.4.3 Limitations

There are several limitations to this study. Firstly, in the mitochondrial experiments, a small
sample size was used due to lack of available cell lines in both mouse and human fibroblast.
This is especially true where all human SGSH heterozygous and MPS IIIA fibroblasts carry a
different mutation. Hence, reducing the biological replicate to one. However, establishment of
new mouse and human fibroblasts lines are possible for future studies in order to increase the
statistical power of the experiment.

Additionally, normal human fibroblasts used in this experiment showed a lower OCR
rate that are similar to the disease state. These fibroblasts could potentially harbor unknown
mitochondrial mutations, hence impacting the mitochondrial assay readout. Therefore, future
studies might need to include for genetic screening or karyotyping prior to mitochondrial
assays to detect any abnormalities in the fibroblasts. Moreover, the human fibroblasts obtained
from the cell repository (Coriell Institute) were of from different age-groups (Table 5.1) and
may potentially have an impact on data analyses. Hence, increasing the biological replicates or
screening for potential mutations in mitochondrial DNA and using age-matched controls to
control for the effects of aging in the study can improve the readout of the mitochondrial assay.

Additionally, fixed fibroblast instead of live cells were used for the hyperspectral
imaging experiments. The reason being fixed cells are more stable, easier to handle and allow
for long-term storage. However, the disadvantage of using fixed cells is that it can potentially
lead to altered cellular structure, thus impacting the readout of the hyperspectral imaging data.
Also, fixed cells do not reflect the normal cellular environment of the disease state. Hence,

future studies should consider utilising live cells for hyperspectral imaging.
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5.5 Conclusion

In conclusion, this study found no perturbation in A¥Ym and in the mitochondrial parameters
assessed using the Seahorse analysis in the mouse SgshP3'N'D3IN fibroblasts, suggesting that
homozygous D31N mutations in the Sgsi gene do not affect mitochondrial function in this
mouse model. On the other hand, altered mitochondrial activity was seen in human MPS IIIA
fibroblasts. The results in human MPA IIIA studies are more consistent with prior reports of
mitochondrial dysfunction in MPS III as previously reported. However, human SGSH
heterozygous fibroblasts showed subtle changes in metabolic activity, but these changes seem
mutation-dependent. Interestingly, Sgsh™P*'N mouse fibroblasts had higher A¥m, indicating
increased in mitochondrial activity, however, similar to SgshP3'NP3IN mouse fibroblasts,
Sgsh*'P3N fibroblasts showed no changes in the mitochondrial parameters assessed using the
Seahorse Mito Stress test.

The changes in mitochondrial activity observed in SGSH heterozygous human
fibroblasts were supported by cellular autofluorescence measurement with hyperspectral
imaging, which detected differences in NADPH but not FAD levels. For the first time,
hyperspectral imaging of cells from mice and patients carrying single or homozygous
Sgsh/SGSH mutations was carried out. Whilst more work is required, the study outcomes
indicate that SGSH heterozygous and MPS IIIA human fibroblast have altered metabolic
activity. While Sgsh™P3N and SgshP3ND3IN mouse fibroblasts did not show an overt
mitochondrial dysfunction. Nonetheless, more research is required to validate these findings to
better understand the mechanism of mitochondrial dysfunction in Sgsh/SGSH heterozygotes

and MPS IIIA.
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Chapter 6: Discussion

6.1 Project significance

As described in Chapter 1, the association between heterozygous GBAI mutations and the
increased risk of Parkinson’s disease has been extensively studied, highlighting the potential
link between carriers of lysosomal gene mutations and neurodegeneration. In addition to GBA 1,
the risk for neurodegeneration has also been associated with carriers of other lysosomal gene
mutations, such as NPCI, SMPDI, GRN, CTSD, NAGLU, HEXB, and SGSH. With an
estimated carrier frequency of 1 in 40 (calculated based on Hardy-Weinberg equation) in the
general populations, heterozygous mutations in one or more lysosomal pathway genes are
potentially important contributors to the global burden of later-onset neurodegenerative
disease. Recent studies have found pathological changes in the post-mortem brains of human
patients carrying lysosomal gene mutations, including the accumulation of lipofuscin, alpha-
synuclein, and TDP-43 pathology in heterozygotes of GBAI, NPCI, and GRN mutations (94,
121, 148, 169, 171). Similarly, current studies in animal models have demonstrated
neuropathological changes and neuronal cell loss in carriers of lysosomal gene mutations,
along with motor deficits (100, 104, 105, 127, 161). Despite these findings, the impact of
heterozygosity within the SGSH gene carrying disease-causing mutations on the development
of neurological conditions has received limited attention, and the underlying mechanism
remains unclear.

Hence, the overall aim of this project was to define the morphological, biochemical, and
functional neuronal consequences of heterozygosity in the lysosomal degradative gene, Sgs#;
in both an authentic murine model arising from a D31N mutation, which leads to mutant
(misfolded) enzyme production and decreased activity in affected animals and in SGSH
heterozygous human cell lines. The overarching hypothesis is that heterozygotes carrying Sgsh
gene mutations will exhibit significant alterations in the cortical proteome, neuronal
morphology, and function, as well as perturbation in mitochondrial bioenergetics due to

reduced sulfamidase enzyme activity.

The specific objectives of the study were to;
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1. Study the temporal impact of the D31N Sgs/ heterozygous mutation upon the mouse

cortical proteome.

2. Assess the impact of the D31N Sgs/ heterozygous mutation on motor cortex pyramidal

neuron morphology and cortical neural function.

3. Investigate the impact of heterozygous mutations in the metabolic profile of D31N Sgs#

heterozygous mouse and SGSH heterozygous human fibroblast cells.

6.2 Impact of carrying a D31N Sgsh mutation on mouse cortical proteome, cortical

neuron structure and cell function

A summary of experimental outcomes utilising murine Sgsh"P3'™N and SgshP3™ND3IN mouse

models can be found in Table 6.1.

Table 6.1. Summary of experimental outcomes utilising murine Sgs#"P3™N and SgshP31N/D3IN

mouse models

Experiment

Outcomes

Proteomic analysis

Dysregulated proteins were identified in all timepoints (0-, 3-, 6-
, 12-, 24-, and 48-weeks) in Sgsh™P*'N mice compared to Sgsh™*.
Majority of the dysregulated proteins identified were clustered in
neurodegenerative (Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease) and energy-related pathways (Oxidative
phosphorylation, Glycolysis, Pyruvate metabolism). Moreover,
phosphatidylinositol signalling pathway and proteins involved in
Ubiquitin-Proteasomal System and synaptic transmission were
found to be perturbed in Sgs/#"P3N mice.

Dendritic spine assessment

Multi-electrode array (MEA)
recording

No significant changes in dendritic spine density or maturity in
layer 5 pyramidal motor cortex neurons at 24-week-old
Sgsh*P3N mice.

MEA recording revealed aberrations in network burst activity in
Sgsh*P3N cortical neural cultures compared to Sgsi™* neural
cultures. However, neural cultures treated with 0.1nM rotenone
exhibited conflicting outcomes compared to previous data.
Vehicle treated Sgshi*'* and Sgsh*'P*'N neural cultures showed no
aberration in network burst activity between genotypes.
Moreover, neural cultures treated with 0.1nM rotenone revealed
a decreased in network burst duration in SgsA"P3N neural
cultures at day 6 and 12 in vitro.
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Measurement of
mitochondrial membrane
potential (A¥m)

Seahorse Mito stress test

Hyperspectral imaging

Sgsh*P3N mouse fibroblasts show a significant higher A¥m
compared to Sgsh™*; however, no significant changes were
observed in SgshP3NVP3INmoyse fibroblasts compared to Sgsh*'*
fibroblasts.

There were no significant changes between genotypes in the
metabolic parameters assessed based on Seahorse Mito Stress
test assay.

Sgsh?P3N and  SgshP3NVD3IN mouse fibroblast showed no
changes in the channels corresponding to NADPH and FAD
between genotypes. No changes in other spectral channels

observed.

Cortical pyramidal neuron structure in Sgsh*?3!'N mouse brain

The proteomic evaluation of the Sgs#™P3'™N mouse motor cortex revealed significant reductions
in septin proteins in 3, 12, 24 and 48-week-old Sgsh*P3'™N mice (Chapter 3, Table 3.3). Septins
are postulated to have a significant roles in macroautophagy (reviewed in (359)) and contribute
to neurite outgrowth, synapse formation and regulation (reviewed in (360)). Whilst the change
in septin protein production may be relevant to the previous report of aberrant dendritic
structure in 84-week-old Sgsh™P3'™N mouse pyramidal neurons (161), we observed no
differences in dendritic spine number or maturation on motor cortex pyramidal neurons in

P3N mice, to at least 24-weeks of age. In contrast, SgshP3"VP3IN mice exhibit reduced

Sgs
dendritic spine numbers from 12 weeks of age (unpublished data, (218)). It is currently
unknown whether dendritic spine loss or impairment in spine maturation occurs beyond this
timepoint, necessitating further investigation. However, if Sgs/#"P3!N mice exist on a continuum
with SgshP3IND3INmice, and depending on the mechanism responsible for the reduced spine
numbers in the affected SgshP3'VP3IN mouse brain, it could be postulated that with time, a

reduction in spine number occurs in Sgs/#*P3'N mouse pyramidal neurons in the motor cortex.

Whilst cortical pyramidal neuron architecture was unaffected, neural cultures from

SgshP3N mouse cerebral cortex exhibit aberrant neuronal firing.

Considering the aforementioned observation that dendritic spine density in layer 5 motor cortex
pyramidal neuron was not affected in Sgsh*P3'N mice, it was rather unexpected to find that the
firing activity in Sgsh™P*!N cortical neural cultures was somewhat reduced (Chapter 4, Figure

4.4). Moreover, the co-ordination of neural network firing activity exhibited significant
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impairments (Chapter 4, Figures 4.5, 4.8), particularly at later timepoints in culture. Whilst
studies of mitochondrial function were not able to be undertaken in neural cell cultures, the
proteomic study found evidence suggestive of dysregulated oxidative phosphorylation in
Sgsh*P3N mouse brain (Chapter 3, Table 3.4). Further, increased mitochondrial membrane

potential was recorded in three independent SgsA™P3!N

mouse skin fibroblast cell lines (Chapter
5, Figure 5.4A), indicative of aberration in cell metabolism and impairment of the
mitochondrial redox state, which requires further exploration.

The mitochondrial redox state or optical redox ratio (ORR) has been extensively used as
an indicator of cellular dysfunction (361). The ORR is the balance between the fluorescence
intensity of two essential cellular metabolic enzymes: NADH and FAD (361). Perturbation in
the levels of NADH and FAD can have significant consequences such as dyshomeostasis of
cellular redox state, contributing to oxidative stress as well as reduced ATP production,
impacting overall cellular function and viability (362). As a consequence, impacting
mitochondrial function in maintaining action potentials, release of neurotransmitters and
intracellular signalling in the central nervous system (295). Hence, dysregulation of oxidative
phosphorylation, specifically in the two essential cellular metabolic enzymes NADH and FAD
may potentially contribute to altered neural network activity observed in Sgsh D3IN
heterozygous neural cultures. However, optical imaging showed no differences in cellular
autofluorescence corresponding to NADPH and FAD in Sgsh™P3'™N mouse skin fibroblast cell
lines. This may be attributed to the limitations discussed in Chapter 5, where the presence of
artefacts during data analysis could hinder the detection of autofluorescence signals in channels
corresponding to NADPH and FAD. Hence, a repeat study is required to validate these findings

after resolving the technical challenges associated with hyperspectral imaging.

6.3 Impact of carrying a mutation in SGSH on human skin fibroblast cell metabolism

A summary of experimental outcomes utilising human SGSH heterozygous, and MPS IITA

fibroblast cell lines can be found in Table 6.2.
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Table 6.2. Summary of experimental outcomes utilising human SGSH heterozygous, and

MPS IIIA fibroblast cell lines.

Experiment

Outcomes

Measurement of
mitochondrial membrane
potential (A¥m)

Seahorse Mito stress test

Hyperspectral imaging

No significant changes in AYm in human SGSH fibroblast cell
lines. However, all three human MPS IIIA fibroblast cell lines
showed significant reduction in A¥Ym compared to normal
fibroblasts.

MPS IIIA and SGSH heterozygous fibroblast cell lines showed a
reduction in mitochondrial respiration. However, no changes in
mitochondrial respiration was observed in one SGSH
heterozygous fibroblasts compared to normal fibroblasts.

SGSH heterozygous fibroblasts exhibit changes in
autofluorescence in channel 2 and no changes in channels 24 and
25, suggesting NADPH is increased with no changes in FAD. No
changes in channels 1, 2, 24, 25 was detected in MPS IIIA
fibroblasts. However, SGSH heterozygous and MPS IITA human
fibroblasts exhibited alterations in endogenous fluorophores in
other spectral channels, indicative of perturbation in other

cellular physiological processes.

Mutation-dependent changes in mitochondrial function and endogenous fluorescence in

human SGSH-deficient fibroblasts.

Mitochondrial membrane potential, mitochondrial respiration and expression of endogenous
autofluorescence was examined in multiple human MPS IIIA and heterozygous SGSH
mutation-carrying fibroblast cell lines (Chapter 5, Figures 5.4, 5.7 and 5.10, respectively).
Mutation type did not appear to significantly affect mitochondrial assay outcomes in human
MPS IIIA skin fibroblasts, with equivalent reductions in mitochondrial membrane potential
and respiration seen in the three MPS IIIA cell lines (Chapter 5, Figure 5.4, 5.7), however
oxygen consumption rate in particular was obviously different between cell lines from the three
different SGSH mutation carriers. Significantly elevated basal and ATP-coupled respiration
were seen in a carrier of an E447K or R245H mutation in SGSH (Chapter 5, Figure 5.7),
whereas significantly reduced respiration parameters were observed in a carrier expressing
either a 9-BP deletion mutation in SGSH (1307 del 9; (363)) or an unknown mutation.
Unfortunately, it is not known precisely which SGSH mutation these cell lines exhibit; carrier
status is predicted by the mutations found in cells from the proband's offspring. Given the
current findings, future studies would involve mutational analysis, in addition to the collection

and analysis of cell lines from a larger number of SGSH mutation carriers.
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It is important to note that the type of mutation plays a significant role in the development,
progression, and severity of genetic diseases. It is hypothesised that different types of mutations
can have varying impacts on the function of the affected gene, leading to diverse clinical
manifestations and consequences. Evidently, missense mutations can have minimal or no effect
on protein function, while others can lead to a loss of function, gain of function, or altered
protein function, resulting in clinical disease (364). For example, in a study conducted in MPS
[IIC mouse models carrying P304L mutations or knockout Hgsnat gene exhibited different
phenotype despite producing similar levels of HGSNAT activity (197). Mice homozygous for
the Hgsnat****" mutation producing misfolded protein show an earlier onset of behavioural
changes with reduced lifespan, increased neuroinflammation, and defects in synaptic
neurotransmission (197), suggesting that the mutation that leads to product of a mutant
misfolded proteins hastens the disease pathology and infers a toxic gain of function. Moreover,
the three SGSH heterozygous human fibroblast exhibit different mitochondrial phenotypes,
suggesting the perturbed changes in mitochondrial respiration could potentially be due to the
type of mutations inherited (Chapter 5, Table 5.1). Moreover, it is also plausible that the small
sample size in this study is diminishing its statistical power, which may, in turn, affect the
outcomes of the mitochondrial assays. Nevertheless, given the limited number of studies
available, further research is needed to substantiate this hypothesis, as the differences in

pathology could also be enzyme-dependent.

Paucity of models in which to study impact of SGSH mutation heterozygosity

Whilst the models utilised herein, all represent heterozygosity for the Sgsh/SGSH gene, there
are obvious differences in the outcomes obtained from the various mouse and human cell lines
and the mouse model which make definitive conclusions difficult at this point. A mouse model
exhibiting a human mutation (R245H) in the Sgsh gene is presently under construction (K
Hemsley, personal communication), and collection, banking and examination of further
samples from SGSH mutation carriers is necessary in order to fully determine the impact of
Sgsh/SGSH mutation type, if any, towards deleterious cell or organ function.

The use of induced pluripotent stem cells (IPSCs) and neuronal models have emerged as
a valuable tool for modelling various diseases, including neurological disorders (365). IPSCs
can be generated by reprogramming adult somatic cells such as skin fibroblasts into pluripotent
state, which enables them to differentiate into various cell types, including neurons (366).

Hence, the development of IPSC-derived neuronal models from a large collection of SGSH
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mutation heterozygotes represents a promising future direction in research. By generating
IPSCs, we can gain valuable insights into the molecular, cellular and functional consequences
of these mutations in SGSH heterozygotes with deficient sulfamidase enzyme. Future studies
such as comparative transcriptome, proteome, electrophysiological function of these IPSC-
derived neuronal models will allow insight to the molecular and cellular basis of SGSH-related
diseases, if any. Hence, this knowledge can better inform the development of new novel

therapies and potentially act as “vaccine” to reduce the risk of a clinical disease.
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6.3 Conclusion

In conclusion, the findings collectively reported in this thesis contribute new knowledge to the
rapidly expanding literature investigating the underlying mechanism of potential neurological
dysfunction in carriers of lysosomal gene mutations, specifically in Sgsh/SGSH gene. The
findings highlight that SgsA*P3'N mouse motor cortex proteome is perturbed from infancy to
adulthood with neurodegenerative and energy-related pathways were found to be impacted.
Furthermore, although, no aberration in dendritic spine density or maturity in layer 5 motor

h*D3IN peural cultures exhibited

cortical pyramidal neurons were observed at 24-weeks old, Sgs
impaired neuronal network activity. However, these data need to be interpreted with caution
due to conflicting data obtained from the rotenone treated neural cultures and a repeat assay is
required to validate these findings. Investigation of mitochondrial function in Sgs#"?3'™N mouse
fibroblasts also showed subtle changes in metabolic activity. On the other hand, changes in
mitochondrial activity, specifically in the SGSH heterozygous human fibroblasts seem to be
mutation dependent with endogenous fluorophores NADPH found to be altered compared to
normal and MPS IITA human fibroblasts. It is also important to note that the age of mice utilised
in this study corresponds to around 30-40 years in humans where pathologies might not yet be
present, and pathological changes could develop later in life. Therefore, future studies utilising
older mice may provide valuable insights into potential neurological dysfunction in Sgsh
heterozygotes carrying disease-causing mutations.

Overall, our understanding of the biological basis underlying such increased
vulnerability still remains limited. We hypothesised that heterozygous mutations in lysosomal
genes are best conceptualised as a biological clinical continuum based on current evidence.
This corresponds to disease progression from the asymptomatic to the preclinical to the
symptomatic phase, where changes continue, and symptoms of cognitive and functional
impairment becomes evident. It is also important to note that not all carriers of lysosomal gene
mutations will develop a neurological condition, and other factors such as environmental or
epigenetic changes may play a significant role in increasing the risk of clinical disease. Despite
the extensive knowledge acquired about lysosomal gene mutation pathogenicity, particularly
in the heterozygous state, there is still much to explore on the impact of Sgsh/SGSH mutations.
The potential involvement of other organ systems warrants further investigations but should
not detract from the main focus on understanding the neurological implications of carrying

Sgsh/SGSH gene mutations.
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Appendices

Appendix 1. Dysregulated proteins in Sgsh D31N heterozygous mouse motor cortex compared to wildtype at 0 Week.

Swiss-Prot Up- or Down-

Code Gene Name Protein Description regulation P-Value
Q02780 Nfia Nuclear factor 1 A-type ™ 0.04586215
P97863 Nfib Nuclear factor 1 B-type T 0.03675959

QIWUK6  Zbtbl18 Zinc finger and BTB domain-containing protein 18 T 0.03178816
Q61390 Cct6b T-complex protein 1 subunit zeta-2 T 0.00995502
Q6PEO1 Snrnp40 U5 small nuclear ribonucleoprotein 40 kDa protein T 0.01093218
Q60625 Icam5 Intercellular adhesion molecule 5 T 0.01501847
Q8VE37  Rccl Regulator of chromosome condensation T 0.00947436
P09602 Hmgn2 Non-histone chromosomal protein HMG-17 T 0.02433915
070591 Pfdn2 Prefoldin subunit 2 T 0.0235222
070435 Psma3 Proteasome subunit alpha type-3 T 0.01124378
Q91V8l1 Rbm42 RNA-binding protein 42 T 0.03821496
Q8BK30  Ndufv3 NADH dehydrogenase [ubiquinone] flavoprotein 3, mitochondrial T 0.02751149
Q9CQF9  Pcyoxl Prenylcysteine oxidase T 0.00155584
Q62241 Snrpc Ul small nuclear ribonucleoprotein C T 0.00886083
Q9CQBS5  Cisd2 CDGSH iron-sulfur domain-containing protein 2 T 0.04687138
P62307 Snrpf Small nuclear ribonucleoprotein F T 0.02281593
Q9CRB2  Nhp2 H/ACA ribonucleoprotein complex subunit 2 ™ 0.01788332

GTP-binding nuclear protein Ran;GTP-binding nuclear protein Ran,
P62827 Ran;Rasl2-9 testis-specific isoform T 0.00890739

Q5SQMO0  Emlé6 Echinoderm microtubule-associated protein-like 6 T 0.00529462
088477 Igf2bpl Insulin-like growth factor 2 mRNA-binding protein 1 ™ 0.00265474
Q61545 Ewsrl RNA-binding protein EWS T 0.01625294
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P61957
Q8C7Q4
P31786

P97825
035286
Q9CQ22
QIWTRS
P59708
Q8R2YS
P84104
QYERS?2
QIJIKS
070194
Q60899
Q61937
Q8K4Z5
Q9QXTO
QY9PSS
Q60634
P62313
P12815
Q8BK67
055128
Q9D593
Q3UHX2
QYCQES
008583

Sumo2;Sumo3
Rbm4;Rbm4b
Dbi

Hnl
Dhx15
Lamtorl
Cdhl3
Sf3b6
Ptrh2
Srsf3
Ndufal3
Ddx21
Eif3d
Elavl2
Npml
Sf3al
Cnpy2
Nupl55
Flot2
Lsm6
Pdcd6
Rcc2
Sap18
Atpbvle2
Pdapl
Rtraf
Alyref;Alyref2

Small ubiquitin-related modifier 2;Small ubiquitin-related modifier 3
RNA-binding protein 4;RNA-binding protein 4B

Acyl-CoA-binding protein

Hematological and neurological expressed 1 protein;Hematological
and neurological expressed 1 protein, N-terminally processed

Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15
Ragulator complex protein LAMTORI
Cadherin-13

Splicing factor 3B subunit 6

Peptidyl-tRNA hydrolase 2, mitochondrial
Serine/arginine-rich splicing factor 3

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13
Nucleolar RNA helicase 2

Eukaryotic translation initiation factor 3 subunit D
ELAV-like protein 2

Nucleophosmin

Splicing factor 3A subunit 1

Protein canopy homolog 2

Nuclear pore complex protein Nup155

Flotillin-2

U6 snRNA-associated Sm-like protein LSm6
Programmed cell death protein 6

Protein RCC2

Histone deacetylase complex subunit SAP18
V-type proton ATPase subunit E 2

28 kDa heat- and acid-stable phosphoprotein
UPF0568 protein C14orf166 homolog

Aly/REF export factor 2;THO complex subunit 4

DI DIDIIIDIDIIIDIIIIDIIIDIDI DI >

0.00621438
0.01449669
0.01350332

0.00198037
0.04294161
0.0048279
0.0368246
0.04545502
0.04627426
0.03557428
0.03813646
0.01438199
0.01583444
0.03935939
0.04027972
0.01050494
0.03382839
0.03017667
0.00466535
0.01864629
0.02654855
0.04683187
0.03130063
0.04018359
0.02256048
0.0379237
0.03239668
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Q8VHS51
P68037
P29595
QYESXS5
Q8R464
Q8CGF7
Q9JKCS
Q62446
Q921M3
008756
Q80YPO
P35802
Q6ZWM4
P55258
QG68FL4
P15116
P35700
P48771
Q6ZWV7
P35235
QYCYS58
Q9CQDI1
Q9Z0X1
P35803
Q6A068
Q6ZWNS5
Q9D0S9
008579

Rbm39
Ube2I3
Nedd8
Dkcl
Cadm4
Tcergl
Ap3ml
Fkbp3
Sf3b3
Hsd17b10
Cdk3
Gpmoba
Lsm§
Rab13;Rab8a
Ahcy;Ahcyl2
Cdh2
Prdx1
Cox7a2
Rpl35
Ptpnll
Serbp1
Rab5a
Aifm1
Gpm6b
Cdcsl
Rps9
Hint2
Emd

RNA-binding protein 39
Ubiquitin-conjugating enzyme E2 L3
NEDDS8

H/ACA ribonucleoprotein complex subunit 4
Cell adhesion molecule 4

Transcription elongation regulator 1

AP-3 complex subunit mu-1

Peptidyl-prolyl cis-trans isomerase FKBP3
Splicing factor 3B subunit 3
3-hydroxyacyl-CoA dehydrogenase type-2
Cyclin-dependent kinase 3

Neuronal membrane glycoprotein M6-a

U6 snRNA-associated Sm-like protein LSm8

Ras-related protein Rab-13;Ras-related protein Rab-8A
Adenosylhomocysteinase;Putative adenosylhomocysteinase 3

Cadherin-2
Peroxiredoxin-1

Cytochrome ¢ oxidase subunit 7A2, mitochondrial

60S ribosomal protein L35

Tyrosine-protein phosphatase non-receptor type 11
Plasminogen activator inhibitor 1 RNA-binding protein

Ras-related protein Rab-5A
Apoptosis-inducing factor 1, mitochondrial
Neuronal membrane glycoprotein M6-b
Cell division cycle 5-like protein

40S ribosomal protein S9

Histidine triad nucleotide-binding protein 2, mitochondrial

Emerin

5D IIIDIIDIIDIDIIIDIIIIDIIII DI

0.04575445
0.02083104
0.0310039
0.02902403
0.00695691
0.01548578
0.01193256
0.04791747
0.02479576
0.0451337
0.01937114
0.02705752
0.04098188
0.03992539
0.01730525
0.03260721
0.01576939
0.0153701
0.01492587
0.01809286
0.0464965
0.03476037
0.00355419
0.01105791
0.00803331
0.04430932
0.02948879
0.01569638
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P35278
Q8CCS8
QYCY50

QYCR68
P56812
QYZOHS
P15532
Q8BKC5
QYDOL7
P63318
QYCQI3
QY9DCN2
Q8JZK9
Q92019
Q8QZY1
P46935
Q8VDM6
Q61548
088712
QIQUMY9
Q5SQX6
Q3V3RI1
QG6ROH7
Q8JZU2
P84084
Q922Q1
Q99JY8

Rab5c
Vwal
Ssrl

Uqerfs1
Pdcd5
Clip2
Nmel
Ipo5
Armcl0
Prkcg
Gmftb
Cyb513
Hmges1
Wdr7
Eif31
Nedd4
Hnrnpull
Snap91
Ctbp1;Ctbp2
Psma6
Cyfip2
Mthfd11
Gnal;Gnas
Slc25al
Arf5
37316
Ppap2b

Ras-related protein Rab-5C
von Willebrand factor A domain-containing protein 8
Translocon-associated protein subunit alpha

Cytochrome b-c1 complex subunit 11;Cytochrome b-c1 complex

subunit Rieske, mitochondrial

Programmed cell death protein 5

CAP-Gly domain-containing linker protein 2

Nucleoside diphosphate kinase A

Importin-5

Armadillo repeat-containing protein 10

Protein kinase C gamma type

Glia maturation factor beta

NADH-cytochrome b5 reductase 3
Hydroxymethylglutaryl-CoA synthase, mitochondrial
WD repeat-containing protein 7

Eukaryotic translation initiation factor 3 subunit L

E3 ubiquitin-protein ligase NEDD4

Heterogeneous nuclear ribonucleoprotein U-like protein 1
Clathrin coat assembly protein AP180
C-terminal-binding protein 1;C-terminal-binding protein 2
Proteasome subunit alpha type-6

Cytoplasmic FMR 1-interacting protein 2

Monofunctional C1-tetrahydrofolate synthase, mitochondrial
Guanine nucleotide-binding protein G(olf) subunit alpha
Tricarboxylate transport protein, mitochondrial
ADP-ribosylation factor 5

Mitochondrial amidoxime reducing component 2

Lipid phosphate phosphohydrolase 3

CECEEE e e ccEeErIIIIIIIDID>D 555

0.03567857
0.03334593
0.02285707

0.03236579
0.04675579
0.03224432
0.02570382
0.01831997
0.01757899
0.03552422
0.03745108
0.031884
0.00085672
0.03788167
0.04511473
0.02706558
0.00392909
0.04480189
0.00759955
0.01166511
0.0137793
0.01800445
0.03268713
0.01061454
0.03267707
0.03764158
0.03322637
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Q8VD37
Q91WC3
Q7TSJ2
Q8ROY6
P62774
Q9Z1G4

P35486
P97496
Q7TQF7
QYCRI5
Q63844
P48036
QSBML2
Q61207
Q8CH09
P46425
088384
Q9DDI8
P62631
Q2NL51
Q97200
Q3UHLI
QIWTT4
P56564
P62962
Q61490
Q8VE62

Sgipl
Acsl6
Map6
Aldhll1
Mtpn
Atp6v0al

Opa3;Pdhal
Smarccl
Amph;Bin2
Necapl
Mapk3
Anxas
Oacyl
Psap
Sugp2
Gstp2
Vtilb
Dtd1
Eefla2
Gsk3a
Psma7
Camkv
Atp6vlg2
Slcla3
Pfnl
Alcam
Paipl

SH3-containing GRB2-like protein 3-interacting protein 1
Long-chain-fatty-acid--CoA ligase 6
Microtubule-associated protein 6

Cytosolic 10-formyltetrahydrofolate dehydrogenase
Myotrophin

V-type proton ATPase 116 kDa subunit a isoform 1

Optic atrophy 3 protein homolog;Pyruvate dehydrogenase E1
component subunit alpha, somatic form, mitochondrial

SWI/SNF complex subunit SMARCCI1
Amphiphysin;Bridging integrator 2

Adaptin ear-binding coat-associated protein 1
Mitogen-activated protein kinase 3

Annexin A5

O-acyltransferase like protein

Prosaposin

SURP and G-patch domain-containing protein 2
Glutathione S-transferase P 2

Vesicle transport through interaction with t-SNAREs homolog 1B
D-tyrosyl-tRNA(Tyr) deacylase 1

Elongation factor 1-alpha 2

Glycogen synthase kinase-3 alpha

Proteasome subunit alpha type-7

CaM kinase-like vesicle-associated protein

V-type proton ATPase subunit G 2

Excitatory amino acid transporter 1

Profilin-1

CD166 antigen

Polyadenylate-binding protein-interacting protein 1

R R i e S S R S S S

0.04852253
0.01958107
0.00420014
0.01614558
0.01204276
0.03919869

0.00177443
0.03413907
0.01877625
0.02948905
0.02502531
0.03865549
0.02693369
0.02441452
0.02075365
0.04555314
0.04358169
0.04014775
0.04283618
0.02114214
0.0440709
0.01789469
0.012717
0.01464726
0.00338022
0.01033172
0.03665866
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Q9D892
Q91269
P34884
P20108
Q3VIL4
P70324
QIWUB3
QIWTL7
Q6PHZ2
Q62426
P50543
Q8BGTS

Itpa
Srgap1
Mif
Prdx3
Nt5c2
Tbx3
Pygm
Lypla2
Camk2d
Cstb
S100all
Phyhipl

Inosine triphosphate pyrophosphatase

SLIT-ROBO Rho GTPase-activating protein 1
Macrophage migration inhibitory factor
Thioredoxin-dependent peroxide reductase, mitochondrial
Cytosolic purine 5'-nucleotidase

T-box transcription factor TBX3

Glycogen phosphorylase, muscle form

Acyl-protein thioesterase 2
Calcium/calmodulin-dependent protein kinase type II subunit delta
Cystatin-B

Protein S100-A11

Phytanoyl-CoA hydroxylase-interacting protein-like

R e e

0.00990965
0.0251482
0.02074164
0.02486906
0.01561227
0.00826322
0.04969882
0.01289199
0.03895368
0.03703075
0.04220812
0.00321306
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Appendix 2. Dysregulated proteins in Sgsi D31N heterozygous mouse motor cortex compared to wildtype at 3 Week.

Swiss-Prot Up- or Down-

Code Gene Name Protein Description regulation P-Value
Multifunctional protein ADE2; Phosphoribosylaminoimidazole
carboxylase;Phosphoribosylaminoimidazole-succinocarboxamide

Q9DCLY  Paics synthase T 0.04439635
Q9JIX0  Eny2 Transcription and mRNA export factor ENY2 T 0.02711346
088271  Cfdpl Craniofacial development protein 1 T 0.03444175
Q03958  Pfdn6 Prefoldin subunit 6 T 0.0122755
P28667  Marcksll MARCKS-related protein T 0.04426448

Q91WM1  Strbp Spermatid perinuclear RNA-binding protein T 0.0477613
QI9CRS51  Atpévigl V-type proton ATPase subunit G 1 T 0.0291143

Q9WUC3 Ly6h Lymphocyte antigen 6H T 0.01577459
Q99PL5  Rrbpl Ribosome-binding protein 1 T 0.03030296
P62869  Tceb2 Transcription elongation factor B polypeptide 2 T 0.00084293

A2A8L1  Chd5 Chromodomain-helicase-DNA-binding protein 5 T 0.0431332
Q8K341  Atatl Alpha-tubulin N-acetyltransferase 1 T 0.02828131
P60122  Ruvbll RuvB-like 1 T 0.00357921
Q9D7S7  Rpl2211 60S ribosomal protein L22-like 1 T 0.02172006
Q62446  Fkbp3 Peptidyl-prolyl cis-trans isomerase FKBP3 T 0.03599367
Q91WIJ8  Fubpl Far upstream element-binding protein 1 T 0.03297629

Q5M8NO  Cnripl CBI1 cannabinoid receptor-interacting protein 1 T 0.04653384

Q9CZX0 Elp3 Elongator complex protein 3 T 0.01385098
P70441  Slc9a3rl Na(+)/H(+) exchange regulatory cofactor NHE-RF1 T 0.03287527

Q91VMS5 Rbmxll RNA binding motif protein, X-linked-like-1 T 0.03038863
Q99L45  FEif2s2 Eukaryotic translation initiation factor 2 subunit 2 T 0.0244244
P17156  Hspa2 Heat shock-related 70 kDa protein 2 T 0.03731997
P16045  Lgalsl Galectin-1 T 0.0337983
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Q921L3
P14685
Q8CCKO
Q6ZWY3
P53657
Q6A068
Q9QZMO
P84104
P62264
P62305
Q3ULIJ0
QSCIE6
P60843
Q61187
P40124
P06745
QG68FL4
QIWUA3
Q8BLQY
P03930
QICYT6
P14824
P10922

QIR226
008599
QIR0Q7

Tmcol
Psmd3
H2afy?2
Rps271
Pklr
Cdcsl
Ubqln2
Srsf3
Rps14
Snrpe
Gpdll
Copa
Eif4dal
Tsgl01
Capl
Gpi
Ahcy;Ahcyl2
Ptkp
Cadm?2
Mtatp8
Cap2
Anxa6
HI10

Khdrbs3
Stxbp1
Ptges3

Transmembrane and coiled-coil domain-containing protein 1
26S proteasome non-ATPase regulatory subunit 3
Core histone macro-H2A .2

40S ribosomal protein S27-like

Pyruvate kinase PKLR

Cell division cycle 5-like protein

Ubiquilin-2

Serine/arginine-rich splicing factor 3

40S ribosomal protein S14

Small nuclear ribonucleoprotein E
Glycerol-3-phosphate dehydrogenase 1-like protein
Coatomer subunit alpha;Proxenin;Xenin

Eukaryotic initiation factor 4A-I

Tumor susceptibility gene 101 protein

Adenylyl cyclase-associated protein 1
Glucose-6-phosphate isomerase
Adenosylhomocysteinase;Putative adenosylhomocysteinase 3
ATP-dependent 6-phosphofructokinase, platelet type
Cell adhesion molecule 2

ATP synthase protein 8

Adenylyl cyclase-associated protein 2

Annexin A6

Histone H1.0;Histone H1.0, N-terminally processed

KH domain-containing, RNA-binding, signal transduction-associated

protein 3
Syntaxin-binding protein 1
Prostaglandin E synthase 3

CEéE Chc e ceceErIDIIDIIIDI>D

0.04124753
0.04331233
0.0170983
0.00854959
0.04467587
0.02548154
0.04205106
0.02168029
0.04958758
0.0430609
0.03233159
0.03909837
0.02487222
0.0048945
0.01822375
0.026053
0.04276753
0.01327687
0.02838115
0.03586702
0.02553047
0.02669608
0.02440936

0.03174911
0.04850827
0.02140888
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Q8BMF4
P19536
P07758
P46096
D3Z7P3
P39053
P61922
Q640R3
QOJIAL
P84091
P62814
Q9Z2Y3
P35802
Q02053
Q922Q6
P63368
P15105
P05064

QSBTI9
Q4FZC9
P47857
P11499
P07901
Q3UYV9
P62482
P26443

Dlat
Cox5b
Serpinala
Syt1;Syt5
Gls
Dnm1
Abat
Hepacam
Lgil
Ap2ml
Atp6vib2
Homerl
Gpmoba
Ubal
Septin5
Tubada
Glul
Aldoa

Pik3cb
Syne3
Pfkm
Hsp90abl
Hsp90aal
Ncbpl
Kcnab2
Glud1

Dihydrolipoyllysine-residue acetyltransferase component of pyruvate
dehydrogenase complex, mitochondrial

Cytochrome ¢ oxidase subunit 5B, mitochondrial
Alpha-1-antitrypsin 1-1
Synaptotagmin-1;Synaptotagmin-5

Glutaminase kidney isoform, mitochondrial
Dynamin-1

4-aminobutyrate aminotransferase, mitochondrial
Hepatocyte cell adhesion molecule

Leucine-rich glioma-inactivated protein 1

AP-2 complex subunit mu

V-type proton ATPase subunit B, brain isoform
Homer protein homolog 1

Neuronal membrane glycoprotein M6-a
Ubiquitin-like modifier-activating enzyme 1
Septin-5

Tubulin alpha-4A chain

Glutamine synthetase

Fructose-bisphosphate aldolase A
Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit beta
isoform

Nesprin-3

ATP-dependent 6-phosphofructokinase, muscle type
Heat shock protein HSP 90-beta

Heat shock protein HSP 90-alpha

Nuclear cap-binding protein subunit 1
Voltage-gated potassium channel subunit beta-2
Glutamate dehydrogenase 1, mitochondrial

CECEE e Ceececccecececeees

0.02328757
0.03128842
0.00312911
0.04951045
0.04702066
0.03151544
0.04731234
0.00805722
0.04059328
0.009474
0.02428979
0.04560812
0.04656328
0.02423344
0.04288744
0.02885014
0.04237688
0.03536956

0.04149403
0.03879581
0.0335335
0.02846113
0.02501624
0.00036734
0.04380456
0.01418879
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Q92359  Rab30 Ras-related protein Rab-30 N2 0.03976379
P16125  Ldhb L-lactate dehydrogenase B chain N2 0.00283298
P02088  Hbb-b1;Hbb-b2 Hemoglobin subunit beta-1;Hemoglobin subunit beta-2 N% 0.03823049
Q99MNO9  Pccb Propionyl-CoA carboxylase beta chain, mitochondrial N2 0.04459239
P62075  Timml3 Mitochondrial import inner membrane translocase subunit Tim13 N2 0.0140395
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Appendix 3. Dysregulated proteins in Sgsh D31N heterozygous mouse motor cortex compared to wildtype at 6 Week.

Swiss- Up- or Down-

Prot Code Gene Name  Protein Description regulation P-Value

P09581 Csflr Macrophage colony-stimulating factor 1 receptor T 0.04338024
Q9D7H3  RtcA RNA 3'-terminal phosphate cyclase T 0.04950323
Q61207 Psap Prosaposin T 0.01274305
P16125 Ldhb L-lactate dehydrogenase B chain T 0.01043188
QI9R0Q7  Ptges3 Prostaglandin E synthase 3 T 0.03034319
Q8CAA7 Pgm2ll Glucose 1,6-bisphosphate synthase T 0.00678091
Q9CWS0 Ddahl N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 T 0.02663273
Q02053 Ubal Ubiquitin-like modifier-activating enzyme 1 T 0.00345846
P10637 Mapt Microtubule-associated protein tau T 0.04793912
Q9Z0Y1  Dctn3 Dynactin subunit 3 T 0.03934962
QI9DBP5  Cmpkl UMP-CMP kinase T 0.00838698
P16858 Gapdh Glyceraldehyde-3-phosphate dehydrogenase T 0.02247099
P31938 Map2kl Dual specificity mitogen-activated protein kinase kinase 1 T 0.02154008
Q8BFZ3  Actbl2 Beta-actin-like protein 2 T 0.00698826
P07901 Hsp90aal Heat shock protein HSP 90-alpha T 0.03745138
P50396 Gdil Rab GDP dissociation inhibitor alpha T 0.03121237
Q8CCKO  H2afy2 Core histone macro-H2A.2 T 0.04690994
P26618 Pdgfra Platelet-derived growth factor receptor alpha T 0.02636185
Q3UHJO  Aakl AP2-associated protein kinase 1 T 0.04818148
054967 Tnk2 Activated CDC42 kinase 1 T 0.03444202
E9PY46  Ift140 Intraflagellar transport protein 140 homolog N 0.02303274
P22723 Gabrg2 Gamma-aminobutyric acid receptor subunit gamma-2 N 0.03467072
A6PWD2  Fhadl Forkhead-associated domain-containing protein 1 N 0.03526765
Q91YQ5 Rpnl Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 N2 0.02448012
P05532 Kit Mast/stem cell growth factor receptor Kit N% 0.04682028
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QIQYA2
QYDSW7
Q8R404
P62774

Q922D8
QSBLK3

Tomm40
Ociad2
Qill
Mtpn

Mthfd1
Lsamp

Mitochondrial import receptor subunit TOM40 homolog
OCIA domain-containing protein 2

Protein QIL1

Myotrophin

C-1-tetrahydrofolate synthase, cytoplasmic
Limbic system-associated membrane protein

CEe e

0.03739625

0.00368823

0.00542165
0.0335645

0.03952776
0.01969143
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Appendix 4. Dysregulated proteins in Sgsh D31N heterozygous mouse motor cortex compared to wildtype at 12 Week.

Swiss-Prot Up- or Down-

Code Gene Name  Protein Description regulation P-Value
054946  Dnajb6 Dnal homolog subfamily B member 6 T 0.01409778
Q925U4  Edeml ER degradation-enhancing alpha-mannosidase-like protein 1 T 0.04991812
Q8BIG7  Comtdl Catechol O-methyltransferase domain-containing protein 1 T 0.03810874
Q8BXV2  Bri3bp BRI3-binding protein T 0.02600105
Q9DCV7  Krt7 Keratin, type II cytoskeletal 7 T 0.03494393
Q3TMP8  Tmem38a Trimeric intracellular cation channel type A T 0.03691437
P03911 Mtnd4 NADH-ubiquinone oxidoreductase chain 4 T 0.0015647
Q8CHK3  Mboat7 Lysophospholipid acyltransferase 7 T 0.03723546

Q9QYA2 Tomm40 Mitochondrial import receptor subunit TOM40 homolog T 0.02933137
Q8C7M3  Trim9 E3 ubiquitin-protein ligase TRIM9 T 0.04825715
Q8BLK3  Lsamp Limbic system-associated membrane protein T 0.02912636
Q8KIM6  Dnmll Dynamin-1-like protein T 0.0159213
QI9CTYS  Micu3 Calcium uptake protein 3, mitochondrial T 0.02548092
P61329  Fgfl2 Fibroblast growth factor 12 T 0.01661583
P85094 Isoc2a Isochorismatase domain-containing protein 2A, mitochondrial T 0.02916116
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9,
Q9DC69  Ndufa9 mitochondrial T 0.03109557
P35283 Rab12 Ras-related protein Rab-12 T 0.00489565
Q8CC35  Synpo Synaptopodin T 0.01870624
Q99L04  Dhrsl Dehydrogenase/reductase SDR family member 1 T 0.029454
P48318 Gadl Glutamate decarboxylase 1 T 0.04678416
Q925N0  Sfxn5 Sideroflexin-5 T 0.00619271
Q8VHHS5  Agap3 Arf-GAP with GTPase, ANK repeat and PH domain-containing protein 3 T 0.03401174
P35436 Grin2a Glutamate receptor ionotropic, NMDA 2A T 0.03420376
Q80ZW2  Them6 Protein THEM6 T 0.00632735
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Q01097
P17809
Q3UMRS5
Q99P72
P05063
Q3UHLI
Q78ZA7
QIDCW4
Q61792
P45591
QYRIT4
P80316
P08752
Q8R429
P29319
QYZ2HS
QY9IMI |
P39054
QIR0Q7
Q99LX0
P60335
P62281
P31324
Q8BP86
P63005
P60487
P63033
P05064

Grin2b
Slc2al
Mcu
Rtn4
Aldoc
Camkv
Napl14
Etfb
Laspl
Cf12
Septin6
Cct5
Gnai2
Atp2al
Epha3
Epb4111
Ercl
Dnm?2
Ptges3
Park7
Pcbpl
Rpsll
Prkar2b
Snapc4
Pafahlbl
Pdxp
Actal
Aldoa

Glutamate receptor ionotropic, NMDA 2B

Solute carrier family 2, facilitated glucose transporter member 1
Calcium uniporter protein, mitochondrial

Reticulon-4

Fructose-bisphosphate aldolase C

CaM kinase-like vesicle-associated protein

Nucleosome assembly protein 1-like 4

Electron transfer flavoprotein subunit beta

LIM and SH3 domain protein 1

Cofilin-2

Septin-6

T-complex protein 1 subunit epsilon

Guanine nucleotide-binding protein G(i) subunit alpha-2
Sarcoplasmic/endoplasmic reticulum calcium ATPase 1
Ephrin type-A receptor 3

Band 4.1-like protein 1

ELKS/Rabé6-interacting/CAST family member 1
Dynamin-2

Prostaglandin E synthase 3

Protein deglycase DJ-1

Poly(rC)-binding protein 1

40S ribosomal protein S11

cAMP-dependent protein kinase type II-beta regulatory subunit
snRNA-activating protein complex subunit 4
Platelet-activating factor acetylhydrolase IB subunit alpha
Pyridoxal phosphate phosphatase

Actin, alpha cardiac muscle 1

Fructose-bisphosphate aldolase A
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0.03483445
0.01173993
0.04912421
0.02544697
0.04458668
0.02613371
0.01251451
0.03578655
0.01492048
0.027889
0.0318925
0.0382546
0.01444168
0.04445455
0.04728632
0.02595
0.0475088
0.01903169
0.03576443
0.03483953
0.0280571
0.00166662
0.00742508
0.03146003
0.01496697
0.02939483
0.00446273
0.04054146
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Q99PT1
P56399
Q61699
QYROP9
Q8VDII
QIWUMS3
Q8K424
P04925
QYDITS

P51660
Q920P5
QSRI1UI
Q8C854
Q9QXS6
P61759
Q61316
P22682
P58389
070310
QYD8Y0
Q91Y97
008967
P46097
Q8CCS8
Q6ZWX6
P51863
P11983

Arhgdia
UspS
Hsphl
Uchll
Epstil
Corolb
Trpv3
Prnp
Efhcl

Hsd17b4
AkS
Cog4
Myef2
Dbnl
Vbpl
Hspa4
Cbl
Ppp2r4
Nmtl
Efhd2
Aldob
Cyth3
Syt2
Vwag
Eif2s1
Atp6v0dl
Tepl

Rho GDP-dissociation inhibitor 1

Ubiquitin carboxyl-terminal hydrolase 5

Heat shock protein 105 kDa

Ubiquitin carboxyl-terminal hydrolase isozyme L1
Epithelial-stromal interaction protein 1

Coronin-1B

Transient receptor potential cation channel subfamily V member 3
Major prion protein

EF-hand domain-containing protein 1

(3R)-hydroxyacyl-CoA dehydrogenase;Enoyl-CoA hydratase 2;Peroxisomal
multifunctional enzyme type 2

Adenylate kinase isoenzyme 5

Conserved oligomeric Golgi complex subunit 4
Myelin expression factor 2

Drebrin

Prefoldin subunit 3

Heat shock 70 kDa protein 4

E3 ubiquitin-protein ligase CBL
Serine/threonine-protein phosphatase 2A activator
Glycylpeptide N-tetradecanoyltransferase 1
EF-hand domain-containing protein D2
Fructose-bisphosphate aldolase B

Cytohesin-3

Synaptotagmin-2

von Willebrand factor A domain-containing protein 8
Eukaryotic translation initiation factor 2 subunit 1
V-type proton ATPase subunit d 1

T-complex protein 1 subunit alpha

CECEEE e eec e Ceceeeeces

0.0130616
0.01297727
0.00524091
0.04658101
0.04712573

0.0063505
0.03792958
0.04197534
0.04334903

0.04865089
0.01796962
0.02391319
0.04953073
0.0232065
0.00835417
0.01378693
0.00815089
0.02424606
0.0393781
0.03553068
0.01352704
0.01368675
0.03760539
0.01017708
0.04569198
0.02893515
0.03679331
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008810
P61082
008917
Q8C7K6
P61294
P42208
Q8K3H0
Q8COE2
Q8CDLY
QYDDI8
Q61166
P32921
Q8C263
Q91VM9
P48758
QOVES2

Eftud2
Ube2m
Flotl
Pcyox11
Rab6a/b
Septin2
Appll
Vps26b
Ccdc87
Dtd1
Maprel
Wars
Ska3
Ppa2
Cbrl
Cpne7

116 kDa U5 small nuclear ribonucleoprotein component
NEDDS8-conjugating enzyme Ubc12

Flotillin-1

Prenylcysteine oxidase-like

Ras-related protein Rab-6A;Ras-related protein Rab-6B
Septin-2

DCC-interacting protein 13-alpha

Vacuolar protein sorting-associated protein 26B
Coiled-coil domain-containing protein 87
D-tyrosyl-tRNA(Tyr) deacylase 1
Microtubule-associated protein RP/EB family member 1
T1-TrpRS;T2-TrpRS; Tryptophan--tRNA ligase, cytoplasmic
Spindle and kinetochore-associated protein 3

Inorganic pyrophosphatase 2, mitochondrial

Carbonyl reductase [NADPH] 1

Copine-7
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0.0362677
0.03325949
0.04916274

0.0469611

0.0396241
0.00887606
0.00330526
0.00837189
0.02490057
0.04068889
0.01853727
0.03613524
0.03100982
0.03627919

0.0389799
0.01392201
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Appendix 5. Dysregulated proteins in Sgsi D31N heterozygous mouse motor cortex compared to wildtype at 24 Week.

Swiss-Prot Up- or Down-

Code Gene Name  Protein Description regulation P-Value
QI9D6P8  Calml3 Calmodulin-like protein 3 T 0.04235441
Q97100  Cpxml Probable carboxypeptidase X1 T 0.04560659
Q80VY2 Fam212b Protein FAM212B T 0.01872554
P68134  Actal Actin, alpha skeletal muscle T 0.04457274
Q91X78  Erlinl Erlin-1 T 0.00636583
Q8KODO  Cdk17 Cyclin-dependent kinase 17 T 0.0406154
P70182  PipSkla Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha T 0.02984908
Q8BHES Maipl Uncharacterized protein C2orf47 homolog, mitochondrial T 0.02151642
Q8BURY9  Mztl Mitotic-spindle organizing protein 1 T 0.04773739

Q91WUO  Ceslf Carboxylic ester hydrolase T 0.04438731
Q8R4U7  Luzpl Leucine zipper protein 1 T 0.0168297
Q60900  Elavl3 ELAV-like protein 3 T 0.04789197
Q9D1J3  Sarnp SAP domain-containing ribonucleoprotein T 0.04717127
Q920F6  Smclb Structural maintenance of chromosomes protein 1B T 0.02913799
P62307  Snrpf Small nuclear ribonucleoprotein F T 0.03973212
Q9D4J1  Efhdl EF-hand domain-containing protein D1 T 0.01891516
P60824  Cirbp Cold-inducible RNA-binding protein T 0.0420428
P41216  Acsll Long-chain-fatty-acid--CoA ligase 1 T 0.00124326
Q7TT50  Cdc42bpb Serine/threonine-protein kinase MRCK beta T 0.02343875
Q8R0S4  Cacnb4 Voltage-dependent L-type calcium channel subunit beta-4 ™ 0.02234284
Q8BXZ1 Tmx3 Protein disulfide-isomerase TMX3 T 0.02705968
Q3V3R1  Mthfdll Monofunctional C1-tetrahydrofolate synthase, mitochondrial T 0.00792089
P62073  Timml0 Mitochondrial import inner membrane translocase subunit Tim10 T 0.01985235
Q8BJD1  Itih5 Inter-alpha-trypsin inhibitor heavy chain H5 T 0.04322838
Q91W34  Rusfl RUSI family protein C160rf58 homolog T 0.0117644
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Q9EPWO
Q62418
054950
Q6PEIS

Q4ACU6
Q99NB5
Q64314
P70379
Q9D7J9
P61967
P14431
QYR0Q9
Q505D7
Q81110

QYDITO
QYQXK3
Q7TNVO
Q99PWS
Q8BGR6
Q9JKV7
Q6ZWX6
Q61011
Q99MO1
Q8R480
Q02257
Q9DOMS5
D3YZU1

Inpp4a
Dbnl
Prkagl
Abhd10
Shank3
Gsdmce
Cd34
Fgfl4
Echdc3
Aplsl
H2-Q9
Mpdul
Opa3
Atpafl

Lingol
Copg2
Dek
Kif17
Arll5
Extll
Eif2s1
Gnb3
Fars2
Nup85
Jup
DynlI2
Shank]1

Type I inositol 3,4-bisphosphate 4-phosphatase

Drebrin-like protein

5'-AMP-activated protein kinase subunit gamma-1
Mycophenolic acid acyl-glucuronide esterase, mitochondrial
SH3 and multiple ankyrin repeat domains protein 3
Gasdermin-C

Hematopoietic progenitor cell antigen CD34

Fibroblast growth factor 14

Enoyl-CoA hydratase domain-containing protein 3, mitochondrial
AP-1 complex subunit sigma-1A

H-2 class I histocompatibility antigen, Q9 alpha chain
Mannose-P-dolichol utilization defect 1 protein

Optic atrophy 3 protein homolog

ATP synthase mitochondrial F1 complex assembly factor 1
Leucine-rich repeat and immunoglobulin-like domain-containing nogo
receptor-interacting protein 1

Coatomer subunit gamma-2

Protein DEK

Kinesin-like protein KIF17

ADP-ribosylation factor-like protein 15
Exostosin-like 1

Eukaryotic translation initiation factor 2 subunit 1
Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-3
Phenylalanine--tRNA ligase, mitochondrial
Nuclear pore complex protein Nup85

Junction plakoglobin

Dynein light chain 2, cytoplasmic

SH3 and multiple ankyrin repeat domains protein 1

DD IIIDIDIDIIIDID DI IIDIDIDI I

0.02195163
0.04037138
0.01145401
0.0492625
0.00267521
0.01230699
0.00773888
0.04209562
0.03861881
0.04390049
0.04879785
0.00607583
0.00929756
0.02869609

0.01128084
0.02240088
0.01114445
0.00417807
0.04349161
0.0205217
0.0225715
0.04322834
0.04428366
0.01481921
0.02086963
0.03801376
0.00364616
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QS80TRI1
P60521
P29595
Q62093
Q3UV17
P12023
P62843
Q03137
QYCTYS
FSVPU2
Q04859
Q9CQI1
Q3UGC7
Q8CFC2
Q9Z1Q9
P26049
QYZ0H4
QYQUP5
QICR67
P56135
Q3UMRS5
Q91WIJS
P62748
P35282
P56382
QYRI1C6
P53569
Q8BIG7

Lphnl
Gabarapl2
Nedd8
Srsf2
Krt76
App
Rps15
Epha4
Micu3
Farpl
Mak
Ndufa3
Eif3j1
Mytl
Vars
Gabra3
Celf2
Haplnl
Tmem33
Atp5j2
Mcu
Fubpl
Hpcall
Rab21
AtpSe
Dgke
Cebpz
Comtd1

Latrophilin-1

Gamma-aminobutyric acid receptor-associated protein-like 2
NEDDS

Serine/arginine-rich splicing factor 2

Keratin, type II cytoskeletal 2 oral

Amyloid beta A4 protein

40S ribosomal protein S15

Ephrin type-A receptor 4

Calcium uptake protein 3, mitochondrial

FERM, RhoGEF and pleckstrin domain-containing protein 1
Serine/threonine-protein kinase MAK

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3
Eukaryotic translation initiation factor 3 subunit J-A

Myelin transcription factor 1

Valine--tRNA ligase

Gamma-aminobutyric acid receptor subunit alpha-3
CUGBP Elav-like family member 2

Hyaluronan and proteoglycan link protein 1

Transmembrane protein 33

ATP synthase subunit f, mitochondrial

Calcium uniporter protein, mitochondrial

Far upstream element-binding protein 1

Hippocalcin-like protein 1

Ras-related protein Rab-21

ATP synthase subunit epsilon, mitochondrial
Diacylglycerol kinase epsilon

CCAAT/enhancer-binding protein zeta

Catechol O-methyltransferase domain-containing protein 1
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0.00411792
0.02088238
0.02275117
0.03561457
0.03020346
0.00677525
0.04605157
0.0459389
0.00156141
0.02207905
0.00535135
0.02285463
0.03125306
0.03513104
0.01517186
0.02165176
0.02590507
0.00836603
0.02867992
0.02738535
0.01041182
0.03899256
0.01347433
0.00996353
0.00091863
0.0278891
0.04716258
0.00107311
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Q61937
QS0YE7
QYCPQ3
QICWO3
P62245
Q6NS60
Q91YQ5
Q6PDM2
Q69ZK9
QYJLVS
P62849
QICQV6
P98086
Q62433
P27659
Q5SNZ0
P48453
P62315
P21619
Q80238
Q3UUG6
P83882
QYEPJ9

P61804
009167
Q61990
Q8VE33

Npml
Dapk1
Tomm?22
Smc3
Rpsl5a
Fbxo41
Rpnl
Srsfl
Nlgn2
Cul3
Rps24
Map11c3b
Clqga
Ndrgl
Rpl3
Ccdc88a
Ppp3cb
Snrpd1
Lmnb2
Shank?2
Tbcld24
Rpl36a
Arfgapl

Dadl1
Rpl21
Pcbp2
Gdaplll1

Nucleophosmin

Death-associated protein kinase 1

Mitochondrial import receptor subunit TOM22 homolog
Structural maintenance of chromosomes protein 3

40S ribosomal protein S15a

F-box only protein 41
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1
Serine/arginine-rich splicing factor 1

Neuroligin 4-like

Cullin-3

40S ribosomal protein S24

Microtubule-associated proteins 1A/1B light chain 3B
Complement C1q subcomponent subunit A

Protein NDRG1

60S ribosomal protein L3

Girdin

Serine/threonine-protein phosphatase 2B catalytic subunit beta isoform
Small nuclear ribonucleoprotein Sm D1

Lamin-B2

SH3 and multiple ankyrin repeat domains protein 2
TBCI1 domain family member 24

60S ribosomal protein L36a

ADP-ribosylation factor GTPase-activating protein 1
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit
DADI1

60S ribosomal protein L21
Poly(rC)-binding protein 2
Ganglioside-induced differentiation-associated protein 1-like 1
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0.03953225
0.01843257
0.04575027
0.01206509
0.04727436
0.00337685
0.0231123
0.02627612
0.02606356
0.01898442
0.01340028
0.01601032
0.0323418
0.01024886
0.03375718
0.01792718
0.04606219
0.02323655
0.03238338
0.04793042
0.02881517
0.04191827
0.0067315

0.02995337
0.03414013
0.03952406
0.00320972
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Q6GQS1
Q9Z2U1
P10922
055131
P15532
P63318
QYDBP5
QYESN6
008807
Q6ZQ38
Q5SQX6
P51863
QICQVS
QYROYS
Q8BKXI
QYDSW7
Q8BHC4

P58281
Q3UHLLI
Q8BM75
Q8CI94
Q6ZPK7
P11983
Q68FD5
Q99104
008756
Q9DBJ1

Slc25a23
Psma5
H110
Septin7
Nmel
Prkcg
Cmpkl
Trim2
Prdx4
Candl
Cyfip2
Atp6v0dl
Ywhab
Akl
Baiap2
Ociad2
Dcakd

Opal
Camkv
Arid5b
Pygb
Zfyve28
Tepl

Cltc
Myo5a
Hsd17b10
Pgaml1

Calcium-binding mitochondrial carrier protein SCaMC-3
Proteasome subunit alpha type-5

Histone H1.0;Histone H1.0, N-terminally processed
Septin-7

Nucleoside diphosphate kinase A

Protein kinase C gamma type

UMP-CMP kinase

Tripartite motif-containing protein 2

Peroxiredoxin-4

Cullin-associated NEDD8-dissociated protein 1
Cytoplasmic FMR 1-interacting protein 2

V-type proton ATPase subunit d 1

14-3-3 protein beta/alpha;14-3-3 protein beta/alpha, N-terminally processed
Adenylate kinase isoenzyme 1

Brain-specific angiogenesis inhibitor 1-associated protein 2
OCIA domain-containing protein 2

Dephospho-CoA kinase domain-containing protein
Dynamin-like 120 kDa protein, form S1;Dynamin-like 120 kDa protein,
mitochondrial

CaM kinase-like vesicle-associated protein
AT-rich interactive domain-containing protein 5B
Glycogen phosphorylase, brain form

Lateral signaling target protein 2 homolog
T-complex protein 1 subunit alpha

Clathrin heavy chain 1

Unconventional myosin-Va

3-hydroxyacyl-CoA dehydrogenase type-2
Phosphoglycerate mutase 1
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0.04394955
0.01785697
0.04968211
0.0486011
0.04715988
0.0181539
0.04487362
0.02795966
0.03395507
0.04592688
0.0258467
0.04340412
0.04405799
0.00492283
0.03191857
0.04200918
0.04126979

0.04404092
0.04033237
0.04100581
0.02420602
0.03626238
0.02689479
0.02262727
0.04712614
0.04637245
0.02414684
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Q3UNH4
P61202
P48722
P35700
P17182
QSRSHI
Q8RO71
P14115
QYDOJ8
Q9Z2H5
Q8BIJ6
008917
Q9QZQ8
P61226
Q8ROY6
P63085
Q8CC35
Q9Z218
Q9JLK7
Q8C650
P00493
Q927218
P02088
QYZ1B3
Q62419
Q3UQ44
P11404
Q4VAE3

Gprinl
Cops2
Hspa4l
Prdx1
Enol
Uspl5
Itpka
Rpl27a
Ptms
Epb4111
lars2
Flotl
H2afy
Rap2b
Aldhl1l1
Mapk1
Synpo
Dpp6
Cabpl
Septin10
Hprtl
Suclg?2
Hbb-bl
Plcbl
Sh3gll1
Iqgap2
Fabp3
Tmem65

G protein-regulated inducer of neurite outgrowth 1
COP9 signalosome complex subunit 2

Heat shock 70 kDa protein 4L

Peroxiredoxin-1

Alpha-enolase

Ubiquitin carboxyl-terminal hydrolase 15
Inositol-trisphosphate 3-kinase A

60S ribosomal protein L27a

Parathymosin

Band 4.1-like protein 1

Isoleucine--tRNA ligase, mitochondrial

Flotillin-1

Core histone macro-H2A.1

Ras-related protein Rap-2b

Cytosolic 10-formyltetrahydrofolate dehydrogenase
Mitogen-activated protein kinase 1

Synaptopodin

Dipeptidyl aminopeptidase-like protein 6
Calcium-binding protein 1

Septin-10

Hypoxanthine-guanine phosphoribosyltransferase
Succinyl-CoA ligase [GDP-forming] subunit beta, mitochondrial
Hemoglobin subunit beta-1

1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-1
Endophilin-A2

Ras GTPase-activating-like protein IQGAP2

Fatty acid-binding protein, heart

Transmembrane protein 65
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0.04108725
0.03025639
0.04046754
0.00936613
0.01067618
0.04786313
0.03052499
0.04974626
0.02266202
0.04581872
0.03738588
0.01063035
0.00986886
0.0442426
0.04269491
0.02654354
0.04184601
0.02822958
0.01355503
0.03948762
0.0301189
0.04698927
0.03733246
0.03197723
0.02672216
0.0492182
0.02333793
0.02538482
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Q61171
QYESTS
Q8BW75
QYCSP9
Q8COTS
Q8COE2
Q9QZX7

Q6ROH7
Q91VRS5
P47809
P62889
P20108
Q924N4
QIQUM9
Q63912
P28738
088456
Q91XL9
Q99K 67
P09041
QIWVA4
Q9QYF9
Q8BLE7
Q8BTO07
054962
P62812
P53810

Prdx2
Anp32b
Maob
Ttc14
Sipalll
Vps26b
Srr

Gnas
Ddx1
Map2k4
Rpl30
Prdx3
Slc12a6
Psma6
Omg
Kif5c
Capnsl
Osbplla
Aass
Pgk2
Tagln2
Ndrg3
Slc17a6
Cep55
Banfl
Gabral
Pitpna

Peroxiredoxin-2

Acidic leucine-rich nuclear phosphoprotein 32 family member B

Amine oxidase [flavin-containing] B

Tetratricopeptide repeat protein 14

Signal-induced proliferation-associated 1-like protein 1
Vacuolar protein sorting-associated protein 26B

Serine racemase

Guanine nucleotide-binding protein G(s) subunit alpha isoforms
short;Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas

ATP-dependent RNA helicase DDX1

Dual specificity mitogen-activated protein kinase kinase 4
60S ribosomal protein L30

Thioredoxin-dependent peroxide reductase, mitochondrial
Solute carrier family 12 member 6

Proteasome subunit alpha type-6

Oligodendrocyte-myelin glycoprotein

Kinesin heavy chain isoform 5C

Calpain small subunit 1

Oxysterol-binding protein-related protein 1
Alpha-aminoadipic semialdehyde synthase, mitochondrial
Phosphoglycerate kinase 2

Transgelin-2

Protein NDRG3

Vesicular glutamate transporter 2

Centrosomal protein of 55 kDa

Barrier-to-autointegration factor, N-terminally processed
Gamma-aminobutyric acid receptor subunit alpha-1
Phosphatidylinositol transfer protein alpha isoform
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0.0254488
0.04340631
0.02336682
0.01869053
0.04882349
0.01289939
0.02664762

0.02653472
0.02062403
0.03113635
0.01558006
0.02782952
0.02434547
0.00988813
0.0118889
0.04976731
0.04872616
0.04601445
0.01274079
0.01522495
0.04956527
0.00325234
0.04878051
0.03377107
0.04209268
0.04816606
0.0368898
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Q02248
Q62188
088844
P56565
P98197
QSBHB7
Q3ULD5
Q14AX6

Ctnnbl
Dpysl3
Idh1

S100al
Atplla

Mcec?2
Cdk12

Catenin beta-1

Dihydropyrimidinase-related protein 3

Isocitrate dehydrogenase [NADP] cytoplasmic

Protein S100-A1

Probable phospholipid-transporting ATPase ITH
Uncharacterized protein C160rf46 homolog
Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial
Cyclin-dependent kinase 12

CEEC e

0.04507166
0.01097522
0.02465929
0.03087329
0.03471471
0.04382347
0.0245239
0.03940185
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Appendix 6. Dysregulated proteins in Sgsi D31N heterozygous mouse motor cortex compared to wildtype at 48 Week.

Swiss- Up- or Down-
Prot Code Gene Name Protein Description regulation P-Value
Q80VY2 Fam212b Protein FAM212B T 0.02822207
P70124  Serpinb5 Serpin B5 T 0.04637105
Q8RIG1 Taspl Threonine aspartase 1 T 0.00833059
Q8VHIJ5 Markl Serine/threonine-protein kinase MARK 1 T 0.02073254
P35917 Flt4 Vascular endothelial growth factor receptor 3 T 0.01742689
Q8CIN4  Pak2 PAK-2p27;PAK-2p34;Serine/threonine-protein kinase PAK 2 T 0.02081995
Q9CY27 Tecr Very-long-chain enoyl-CoA reductase T 0.0140758
Q97110  Aldhl18al Delta-1-pyrroline-5-carboxylate synthase T 0.03796618
Q8BHO0 Aldh8al Aldehyde dehydrogenase family 8 member Al T 0.00890673
Q8ROY8  Slc25a42 Mitochondrial coenzyme A transporter SLC25A42 T 0.02112063
Q8BTY2 Slc4a7 Sodium bicarbonate cotransporter 3 T 0.0129491
Kinesin-like protein KIF3B;Kinesin-like protein KIF3B, N-terminally
Q61771  Kif3b processed T 0.03954284
Q6P5F9  Xpol Exportin-1 T 0.02020334
QI9EQF6  Dpysl5 Dihydropyrimidinase-related protein 5 T 0.01650036
035286  Dhx15 Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 T 0.02622949
Q61502  E2f5 Transcription factor E2F5 T 0.0271791
Q8CG48 Smc2 Structural maintenance of chromosomes protein 2 T 0.0081936
Q61851  Fgfi3 Fibroblast growth factor receptor 3 T 0.04789354
Q9D7X3  Dusp3 Dual specificity protein phosphatase 3 T 0.02249668
Q8BHC1 Rab39b Ras-related protein Rab-39B T 0.00988546
Q8CGK3 Lonpl Lon protease homolog, mitochondrial ™ 0.01196023
008914  Faah Fatty-acid amide hydrolase 1 T 0.00842441
Q8C522  Endodl Endonuclease domain-containing 1 protein T 0.04931574
035864  Cops5 COP?9 signalosome complex subunit 5 T 0.03668858
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Q78PY7
P27601
QI9DC51

QYDITO
QIWVKS
035114
070492
070589
Q8BFZ9
Q8VDP6
Q03142
Q8JZS0
Q9QYJ0
Q8CHTI
Q8C419
QYCZI2
Q8R0S2
P62843
054946
Q81110
035316
P26231

QI9DBC7
Q92019
P19639

Sndl
Gnal3
Gnai3

Lingol
Cyp46al
Scarb2
Snx3
Cask
Erlin2
Cdipt
Fgfrd
Lin7a;Lin7b
Dnaja2
Ngef
Gprl58
Hspal2b
Igsecl
Rps15
Dnajb6
Atpafl
Slc6a6
Ctnnal

Prkarla
Wdr7
Gstm3

Staphylococcal nuclease domain-containing protein 1
Guanine nucleotide-binding protein subunit alpha-13

Guanine nucleotide-binding protein G(k) subunit alpha
Leucine-rich repeat and immunoglobulin-like domain-containing nogo receptor-
interacting protein 1

Cholesterol 24-hydroxylase

Lysosome membrane protein 2

Sorting nexin-3

Peripheral plasma membrane protein CASK

Erlin-2

CDP-diacylglycerol--inositol 3-phosphatidyltransferase
Fibroblast growth factor receptor 4

Protein lin-7 homolog A;Protein lin-7 homolog B

Dnal homolog subfamily A member 2

Ephexin-1

Probable G-protein coupled receptor 158

Heat shock 70 kDa protein 12B

IQ motif and SEC7 domain-containing protein 1

40S ribosomal protein S15

Dnal homolog subfamily B member 6

ATP synthase mitochondrial F1 complex assembly factor 1
Sodium- and chloride-dependent taurine transporter
Catenin alpha-1

cAMP-dependent protein kinase type I-alpha regulatory subunit;cAMP-
dependent protein kinase type I-alpha regulatory subunit, N-terminally
processed

WD repeat-containing protein 7

Glutathione S-transferase Mu 3
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0.024725
0.00894809
0.03506095

0.02030554
0.01383834
0.00534834
0.01341314
0.00574913
0.03767688
0.02475217
0.02161162
0.0039978
0.00573529
0.04322918
0.00401156
0.0048827
0.02112001
0.04976021
0.03268675
0.04982571
0.01289581
0.02117177

0.02578753
0.00067597
0.00621649
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Q91YTO
Q148V7
QY9QUR7
QYJKSS
D3YZUI
GSESK5
Q9Z1WS
Q9DC16
P20444
A3KGB4
P32848
P26049
Q9D662
P31324
Q97268
Q8JZP2
AG6H6E9
P42932
P52196
QYCPU4
QYRON7
Q922U2
Q91ZA3
Q61656
P14824
P62911
P03921
QG68FL4

Ndufvl
Kiaal468
Pinl
Serpini2
Shank 1
Ank3
Atpl2a
Ergicl
Prkca
Tbc1d8b
Pvalb
Gabra3
Sec23b
Prkar2b
Rasall
Syn3
Ttc231
Cct8

Tst
Mgst3
Syt7
Krt5
Pcca
Ddx5
Anxa6b
Rpl32
Mtnd5
Ahcyl2

NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial
LisH domain and HEAT repeat-containing protein KIAA1468
Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1

Serpin 12

SH3 and multiple ankyrin repeat domains protein 1

Ankyrin-3

Potassium-transporting ATPase alpha chain 2

Endoplasmic reticulum-Golgi intermediate compartment protein 1
Protein kinase C alpha type

TBCI1 domain family member 8B

Parvalbumin alpha

Gamma-aminobutyric acid receptor subunit alpha-3

Protein transport protein Sec23B

cAMP-dependent protein kinase type II-beta regulatory subunit
RasGAP-activating-like protein 1

Synapsin-3

Tetratricopeptide repeat protein 23-like

T-complex protein 1 subunit theta

Thiosulfate sulfurtransferase

Microsomal glutathione S-transferase 3

Synaptotagmin-7

Keratin, type II cytoskeletal 5

Propionyl-CoA carboxylase alpha chain, mitochondrial
Probable ATP-dependent RNA helicase DDX5

Annexin A6

60S ribosomal protein L32

NADH-ubiquinone oxidoreductase chain 5

Putative adenosylhomocysteinase 3
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0.01521449
0.00981085
0.01762639
0.0173695
0.03091357
0.00641449
0.02312761
0.00733064
0.0100152
0.02536553
0.00967139
0.03279688
0.01909236
0.00097587
0.00262842
0.02685534
0.0440291
0.00953673
0.03487161
0.02740672
0.02498236
0.0305756
0.02071334
0.03947439
0.04530357
0.03371312
0.00951583
0.03663058
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P56379
P97434
Q8K2C9
Q8VDG6
P20060
P63034
Q9QZ06
Q61330
QIDSW7
QIWUA2
Q9Z1P6
Q80225
Q8VCD6
QIWVK4
P03888
P60469
Q80XPS
P55249
P09405
Q32MW3
Q8CHK3
Q8VHW2
Q9Z2H5
Q6PHZ2
Q8BHE3
Q3UUI3
P49025
Q8CCKO

Mp68
Mprip
Hacd3
Mik4
Hexb
Cyth2
Tollip
Cntn2
Ociad2
Farsb
Ndufa?7
Ofd1
Reep2
Ehdl
Mitnd1
Ppfia3
Fam76b
Alox12e
Ncl
Acotl0
Mboat7
Cacng8
Epb4111
Camk2d
Atcay
Them4
Cit
H2afy?2

6.8 kDa mitochondrial proteolipid

Myosin phosphatase Rho-interacting protein
Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 3
Mitogen-activated protein kinase kinase kinase MLK4
Beta-hexosaminidase subunit beta

Cytohesin-2

Toll-interacting protein

Contactin-2

OCIA domain-containing protein 2
Phenylalanine--tRNA ligase beta subunit

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 7
Oral-facial-digital syndrome 1 protein homolog
Receptor expression-enhancing protein 2

EH domain-containing protein 1

NADH-ubiquinone oxidoreductase chain 1
Liprin-alpha-3

Protein FAM76B

Arachidonate 12-lipoxygenase, epidermal-type
Nucleolin

Acyl-coenzyme A thioesterase 10, mitochondrial
Lysophospholipid acyltransferase 7

Voltage-dependent calcium channel gamma-8 subunit
Band 4.1-like protein 1

Calcium/calmodulin-dependent protein kinase type II subunit delta
Caytaxin

Acyl-coenzyme A thioesterase THEM4

Citron Rho-interacting kinase

Core histone macro-H2A.2
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0.00652535
0.00114174
0.03563261
0.01007847
0.01617902
0.0117385
0.03626447
0.04941635
0.02212595
0.02133326
0.00598861
0.03096962
0.00340179
0.01980818
0.03193311
0.04233116
0.00581409
0.0161503
0.01399424
0.02207761
0.03009461
0.04826676
0.03664942
0.02791573
0.04422369
0.03824629
0.02040995
0.04701165
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P62264
E9Q3L2
P39688
Q99KBS
QIWUB3
Q5SZAl
Q3ULJ0
055131
088384
Q91XU3
QYRI11
Q5SSL4
P15532
P63040
P49722
P70349
Q8R5C5
009061
Q01768
Q8CI94
Q8BP67
Q8C1B7
Q6ZPK7
Q99LR1
Q921F2
035066
Q3THE2
QICQVS

Rps14
Pidka
Fyn
Hagh
Pygm
Slc17a2
Gpdll
Septin7
Vtilb
Pip4k2c
Gda
Abr
Nmel
Cplx1
Psma2
Hintl
Actrlb
Psmbl
Nme?2
Pygb
Rpl24
Septinl 1
Zfyve28
Abhd12
Tardbp
Kif3c
Myl12b
Ywhab

40S ribosomal protein S14

Phosphatidylinositol 4-kinase alpha

Tyrosine-protein kinase Fyn

Hydroxyacylglutathione hydrolase, mitochondrial
Glycogen phosphorylase, muscle form
Sodium-dependent phosphate transport protein 3
Glycerol-3-phosphate dehydrogenase 1-like protein
Septin-7

Vesicle transport through interaction with t-SNAREs homolog 1B
Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma
Guanine deaminase

Active breakpoint cluster region-related protein
Nucleoside diphosphate kinase A

Complexin-1

Proteasome subunit alpha type-2

Histidine triad nucleotide-binding protein 1
Beta-centractin

Proteasome subunit beta type-1

Nucleoside diphosphate kinase B

Glycogen phosphorylase, brain form

60S ribosomal protein L24

Septin-11

Lateral signaling target protein 2 homolog
Monoacylglycerol lipase ABHD12

TAR DNA-binding protein 43

Kinesin-like protein KIF3C

Myosin regulatory light chain 12B

14-3-3 protein beta/alpha;14-3-3 protein beta/alpha, N-terminally processed
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0.00757383
0.02483484
0.03037907
0.03895203
0.0354267
0.0270947
0.01153187
0.03266689
0.04800576
0.02851004
0.04209957
0.02913881
0.00359108
0.04219562
0.02177988
0.00496053
0.02540339
0.00696669
0.00794823
0.02308975
0.01155378
0.01439375
0.01420112
0.03690442
0.04504175
0.00322733
0.00815131
0.01694216
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QS8R1Q8
QY9PT1
P35279
QYRIT4
QIJIF7
QYCYS8
Q8BM75
Q8K 596
P62484
QIWUU9
Q60598
Q64511
P58771
P80316
P62259
Q11011
Q9QUHO
P61982
Q91XAS
P47962
P63046
P08103
Q9CQ69
P30677
P68254
Q62419
QICZM2
QYD6US

Dyncllil
Arhgdia
Rab6a
Septin6
Copbl
Serbp1
Arid5b
Slc8a2
Abi2
Mcm3ap
Cttn
Top2b
Tpml
Cct5
Ywhae
Npepps
Glrx
Ywhag
Klhdc8a
Rpl5
Sultdal
Hck
Uqcerq
Gnal4
Ywhaq
Sh3gll1
Rpll5
Fam162a

Cytoplasmic dynein 1 light intermediate chain 1

Rho GDP-dissociation inhibitor 1

Ras-related protein Rab-6A

Septin-6

Coatomer subunit beta

Plasminogen activator inhibitor 1 RNA-binding protein
AT-rich interactive domain-containing protein 5B
Sodium/calcium exchanger 2

Abl interactor 2

Germinal-center associated nuclear protein

Src substrate cortactin

DNA topoisomerase 2-beta

Tropomyosin alpha-1 chain

T-complex protein 1 subunit epsilon

14-3-3 protein epsilon

Puromycin-sensitive aminopeptidase

Glutaredoxin-1

14-3-3 protein gamma;14-3-3 protein gamma, N-terminally processed
Kelch domain-containing protein 8 A

60S ribosomal protein L5

Sulfotransferase 4A1

Tyrosine-protein kinase HCK

Cytochrome b-c1 complex subunit 8

Guanine nucleotide-binding protein subunit alpha-14
14-3-3 protein theta

Endophilin-A2

60S ribosomal protein L15

Protein FAM162A

R R i e e e I el i R e e R

0.02295632
0.01195154
0.00294348
0.03279314
0.02489792
0.01614096
0.01784087
0.00397542
0.03648433
0.0088033
0.01961026
0.03144888
0.00257804
0.00515904
0.03860277
0.04775768
0.02688917
0.00734427
0.03795375
0.01028154
0.02634609
0.02243871
0.04189749
0.01490036
0.02457486
0.03003755
0.04743316
0.04793291
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P70452
QIQUMY
P12367
Q9DCV7
QSR4E6
P18572
P56399
Q8BJSS
Q6P8J7
Q80TF4
Q9IMH9
035660
P51660
P22723
QYCRS51
Q66JTO
Q148W0
070439
QYERK4
QYDIGI
035215
P45376
Q8BG32
035295
P47876
Q62393
QICWSO0
Q04736

Stx4
Psma6
Prkar2a
Krt7
Purg
Bsg
UspS
Mtbp
Ckmt2
Klhl13
Myol8a
Gstm6
Hsd17b4
Gabrg2
Atpovigl
Wee2
Atp8bl
Stx7
Csell
Rablb
Ddt
Akrlbl
Psmdl1
Purb
Igfbpl
Tpd52
Ddahl
Yesl

Syntaxin-4

Proteasome subunit alpha type-6

cAMP-dependent protein kinase type II-alpha regulatory subunit
Keratin, type II cytoskeletal 7

Purine-rich element-binding protein gamma

Basigin

Ubiquitin carboxyl-terminal hydrolase 5

Mdm2-binding protein

Creatine kinase S-type, mitochondrial

Kelch-like protein 13

Unconventional myosin-XVIlla

Glutathione S-transferase Mu 6

(3R)-hydroxyacyl-CoA dehydrogenase;Enoyl-CoA hydratase 2
Gamma-aminobutyric acid receptor subunit gamma-2
V-type proton ATPase subunit G 1

Weel-like protein kinase 2

Phospholipid-transporting ATPase IC

Syntaxin-7

Exportin-2

Ras-related protein Rab-1B

D-dopachrome decarboxylase

Aldose reductase

26S proteasome non-ATPase regulatory subunit 11
Transcriptional activator protein Pur-beta

Insulin-like growth factor-binding protein 1

Tumor protein D52

N(G),N(G)-dimethylarginine dimethylaminohydrolase 1
Tyrosine-protein kinase Yes

R R i e e e I el i R e e R

0.0451212
0.04408097
0.02208424
0.03665023
0.02611902
0.03730565
0.03504823
0.04144291

0.0249179
0.04903783
0.04934256
0.01502697
0.04586453
0.01557893
0.01093093
0.04168859
0.02492315

0.0060893
0.02532686
0.04788281
0.00367741
0.03690813
0.02235092
0.02539139
0.04333022
0.03689092
0.03955816

0.0426567
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Q6A037
P00416
Q8JZW4
F8VQB6
P98197
Q60823
Q8VDBS
Q9J146
Q8BYZ7
Q7TME2
P47753
Q80ZN5
035963
QY9L88
P09066

N4bpl
mt-Co3
Cpne5
Myol0
Atplla
Akt2
Lrrc2
Nudt3
Elmo3
Spag5
Capzal
Cst13
Rab33b
Sntb1
En2

NEDD4-binding protein 1

Cytochrome ¢ oxidase subunit 3

Copine-5

Unconventional myosin-X

Probable phospholipid-transporting ATPase ITH
RAC-beta serine/threonine-protein kinase
Leucine-rich repeat-containing protein 2
Diphosphoinositol polyphosphate phosphohydrolase 1
Engulfment and cell motility protein 3
Sperm-associated antigen 5

F-actin-capping protein subunit alpha-1
Cystatin-13

Ras-related protein Rab-33B
Beta-1-syntrophin

Homeobox protein engrailed-2

CEC e

0.03850518
0.04264393
0.01170659
0.00170969
0.02826024
0.03751247
0.02344924
0.02674355
0.01525118
0.03387448
0.01092168
0.01486246
0.00536558
0.01349644
0.02595967
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Appendix 7. Spectral Channels (318, 354).

Spectral Channel Wavelength Power (uW)
Excitation Emission Dichroic mirror

1 348 450-475 442 2.80
2 369 450-475 442 2.90
3 371 450-475 442 2.70
4 376 450-475 442 2.90
5 384 450-475 442 2.00
6 390 450-475 442 3.98
7 394 450-475 442 8.40
8 407 450-475 442 4.11
9 420 450-475 442 8.63
10 423 450-475 442 3.29
11 432 450-475 442 6.90
12 348 532-593 560 2.76
13 369 532-593 560 3.10
14 371 532-593 560 2.10
15 376 532-593 560 0.87
16 384 532-593 560 2.54
17 390 532-593 560 3.14
18 394 532-593 560 2.17
19 407 532-593 560 0.90
20 420 532-593 560 3.02
21 423 532-593 560 4.60
22 432 532-593 560 8.52
23 447 532-593 560 10.19
24 449 532-593 560 6.92
25 471 532-593 560 8.45
26 476 532-593 560 9.20
27 480 532-593 560 4.90
28 499 532-593 560 9.73
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Wavelength

Spectral Channel Power (uW)
Excitation Emission Dichroic mirror
29 507 532-593 560 13.51
30 522 532-593 560 14.80
31 531 532-593 560 10.21
32 348 690-715 695 14.31
33 369 690-715 695 8.33
34 371 690-715 695 11.89
35 376 690-715 695 12.86
36 384 690-715 695 3.13
37 390 690-715 695 4.84
38 394 690-715 695 8.95
39 407 690-715 695 10.73
40 420 690-715 695 7.26
41 423 690-715 695 8.81
42 432 690-715 695 9.55
43 447 690-715 695 5.30
44 449 690-715 695 10.15
45 471 690-715 695 14.25
46 476 690-715 695 15.49
47 480 690-715 695 10.74
48 499 690-715 695 14.88
49 507 690-715 695 8.62
51 522 690-715 695 12.34
51 531 690-715 695 13.35
52 563 690-715 695 2.47
53 597 690-715 695 3.89
54 625 690-715 695 7.15
55 649 690-715 695 8.62
56 DIC 690-715 695 5.82
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