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Abstract

Spinal muscular atrophy with lower extremity predominance (SMA-LED) and amyotrophic
lateral sclerosis (ALS) are childhood and adult-onset motor neuron diseases, respectively,
that are characterised by loss of motor neurons. Although the underlying molecular
mechanisms of these disorders are not fully understood, deficiencies in axonal transport,
microtubule dynamics and protein quality control systems have been implicated in the
pathogenesis. As such, this thesis investigates consequences of mutations in dynein
cytoplasmic 1 heavy chain (DYNC1H1), encoding the heavy chain subunit of cytoplasmic
dynein, on MT stability in cellular models of SMA-LED. In addition, it investigates how

defective cytoplasmic dynein could make cells more prone to toxic protein aggregation.

Post-translational acetylation of a-tubulin modulates MT dynamics and altered MT
dynamics has been linked to neurodegeneration. Analysing fibroblasts derived from an
SMA-LED patient and a mouse model of SMA-LED known as Legs at odd angles (Loa),
identified a reduced interaction between dynein and alpha-tubulin N-acetyltransferase 1
(ATAT1), the canonical enzyme for acetylation of MTs. The alteration in dynein-ATAT1
interaction suggests a regulatory role of dynein in MT acetylation, which when

compromised could contribute to the pathology of SMA-LED.

Furthermore, dynein is involved in autophagic removal of misfolded protein aggregates
and damaged organelles. There is a plethora of evidence suggesting decreased autophagic
activity with ageing, which could contribute to the cytoplasmic accumulation of misfolded
proteins and mislocalisation of TDP-43 as hallmarks of ALS. Here, | utilised cells derived
from the Loa mouse model and manipulation of the autophagy associated kinase TANK-
binding kinase 1 (TBK1) to reveal a significant increase in the levels of LC3Il and p62, as
autophagy markers, when TBK1 is genetically or pharmacologically inhibited in cells
harbouring the Loa mutation. Importantly, analysis of Loa fibroblasts and hippocampal
neurons after an exposure to sequential hits such as TBK1 or proteasome inhibitors led to
significant increase in TDP-43 mislocalisation. Moreover, there was a delayed recovery in

clearance of stress granules in Loa fibroblasts and neurons, which could mediate further



formation of protein aggregates, demonstrating the vulnerability of neurons harbouring

defective dynein to ageing and cellular stress.

In conclusion, these data suggest regulation of microtubule acetylation through dynein-
dependent recruitment of ATAT1 to the microtubule and a potential mechanism involved
in the pathogenesis of SMA-LED. Moreover, these data support a multiple-hit hypothesis
of neurodegeneration in which the dynein malfunction could establish the primary
susceptibility which in combination with variations in another ALS-linked gene such as
TBK1 or functional decline in the ubiquitin-proteasome system could exacerbate the
formation of aggregates and mislocalisation of TDP-43 that are hallmarks of ALS.
Therefore, these data provide further insight into the origin or progression of SMA-LED

and ALS, opening the way to find more effective therapeutic targets of the disease.



DECLARATION..... ..ottt sttt st e et e s e e s saeesaaeeteeenseennes i
ABSTRACT ...t e ettt e et e st e e aae e tee st beentaeebeeenaeenseeenneas iii
LIST OF FIGURES ...ttt et e et e ae e s sbaesnneens Xii
LISTOF TABLE ...t et e e sa e saeaenneas XVi
ABBREVIATIONS . ... .ottt re et e e ae e s e e aaeenaeas xviii
ACKNOWLEDGEMENTS ...ttt e XXV
CHAPTER 1: INTRODUCTION ...t 1
1.1 The central NErvoUS SYSTEM...........oooviiiiiiiiiiiiiieeiiicee e e e e e e e ea e eeeeeeeeeessnanes 2
I AV o) o ] 323 = o 2
1.1.2 MOOI NEUFON ..ottt 3
1.2 MOtOr NEUION TiSEASES.......ccoumiiiiiiiiiiiee it et e e e e e e s e e e e e e e e e snnneeeenes 5
L2LLSIMA-LED ... e e s e e 8
1.2.1.1 Genetics Of SMA-LED ...c..oovoiiiiieee e 8
1.2.1. 1.1 DYNCIHI®PC s 9
1.2.1.1.2 DYNCIHI PPN L 9
1.2.0.2 MO0 PrOtEINS oottt et e e e e et r e e e e e e e ttbaeeeeeeeeeeaanssaeeas 10

0 0t T VY 0 1] | 1 PSP 10
1.2.0.2.2 KIN@SIN ittt st 11
1.2.1.2.3 Cytoplasmic dyN@IN 1 .......cooeiiiiiiiie e 11
1.2.1.2.3.1 Regulators of cytoplasmicdynein 1........ccccoveeiieiieiieecieesie e, 17
1.2.1.2.3.2 Functions of cytoplasmic dynein 1.........ccccooveiieiiiiiieieccie e, 19
1.2.1.2.3.2.1 Intracellular trafficking and axonal transport .........cccccceeeieiennnne. 19
1.2.1.2.3.2.2 AULOPhAZY ..o 21
1.2.1.2.3.2.3 Positioning and integrity of Golgi apparatus..........cccceeeveeevrnnnnee. 22

1.2.1.2.3.3 Mutations of dyNeiNn........ccceeeiiieiiii e 24
1.2.1.2.3.3.1 Human DYNCIHI mutations .........ccccceeiiiiiniiee 25

1.2.1.2.3.3.2 Mouse models of Dync1hl mutations...........cceevvvvvvceeeeeeeeeennnnn. 28



Vi

1.2.1.3 Contribution of impaired cytoskeleton to the degeneration of motor neurons

............................................................................................................................................. 29
1.2.1.3. 1 MICrofilament .....cc.ooiiiieieceeeeee e e 30
1.2.1.3.2 Intermediate filament ... 30
1.2.2.3.3 MICIOTUBUIE ...t 31

1.2.1.3.3.1 Microtubule stability.........cccceevieiieiii e 32
1.2.1.3.3.2 Microtubule neuronal function and its implication in ALS.................... 34
1.2.1.3.3.3 Microtubule post-translational modifications ........c.cccccceeeevieiiieeecnen, 34
1.2.1.3.3.3.1 Tyrosination and detyrosination .........cccceeeeeeeeieeeiiiiieeeeeeeeeeeennnnn. 37
1.2.1.3.3.3.2 A2-tUBUIIN e 37
1.2.1.3.3.3.3 Polyglutamylation and polyglycylation .........ccccovvvvvieeeeeeeinnennnne. 38
1.2.1.3.3.3.4 Polyamination ......ceeeeeeiiiieeiiiieeeee et eeeaaaaa 38
1.2.1.3.3.3.5 ACetylation......couuiiiieeiieiieeeeccee e 39
1.2.1.3.3.3.5.1 Function of a-tubulin N-acetyltransferase 1 (a-TAT1) ........... 41
1.2.1.3.3.3.6 DEaCetylation......uueeeiiiiiiiiiiiiiceee e 46
1.2.1.3.3.3.6.1 Function of histone deacetylase (HDACB) ......cc..ccevvvevererennnnnnns 48
1.2.2 Amyotrophic lateral SCIEroSis.............oovvvviiiiiiiiiiiiiiiiee e 51

1.2.2.1 FamMilial ALS (FALS) ..ot 52

1.2.2.2 SPOradic ALS (SALS) ...ccuvieeieeiee ettt ettt e 59

A A B Y I oF- 11 o T [0 Y PSP 59
1.2.2.3.1 Protein quality control systems .........cccooveeiiee i 61

1.2.2.3.1.1 Chaperons and heat shock proteins .......c.ccccoeeveieieicii e 62
1.2.2.3.1.2 Ubiquitin-proteasome systemM.........cccceevieeeiiieiciee e 62
1.2.2.3.1.3 AULOPNAEY ....veiieieecee ettt ettt en 65
1.2.2.3.1.3.1 MiCroautOPhagy....uceeeeeeeeiiiiiiiiie e eeeeeeetceee e e e e et e e e e e e eeaeenaas 66
1.2.2.3.1.3.2 Chaperon-mediated autophagy .....cccccceveeeeeei e, 69
1.2.2.3.1.3.3 Macroautophagy....ccccceeeeeeiiiiiieee e e e e eaanneas 70
1.2.2.3.1.3.3. 1 INitiation SEEP..uuiii e 71
1.2.2.3.1.3.3.2 Maturation and degradation step........ccccceevvievieiiiiieiiiieniees 75

1.2.2.3.1.3.3.3 Marker of autophagy ......ccccccoveeiiiiiiiiic e 77



Vi

1.2.2.3.1.3.3.3 0 LC3 ettt et e e 77
1.2.2.3.1.3.3.4 Dysregulation of autophagy in neurodegenerative disease ..78
1.2.2.3.1.3.3.4.1 Deficiency of autophagy in ALS .......ccccooiiiiiiiiiiiiiiicce 79
1.2.2.3.1.3.3.4. 1.1 SQSTMI/PB2 ....vreie ettt eectree e e e e e aaeee e 80
1.2.2.3.1.3.3.4.1.1.1 Functions of SQSTM1/P62 .......ccceveruevirererenerenrieeeeenes 82
1.2.2.3.1.3.3.4.1.1.2 Mutation of SQSTM1/p62 GENE.......cccvveverrerrrrreranenes 84
1.2.2.3.1.3.3.4.1.2 TANK binding kinase 1 (TBK1)......cccceeeeeeerrrrrrrrrieeeeeeereennnnnn. 85
1.2.2.3.1.3.3.4.1.2.1 Functions of TBK1 .......ccccccervirinerinieninenenese e 86
1.2.2.3.1.3.3.4.1.2.1 Mutation of TBK1 SENE.....c.ccovveeeereicreeeireeeceeeecree e 88
1.2.2.3.1.3.3.4. 1.3 COOMT2 ..ttt 89
1.2.2.3.1.3.3.4.1.3.1 Functions of COORF72 ........ccccveririninienineneseeeseeee 91
1.2.2.3.1.3.3.4.1.3.2 Repeat expansion of CI0rf72 SeNe ......cccceeevevevcerennnnnns 93

1.2.2.3.2 SErESS SranUIES.....ccuveiiiieecree ettt ettt et e eetve e etee e s e aree e 96
1.2.2.3.2.1 Dynamics of Stress granules ........cccccoceeeeveeeceeeireeccee e 100
1.2.2.3.2. 0.0 TDP-43 ettt e e ettt e e e e e e e e e eeeeeee 101
1.2.2.3.2.1.2 Cellular function and regulation of TDP-43 ......cccccccevvvevverennnn. 103
1.2.2.3.2.1.3 Posttranslational modifications of TDP-43..........c.ccccvvevenennns 106
1.2.2.3.2.1.4 Mutation of TARDBP ZENE .....ccuvvevvueeeeeeeeeeeeree e eevee e 107

1.2.2.3. 2.1 2 FUS ottt 108
1.2.2.3.2.1.2.1 Cellular function of FUS .......c.ccccerinininninennnenee 110
1.2.2.3.2.1.2.1 Mutation of FUS gene and ALS pathology.........c..ccceuvennn.ne. 112

1.3 RESEAICH @IMS......eiiiiiiiiiiiiie e 114
CHAPTER 2: METHODS ...ttt s 116
P N C =T o To ] 4V o113 ¥ - ORIt 117
D 0 B D\ )N oY= o T T 1 Lo o TS 117

B N CY=T o Lo 4/ o1 T M Yo I 1V, o] RS 117
2.1.3 Genotyping DYNCIH1 28N fibroblasts........oovveeveeeeereeeeeeeeeeeereeeeeeer e eseeenan. 120
2.2 Dissection and tissue Culture ..................cceeiiiiiiiiiiii 122

2.2.1 Isolation of mouse embryonic fibroblasts ..........ccceeeeiiiiciiiii e 122



viii

2.2.4 CUITUIE MEAIA ..ottt st sbe e
2.2.2 Primary culture of embryonic mouse spinal motor neurons.........cccccceeevveveennen.
2.2.3 Primary culture of postnatal mouse hippocampal neurons.............ccccceeeiiiiii.
2.3 Preparation of plasmid and cloning ...................uuuvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeaaens
2.3.1 Transformation of DH5-00 E.COli.......cciiiiiiiiiiiniiii e
2.3.2 Plasmid purification.........c.coiieiiiiiieciece et

B T A Y T YT =] o U PPUPPRN
TV =) ] o] (=] o U PPUPPRN
2.3.3 Sub-cloning of ATATL CONSEIUCT ....cccveieiieeeieee ettt et esavee e
2.4 TransfeCtioN .........oiiiii e
2.4.1 Transfection of cells with Lipofectamine 3000...............cccceeeiiiiiiiii,
2.4.2 Transfection of cells with Nucleofection..........coccveiiiiiiiiiii e
2.5 BIOCREMISTIY ....oovveeiiiiieeecce et e e e e e e e e eeeees
2.5.1 Cell lySis Preparation .......ccccccveeireieiree ettt ettt et eere e eeaveesteeesveeenaneeens
2.5.1.1 Cell homogenisation for SDS-PAGE..........cccceoviieiiiiiceie et
2.5.1.2 Cell homogenisation for immunoprecipitation .........ccccoeveveevveeieieeecceecenen,
2.5.2 Measuring protein concentration ........ccccccooeeiiiiieiii e
2.5.3 IMmMUNOPreCiPItation .......euviieeeee e
2.5.4 SDS-PAGE (Protein electrophoresis) .......ccveieeeieiciieiiecieeeeceeee e
2.5.5 Immunoblotting and analysis ........ccceiiiieeiiiec e
2.5.6 IMMUNOCYLOChEMISTIY .. are e
2.5.6.1 Formaldehyde fiXation ..........ccoouieiiiiiiiieceeceeeeee e
2.5.6.2 IMMUNOSTAINING..ccciiiiiii it e e st e e s srre e e s snra e e e eneees
2.5.7 Proximity ligation @ssay (PLA)......c.cooiiiiiiieieccee et
2.5.8 Fluorescence in situ hybridization...........ccccveeiiiiiic e
2.6 Cll @SSAYS .....coeeiiiii i e e e e e et e e e e e rata e aaaaanas
2.6.1 Serum-deprivation starvation .........c.ccocee i
2.6.2 Treating MEFs with Ciliobrevin D, BX795, MG132 and Tubastatin....................
2.6.3 Arsenite treatment and recovery after washout ...........cccccoeeeiiiiiiiciiccc e,

2.7 IVIICFOSCOPY . .oeeiiiinieeeee ettt e e e ettt e e e e e e e et tabbb e e s e e eeeeetabaaa e s eeeaeetessnanaaseeaanaees



2.7.1Imaging and qUantifiCation ..........cceiiiiii i 150
2.7.1.1 Quantification of P62 PUNCEA .....ceeevieiiiicieeeee e 150
2.7.1.2 Quantification of Stress granules ........c.ccceeveeiieiie e 150
2.7.1.3 Quantification of localization of TDP-43........ccccccviinininnnnneeeeeeee 151

2.8 Statistical ANAlYSiS.........uuvuiiiiiiiiiiiiiiiiiieee e ——————————————— 151
CHAPTER 3: INVESTIGATION OF REGULATORY ROLE OF DYNEIN IN
DECREASED LEVEL OF MICROTUBULE ACETYLATION IN LOA™" MEFS ...... 152
3.1 1INtroduction .........oooiiiiiiiiii 153
BL2 RESUIES ...t s 155

3.2.1 Altered level of a-tubulin acetylation in Loa"°™ MEFs and D338N"*" human
FIDPODIASES ... s 155

3.2.2 Proximity ligation assay reveals a novel interaction between dynein intermediate
chain and GFP-a-ATATL in Wild-type MEFS ....cccooeiiiiiiiiiiieeie e 159

3.2.3 Decreased interaction of a-TAT1 and DIC in Loa"®™ MEFs and D338N"® human
L1 oo o F= 1 £ P 162

3.2.4 Short interfering RNA against a-TAT1 attenuates interaction of DIC and a-TAT1 in
WIlA-TYPE IMIEFS ...cceeiiiieiiieeecceeeetee et e ettt e e e e e e e e easb e e e e eeereeessaaeeeeeeneees 166

3.6 The PLA demonstrates an interaction between a-TAT1 and DIC in neuronal cells. 169
3.2.6 The a-TAT1 interacts with dynein intermediate chain........cccccceveeeeeeiiirieiiiinnn... 172
3.2.7 Levels of a-TAT1 are not changed in fibroblasts with dynein mutation .............. 174

3.2.8 Recovery of a-tubulin deacetylation following HDACG6 inhibition demonstrates a
similar rate of MT deacetylation in both Loa"°™ MEFs and D338N"®" human fibroblasts

compared to Wild-type fibroblasts............uuviiiiiiiiiiiiiiiiiiiieeee e ——————— 177
3.2.9 Loa dynein mutation did not alter the interaction of DIC and HDAC6 in Loa"™™
VIS e 180
3.2.10 Mutation of dynein’s heavy chain does not change the interaction between
dynein and GOIGINL60.......ccciiiiiiieiiiiie e e e e e e e e e e e e e e e e e e aara s 182
3.2, 11 SUMMAIY ittt ettt et e et e e tts e e et s eetseeatsseataseeatssaasasaaennseasaseeenseannnnns 186

CHAPTER 4: DYNEIN DYSFUNCTION IMPAIRS AUTOPHAGY AND SYNERGIZES
WITH TBK1 INHIBITION/KNOCKDOWN TO INDUCE PROTEIN AGGREGATES



4.2.3 TBK1 inhibition exacerbates the autophagy impairments in MEFs harbouring
dysfunctional dynein and results in accumulation of P62 .........coovvviviieeeiiieireiiiiinnn.n. 196

4.2.4 Combined pharmacological inhibition of TBK1 and dynein confirms the synergy in
the pernicious impacts of defective dynein and TBK1 functions on autophagy........... 203

4.2.5 Genetic knockdown of TBK1 in Loa"°™ MEFs also shows a synergy between
defective TBK1 and impaired dynein functions in increased p62 aggregation............. 207

4.2.6 Proteasome inhibition overloads the autophagy-lysosome pathway in cells with
impaired dynein fFUNCLION .......oovviiiiiiiec e e e e e e e 210

4.2.7 TBK1 inhibition or knockdown increases the number and size of MG132-induced
P62 INCIUSIONS 1N LOA ™ IMEFS ...ttt ettt et ee e ee et e e et eeeaeaens 215

L R 1T 4] 4 T 1o 25 221

CHAPTER 5: EFFECT OF THE LOA DYNC1H1 MUTATION ON CYTOPLASMIC
MISLOCALISATION OF TDP-43 LINKED TO INHIBITION OR KNOCKDOWN OF

LI = 1 ST U RO TRRUPRUPRO 222
5.1 INtrodUCLION ... 223
BL2Z RESUIES ... 225
5.2.1 Inhibition of TBK1 in Loa"°™ MEFs leads to mislocalisation of TDP-43 ................ 225
5.2.2 Knockdown of TBK1 causes TDP-43 mislocalisation in Loa"*™ MEFs ................... 229

5.2.3 The normal cytoplasmic localisation of TDP-43 is disrupted in wild-type and Loa"®"
MEFs treated with dynein inhibitor ..., 233

5.2.4 The concurrent inhibition of dynein and TBK1 leads to TDP-43 mislocalisation in
LY ] o e Y o =N 1V 1 =3 USSP 237

5.2.6 Inhibition of the proteasome system causes almost complete loss of nuclear TDP-
B3N L0A" O™ IMEFS w.oovoiviiieicieicie ettt bbbttt bt 241

5.2.6 Inhibition of dynein function exacerbated the mislocalisation of TDP-43 in wild-
type MEFs treated with the proteasome inhibitor ...........cooovviiiiiii e, 247



Xi

5.2.7 Disrupted dynamics of stress granules in primary Loa" "™ MEFS ......ccoceevrvevenee.. 251
5.2.8 Reduced number of SGs in Loa"®™ motor neuron Culture..........oeeeeeeeeeveeeenen. 257

5.2.9 Inhibition of TBK1 in Loa"®™ MEFs causes the formation of oligo (dT) positive stress

granules but not FUS-pOSItive ranules .............uuviiviiiiviiiiiiiiiiiiiiiiiieeeieeeeeeeeeeeeeeeeseennee 261
5.2, 10 SUMIMAIY ...ttt ettt e ettt e e e e taae s e e eabe s e eetsaseeeeaaaseeeennnns 264
CHAPTER 6: DISCUSSION........oooieee ettt 265
6.1 DISCUSSION .....ceeiiiiiiiiiiiiiiiiiie e e e e s s e ra e e e e e e e s annes 266
6.1.1 Altered level of a-tubulin acetylation in dynein mutant fibroblasts.................... 266

6.1.2 A novel interaction of dynein with the major mammalian K40 a-tubulin
ACEtYIEransferase (Q-TATL) .ot e e e e e e e e er e e e e e e eeesasaaaeeeeeaeeees 268

6.1.3 The recruitment of HDAC6 on dynein remains unchanged in mutant fibroblasts 269

6.1.4 Dync1h1 mutation causes no changes in interaction between dynein and
[CT o] =4 1o 1 S 0 PP PUORRRUUPPPRRt 271

6.2 Combined deficiencies of dynein and degradation pathways exacerbate mislocalisation
of proteins and accumulation of aggregation-prone proteins.........cccccceeeeeeeeeerreeevvnnnnnnn. 273

6.2.1 Dync1h1 mutation modulates level of LC3Il in Loa™®™ MEFs and combined with
inhibition of ATPase activity of dynein contributes to formation of p62-positive
E Yoo (=Y = ) (TN 273

6.2.2 Dynein deficiency compounded with TBK1 malfunction leads to accumulation of
P62-POSITIVE AZEIrEEATES .. iiiiiiii ittt e e e e e aeen 276

6.2.3 Effects of dynein and TBK1 on formation of aggregates synergizes with
proteasome iNhibItION .........iii e 279

6.3 Aberrant dynein function causes susceptibility synergizes with impairment of
degradation system leads to TDP-43 mislocalisation........cccccvvveieeeiiiieiiiiiicieee e, 281

6.3.1 Combined deficiencies of dynein and TBK1 lead to TDP-43 mislocalisation........ 281

6.3.2 Dynein inhibition results in TDP-43 mislocalisation in wild-type and Loa"°™ MEFs

6.3.3 Proteasome inhibition exacerbated the TDP-43 mislocalisation in Loa"°™ MEFs 284
6.3.4 Dynein mutation delays resolution of SGS..........cccuviiieeiiiiiiiiiccee e, 286

(ST 0o Y s Yol 11 o) 3 TP 290
R S L O 293



List of Figures

Figure
11
1.2
1.3
1.4
1.6
1.7
1.8
1.9

1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17

1.18

Xii

Schematic representation of the corticospinal tract

Schematic representation of functional domain of dynein

The cytoplasmic dynein 1 complex and its regulators

Schematic representation of functional domain of Golgin160

Posttranslational modifications of tubulin dimer

Schematic representation of a-TAT1 isoforms

Modes of K40 acetylation by a-TAT1

Schematic representation of functional domains of HDAC6

Schematic representation of HDAC6 cellular function

The ALS-associated genes

Ubiquitin proteasome pathway

Different types of autophagy

Different phases of macroautophagy

Schematic representation of the functional domain of p62

The interactions of p62 with UPS and autophagy

Schematic representation of functional domain of TBK1

Schematic representation of cellular function of TBK1

Page

13

14

36

45

45

47

49

54

64

67

72

80

83

85

87



Figures

1.19

1.20

1.21

1.22

1.23

1.24

1.25

1.26

2.1

2.2

3.1

3.2

3.3

34

Xiii

Schematic representation of C9ORF72 transcript variants and

protein

C90RF72 complex

Pathological mechanisms of C9ORF72 repeat expansion
Stress granule formation and its cellular fate

Schematic representation of functional domain of TDP-43
Physiological function and regulation of TDP-43

Schematic representation of functional domain of FUS and its

physiological function

Schematic representation of FUS physiological functions

Schematic representation of the band pattern for Dync1h1"?

genotyping

Schematic representation of the band pattern for DYNC1H1P338N

genotyping

Altered level of a- tubulin acetylation in Loa"®™ MEFs and

D338N"** fibroblasts
Interaction between dynein intermediate chain and GFP-a-TAT1

Decreased interaction between DIC and a-TAT1 in mutant

fibroblasts

Knockdown of a-TAT1 attenuated the PLA signal

90

91

94

98

102

104

109

111

120

122

157

160

163

167



Figures

3.5

3.6

3.7

3.8

3.9

3.10

4.1

4.2

4.3

4.4

4.5

4.6

Xiv

Altered interaction between DIC and o-TAT1 in Loa™™ motor

neuron culture
Immunoprecipitation of DIC and V5-tagged a-TAT1

Normal level of a-TAT1 in Loa"°™ MEFs and D338N"®

fibroblasts

The rate of a-tubulin deacetylation after HDACG6 inhibition

shows similar pattern regardless of genotype

The interaction between DIC and HDAC6 in Loa"°™ MEFs

remained unchanged

Proximity ligation assay represents interaction between DIC

and Golgin160 is not changed in mutant fibroblasts
Altered level of LC3Il in Loa"°™ MEFs

Low concentration of dynein inhibitor elevates the number of

p62 aggregates significantly in Loa"°™ MEFs

Mild inhibition of TBK1 markedly compromises the autophagy
pathway in Loa"°™ MEFs

Co-treatment of dynein and TBK1 inhibitors exacerbates the

number of p62 aggregates

Genetic knockdown of TBK1 causes significant increase in

number of p62 aggregates in Loa"°™ MEFs

Co-inhibition of dynein and the proteasome pharmacologically

increases p62 accumulation

170

173

175

178

180

183

190

194

199

205

209

213



XV

Figures

TBk1 knockdown or inhibition increases number and size of p62 218
4.7
aggregates upon proteasome inhibition

TBK1 inhibition leads to TDP-43 mislocalisation in primary Loa™™ 226

5.1

MEFs

TBK1 knockdown results in mislocalisation of TDP-43 in Loa"*" 230
> s

Dynein inhibition leads to a higher level of TDP-43 mislocalisation 234
>3 in Loa"°™ MEFs

Co-treatment of dynein and TBK1 inhibitors increases TDP-43 238
>4 cytoplasmic localisation

Proteasome inhibitor induces mislocalisation of TDP-43, but not 243
> FUS, in primary MEFs

Dynein inhibition exacerbates the effect of proteasome 248
> inhibition on TDP-43 mislocalisation
5.7 Dynein alters the assembly and disassembly of SGs 252

Dynein mutation reduces the formation of SGs and delays 255
> removal of SG during recovery phase

Dynein mutation impairs formation of SGs in motor neurons and 258
> hippocampal neurons
5 10 TBK1 inhibitor induces oligo (dT)-positive granules but not FUS- 262

positive granule in primary Loa"°™ MEFs



List of Table

Table

1.1

1.2

1.3

14

15

1.6

2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9

XVi

Comparison of UMNs and LMNs

Summary of three main types of MND, symptoms, and onset
Summary of mutations in human DYNC1H1

Isoforms of mouse and human of a-TAT1

Monogenic causes of ALS and their frequencies

Proteostasis imbalance

Components of PCR reaction

Sequences of primers for the genotyping of Loa mutation
PCR program for Loa genotyping

Sequences of primers for the genotyping of DYNC1H13*&"

fibroblasts

PCR program for DYNC1H1P338N genotyping

The components of cell culture media for MEF and NIH3T3 cells

The components of cell culture media for Neuro2A cells

The components of cell culture media for motor neuron culture

The components of maintenance media for hippocampal neuron

culture

Page

26

41

55

60

118

119

119

121

121

123

124

126

128



Table

2.10

2.11

2.12

2.13

2.14

2.15

2.16

2.17

2.18

2.19

2.20

2.21

2.22

Xvii

The components of dissection media for hippocampal neuron

culture

The components of plating media for hippocampal neuron

culture

Antibiotics used for selection in overnight culture for plasmid

purification and transformed cells

Transfection of cells using Lipofectamine 3000

The components of lysis buffer for cell homogenization for SDS-

PAGE

The components of lysis buffer for cell homogenization for

immunoprecipitation

The final components of lysis buffer for cell homogenization for

immunoprecipitation

Protein targets for immunoblotting

Primary and secondary antibodies used for immunoblotting

Primary antibodies used for immunocytochemistry

Secondary antibodies used for immunocytochemistry

Primary antibodies used for proximity ligation assay

Details of drug treatment

128

129

130

134

136

137

137

139

141

144

146

147

149



Abbreviations

AD

AMPK

ALS

ALS2

Arpl

aTAT1

Atg

BICD1/2

BAG3

BUZ

C90rf72

CASA

CCT

CHIP

CK2

CMA

CMD

CMT

CNS

XViii

Alzheimer’s disease

AMP-activated protein kinase

Amyotrophic lateral sclerosis

Alsin

Actin related protein 1

o-tubulin N-acetyltransferase 1

Autophagy related protein

Bicaudal D 1/2

Bcl2-associated athanogene 3

Binder of ubiquitin zinc finger

Chromosome 9 open reading frame 72

Chaperon-assisted selective autophagy

Chaperonin containing T complex

HSC70-interacting protein

Casein kinase 2

Chaperon-mediated autophagy

Congenital muscular dystrophy

Charcot-Marie-Tooth disease

Central nervous system



XiX

Abbreviations

CTF C-terminal fragment

Dominant congenital spinal muscular

DCSMA
atrophy
DCNT1 Dynactin
Differentially expressed in normal and
DENN
neoplastic cells
DMB Dynein motor-binding
DPR Dipeptide-repeat
DYNC1H1 Dynein cytoplasmic 1 heavy chain 1
eMl Endosomal microautophagy
ENU N-ethyl-N-nitrosourea
ER Endoplasmic reticulum
fALS Familial ALS
FBD Fetal brain disruption
Focal adhesion kinase family interacting
FIP200
protein of 200kDa
FUS Fused in sarcoma
G3BP rasGAP SH3 domain binding protein 1
GEF Guanine exchange factor

GRD Glycine-rich domain



Abbreviations

HC

HD

HDAC6

HMSN

hnRNP

HSP40

hsc70

HSP

Hsp90

Htt

KIR

LC

LC3

LIC

LIR

LIS1

LMN

XX

Dynein Heavy Chain

Huntington’s disease

Histone deacetylase 6

Hereditary motor sensory neuropathy

Heterogeneous nuclear ribonucleoprotein

Heat shock protein 40

Heat shock cognate chaperone of 70 kDa

Hereditary spastic paraplegia

Heat shock protein 90

Huntingtin

Dynein Intermediate Chain

Keapl-binding region

Dynein Light Chain

Light chain 3

Dynein Light Intermediate Chain

LC3-interacting region

Lissencencephaly

Lower motor neuron



Abbreviations

LRRK2

MAP

MCD

MEF

MHAC

MN

MND

MT

MTOC

mTOR

NBR1

NDEL1

NDP52

NES

NLS

Nt

PB1

PBP

PD

XXi

Leucine-rich repeat kinase 2

Microtubule-associated protein

Malformations of cortical development

Mouse Embryonic Fibroblast

Microhydranencephaly

Motor neuron

Motor neuron disease

Microtubule

Microtubule-organizing centre

Mammalian target of rapamycin

Next to BRCA1 gene 1 protein

Nuclear distribution E-like

Nuclear domain 10 protein 52

Export motif

Nuclear localization signal

N-terminal degrons

Phox-and-Bem1

Progressive bulbar

Parkinson disease



Abbreviations

PE

PICALM

PI3K

PLA

PLS

PMA

PMN

PQC

PS

Ptdins3P

PTM

RAN

RanBPM

RNP

ROS

RRM

SALS

Scr-shRNA

XXii

Phosphatidylethanolamine

Phosphatidylinositol-binding clathrin

assembly protein

Phosphatidylinositol 3-phosphate kinase

Proximity ligation assay

Primary lateral sclerosis

Progressive muscular atrophy

Progressive motor neuropathy

Protein quality control

Perry syndrome

Phosphatidylinositol 3-phosphate

Posttranslational modifications

Repeat Associated Non-ATG

Ran-binding protein M

Ribonucleoprotein

Reactive oxygen species

RNA recognition motifs

Sporadic ALS

Scrambled RNA



XXiii

Abbreviations

SDD Scaffold dimerization domain
shRNA Short hairpin RNA

siRNA Short interfering RNA

SIRT Sirtuins

Spinal muscular atrophy with lower

SMA-LED

extremity predominance
SG Stress granule
SOD1 Superoxide dismutase 1
Stx17 Syntaxin 17
TBA Tubastatin
TBCE Tubulin-binding cofactor E
TBK1 TANK-binding kinase
TDP-43 TAR-DNA binding protein-43
TIA1 T cell-restricted intracellular antigen-1
TUBA4A Tubulin Alpha 4A
TUBA1A Tubulin Alpha 1A
Ub Ubiquitin
UBA Ubiquitin-associated

UBL Ubiquitin-like



Abbreviations

UBQLN
ULD

ULK1

UMN

USP14

UPS

VAMP3

VCP

WIPI1

XXiv

Ubiquilin

Ubiquitin-like domain

Unc-51 like autophagy activating kinase

Upper motor neuron

Ubiquitin carboxyl-terminal hydrolase 14

Ubiquitin-proteasome system

Vesicle-associated membrane protein 3

Valosin containing protein

WD repeat domain phosphoinositide-

interacting protein 1



XXV

Acknowledgements

First of all, | would like to express my sincere gratitude and appreciation to my supervisor,
Professor Majid Hafezparast for providing the opportunity to complete my PhD in his lab
and for the consistent support, valuable guidance, and advice he has provided throughout
this research. His knowledge, expertise and patience have deeply inspired me and it was a
great privilege to work under his guidance and supervision. Furthermore, | am thankful for
the support and feedback that | have received from my co-supervisor, Dr Sarah King. She

has always been willing to help in any way she could.

My appreciation also extends to my laboratory colleagues. | would like to thank Dr Fabio
Simoes for being willing and enthusiastic to assist in any way he could throughout my
entire PhD and for all his valuable comments and suggestions in completion of this study. |
would like to thank Dr Greig Joilin for a great deal of support during my PhD and the
comments and recommendations on this dissertation. | am also thankful to Eleni
Christoforidou for helping me to conduct some experiments. | would also like to thank a
past member of Hafezparast lab, Dr Muruj Barri for her support and guidance throughout

my PhD.

| would like to extend my appreciation to Marion Brownridge for all the financial support

she provided for my PhD.

| would like to say special thanks to my mum, Parvin, and my dad, Behrouz for all the
unconditional support throughout life and my education. With a great deal of support
they provided me, | have been able to pursue what | want to achieve in life and this PhD
would not have been possible without their sacrifices and all their support. | would like to
thank my brother, Mehran who has always been there for me and for all his positive
energy and a huge amount of support he provided me. From the bottom of my heart, |
would also like to say a big thank you to my husband, Hamed, for endless support and
encouragement that he provided me during this PhD. | am extremely grateful for his

feedback and advice in my academic endeavours.



Chapter 1: Introduction



1.1 The central nervous system

The central nervous system (CNS) consists of the brain and spinal cord. The CNS is mainly
involved in the integration of sensory information and subsequent responses. In this
system, the motor cortex, basal ganglia, cerebellum and some parts of the brainstem are
implicated in the planning and initiation of movement. Importantly, a wide variety of
neuronal cell types are created during the neuronal development in the vertebrate. This
diversity is essential for the establishment of neuronal circuits. Therefore,
neurodegeneration and loss of neuronal cells in the CNS underlie several neurological
conditions. One of the CNS neuronal cell types is motor neurons (MN) which is involved in

several developmental stages and signaling pathways.

1.1.1 Motor system

As aforementioned, the motor cortex, basal ganglia, cerebellum, and parts of the
brainstem participate in planning and initiation of movement. Indeed, the precise timing
and pattern of the movement are coordinated by MNs in the spinal cord (Kiehn, 2016).
Corticospinal tract is the major and fastest descending tract and main pathway conducting
motor impulses from the motor cortex to the spinal cord. Moreover, there are multiple
indirect pathways, including corticobulbospinal pathways and tracts from secondary
cortical motor cortices (Dum & Strick, 1991) (Figure 1.1). Upon damage to the

corticospinal tract, the indirect pathways become more dominant (Schwerin et al., 2008).



Figure 1.1
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Figure 1.1 Schematic representation of the corticospinal tract. The lateral

corticospinal tract (red), ventral corticospinal tract (blue), and corticobulbar (orange)
are shown. Adopted from (Ragagnin, Shadfar, Vidal, Jamali, & Atkin, 2019).



1.1.2 Motor neuron

MNs are heterogeneous throughout the CNS and present diverse morphologies and
arrangement innervating hundreds of fibres within one muscle controlling a range of
ownstream targets. MNs are divided into the upper motor neuron (UMN) and the lower
motor neuron (LMN). The UMNs of the corticospinal and corticobulbar tracts originate in
motor cortex, premotor cortex and supplementary motor area. The axons projected from
these neurons descend subcortical region and enter the cerebral peduncle in the
midbrain. To innervate the LMNs, UMNSs of corticobulbar tract exit the tract. At the caudal
region of the medulla, most of spinal UMNs form the lateral corticospinal tract and the
remaining UMNs form the ventral corticospinal tract at the target level of spinal cord
(Figure 1.1). Some UMNs are innervating distal extremities that descend via lateral

corticospinal tract to form direct synapses with alpha-MNs (Purves et al., 2004).

LMNs have been divided into three subtypes based on the region they innervate including,
branchial, visceral, and somatic. Moreover, somatic LMNs have been classified into three

groups: alpha, beta, and gamma (Stifani, 2014).

It has been reported that specific MNs subpopulations are more vulnerable than others.
Among the UMN and LMN, corticospinal MNs, innervating voluntary muscles, degenerate
more readily than specific subgroups of lower MNs including oculomotor neurons and
Onuf’'s nuclei MN, which are resistant to degeneration. The clinical symptoms of
degeneration of UMN include spasticity, uncontrolled movement, and paralysis (Stifani,

2014). The differences between UMN and LMN are summarized in Table 1.1.



Table 1.1 Comparisons of UMNs and LMNs

UMNs LMNs
Brainstem and spinal
Location of cell body Cortex P
cord
Neurotransmitter Glutamate Acetylcholine
Within the CNS Outside the CNS
Synaptic target
(Lower motor neurons) (Muscles)
Symptoms upon lesion Spasticity Paralysis

Table 1.1 Comparisons of UMNs and LMNs. Table showing principal differences
between UMNs and LMNs. It summarizes differences in location of cell body,
neurotransmitter, synaptic target, and symptoms upon lesion.

Consequently, due to the distinctive and irreplaceable function of MNs, their loss or
degeneration leads to progressive muscular atrophy, spinal muscular atrophy (SMA),

primary lateral sclerosis (PLS), and amyotrophic lateral sclerosis (ALS).

1.2 Motor neuron diseases

Motor neuron diseases (MND) belong to the group of disorders that are defined by the
presence of MN degeneration. The worldwide all-age prevalence of MNDs is 4.5 per
100,000 people. While, motor neuron diseases have low prevalence and incidence, but
they cause severe disability with a high fatality rate. Importantly, incidence of MNDs has
geographical heterogeneity, which is not explained by any risk factor. MNDs are
categorised according to underlying genetics, aetiological pathology, and clinical
presentation but classification based on the specific type of MNs affected (UMN, LMN or
both) is more common. Moreover, MNDs in accordance to the speed of MN loss are

classified into the slow or fast progressive, which at later stages, lead to the deficits of



neuronal functions including memory, movement, and cognition, see Table 1.2. The two

MNDs including amyotrophic lateral sclerosis (ALS) (see section 1.2.2), and spinal muscular

atrophy, lower extremity predominance (SMA-LED) (see section 1.2.1), representing the

adult-onset and childhood forms of MND respectively, will be the focus of this thesis.

Table 1.2 Summary of three main types of MND

Motor
neuron Disease Symptom Onset Ref
disease
Hereditary Muscle Variable (Giudice, Lombardi,
spastic weakness and (Childhood to Santorelli, Kawarai, &
paraplegia (HSP) spasticity age 70) Orlacchio, 2014)
UMN Primary
Stiffness and
lateral slow Age of 20 (Gordon et al., 2006)
movement
sclerosis (PLS)
Progressive Muscle (Bogucki, Pigo’nska,
muscular weakness, Adulthood Szadkowska, & Gajos,
muscle cramps
atrophy (PMA) 2016)
Muscle
. weakness, . .
Charcot-Marie- q g variable (First to (Hoyle, Isfort,
ecrease
Tooth (CMT) second decade Roggenbuck, & Arnold,
di reflexes, flife) 2015)
isease of life
LMN vibratory
sensory loss
Monomelic
amyotroph
y Py Early twenties (Verschueren, 2017)
(MMA) or

Hirayama disease

Multifocal motor
neuropathy

Weakness of

Age of 50

(Lawson & Arnold,




(MMN) upper limbs 2014)
Spinal muscular  Weakness of Variable (Liewluck & Saperstein,
i
atrophy (SMA) lower limbs 2015)
Spinal muscular  Muscle

atrophy, lower

weakness, in .
Congenital or

extremity some cases, .
] early childhood (Harms et al., 2010)
predominance = compounded A
(SMA-LED)  with cognitive onse
impairment
Spinobublar
muscular atrophy  Weakness of .
Variable (age of
(SBMA) or leg, cramps (Verschueren, 2017)
30-50 years)
Kennedy’s and tremor
disease

Distal hereditary
motor
neuropathies
(dHMN)

Weakness of

the distal limb Variable

(Verschueren, 2017)

Progressive

Bulbar muscles
with less

(zhang, Chen, Tang,

bulbar . . Age 50 years
prominent limb ~ "8€>0Y Zhang, & Fan, 2017)
palsy (PBP) weakness
Muscle
weakness,
UMN Amyotrophic muscle Around age 60 (swi & Robberecht
winnen & Robberecht,
and lateral atrophy, (rare juvenile
. 2014)
LMN respiratory cases)

sclerosis (ALS)

muscle decline

Table 1.2 Table summarizes three main types of MND based on the type of affected

neurons. The symptoms and diseases onset are also summarized. UMN = upper

motor neuron, LMN = lower motor neuron.



1.2.1 SMA-LED

Spinal muscular atrophy with lower extremity predominance (SMA-LED) is a congenital or
early childhood onset MND with incidence rate of 1 in 10,000 live births and has been
reported for decades (Fleury & Hageman, 1985; Mercuri et al., 2004). In SMA-LED patient,
the proximal muscles of lower limbs are affected predominantly (Harms et al., 2010).
Moreover, with identification of further patients, the clinical phenotype of SMA-LED has
expanded to MN degeneration, congenital or early childhood onset with little or no
progression, and in some cases with intellectual disability (Harms et al., 2010; Niu, Wang,

Shi, & Jin, 2015).

1.2.1.1 Genetics of SMA-LED

Mutations in motor protein dynein cytoplasmic 1, heavy chain 1 (DYNCIH1) (OMIM
#158600), and motor adaptor bicaudal D homolog 2 (BICD2) (OMIM #615290) with a
frequency of approximately 2 % in European population have been identified in many
cases of SMA-LED (Deng, Klein, et al., 2010; Oates et al., 2013; Peeters et al., 2013).
Initially, three missense mutations (1584L, K671E, and Y970C) in the tail domain of
DYNC1H1 were recognised as causative (Harms et al., 2012) followed by identification of
an additional tail domain mutation (H306R) in a pedigree with Charcot-Marie-Tooth type
2, with the same mutation also found in some SMA-LED cases (Tsurusaki et al., 2012;

Weedon et al., 2011; Willemsen et al., 2012).

Two DYNC1H1 mutations, DYNC1H1****® homozygous and DYNC1H1”***N heterozygous
identified in SMA-LED patients (Scoto et al., 2015), are discussed further in this thesis. The

locations of these two mutations in dynein heavy chain are shown in figure 1.2 A.



1.2.1.1.1 DYNC1H1R*%%¢

Scoto et al. reported the tail domain p.R399G DYNC1H1 mutation (see location on Figure
1.2) (Scoto et al., 2015). In that family, the lower limb denervation, muscle atrophy, and
lower limb weakness were reported in heterozygous father who had a positive family
history for cognitive impairment. In heterozygous mother, only positive family history for
the neurodevelopmental delay was reported. The heterozygous father was able to walk
independently and the symptoms started in adulthood. The homozygous offspring
exhibited a severe phenotype. The onset was at birth and the child showed arthrogryposis
in both lower and upper limbs and talipes and axial hypotonia. The homozygous offspring
never achieved independent ambulation but was able to sit independently and stand with

support.

Moreover, with an examination at age 9.5, distal lower limb muscle atrophy and proximal
weakness were reported. In addition, performing cognitive test, mental retardation and
attention deficit hyperactivity disorder (ADHD) was confirmed. The fibroblasts derived

from this patient at age 9.5 were used in our study.

1.2.1.1.2 DYNC1H1"338N

Scoto et al. also reported the p.D338N DYNCIH1 de novo heterozygous mutation (see
location on Figure 1.2) (Scoto et al., 2015). The patient displayed symptoms such as talipes
and arthrogryposis at birth. Moreover, examination at age 3 represented that patient was
able to sit independently. Additionally, contractures at hips, knees were reported in the
patient as well as adducted thumbs. Muscle atrophy in upper limbs and lower limbs and
muscle weakness in bulbar muscles were reported. The cognitive test was not performed
but the speech delay was reported. The fibroblasts derived from this patient at age 3 were

used in our study.
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1.2.1.2 Motor proteins

As mentioned above, the relevance of motor protein function for motor neuron patients
has been appeared. Indeed, alterations of motor protein function cause a broad spectrum
of neurological phenotypes. There are three superfamilies of cytoskeletal molecular
motors, including myosin, kinesin and dynein that are involved in cellular transport
(Hirokawa & Takemura, 2005). This thesis will elaborate on dynein, although myosin and

kinesin will be discussed briefly.

1.2.1.2.1 Myosin

Myosin superfamily is a large and diverse family and members are grouped into many
classes. Myosins contain actin-and ATP-binding sites and moves along actin filaments to
drive the short-range transport that usually occurs beneath the plasma membrane. The
energy for the motility of myosin is generated by hydrolysing ATP. In areas of the cells
adjacent to plasma membrane with defined actin orientation such as cell periphery,
myosin V is involved in transport of the cargo toward the cell membrane and myosin VI is
involved in the opposite direction transport toward the centre. Moreover, interaction of
cargo activates the myosin by conformational changes (Yao et al., 2015). In addition to the
role of myosin in the transport of vesicles, organelles and ribonucleoproteins (RNPs),
myosin is also involved in a variety of activities in living cells such as actin organisation,

intracellular trafficking, cell division, and cell signaling (Titus, 2018).

Consequently, disruption of myosin function has been demonstrated to cause the
accumulation of vesicles in the cell periphery and blockage of several endocytic processes
(Aschenbrenner, Naccache, & Hasson, 2004). Deficiency of myosin has also been
described in several disorders, including hypertrophic cardiomyopathy (B-cardiac myosin),
Usher syndrome (myosin Vlla), and cancer. Loss of organelle transport affected by myosin

Va has also been found in Griscelli syndrome and Elejalde disease (Titus, 2018).
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1.2.1.2.2 Kinesin

Kinesin superfamily proteins with more than 45 members are MT-based motor proteins
and organised into 15 families (Hirokawa & Tanaka, 2015). Members of kinesin-1,-2, -3,
and -4 mediate intracellular transport, and the remaining regulates the processes such as

mitosis and cytoskeletal remodelling (Silverman et al., 2010).

In kinesin heavy chain, there is a microtubule-binding region connecting kinesin to the
microtubule (MT). Kinesin moves along the MT to transfer the organelles and cargoes
toward the cell periphery. Consequently, missense mutation in N-terminal motor domain
of kinesin-1 affecting its MT-binding region causes deficiency in mitochondrial transport in
a patient with hereditary spastic paraplegia, an axonal degeneration disorder (Mandal &
Drerup, 2019). Moreover, kinesin-based transport has been identified as a crucial
mechanism for adhesion structures such as focal adhesions (Stehbens & Wittmann, 2012).
Importantly, kinesin mutations have been implicated in pathology of ALS (Brenner et al.,

2018).

1.2.1.2.3 Cytoplasmic dynein 1

Dynein family is another cytoskeletal motor protein families. Dyneins are MT-associated
motor proteins and based on structure and function are classified into two groups;
axonemal and cytoplasmic dyneins (Roberts, Kon, Knight, Sutoh, & Burgess, 2013). The
axonemal dynein mediates ciliary and flagellar beating (Summers & Gibbons, 1971). In
contrast, cytoplasmic dyneins are responsible for minus-end intracellular transport
(Ishikawa & Marshall, 2011; Roberts, 2018). Cytoplasmic dynein-1 is more abundant in all
MT-containing cells and cytoplasmic dynein-2 is found within and around the base of cilia
and flagella, involved in retrograde intraflagellar transport. In this study, cytoplasmic
dynein-1, henceforth referred to as dynein, its structure and function (see section

1.2.1.2.3.2) will be discussed further.
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Dynein is a protein complex consisting of multiple polypeptide subunits and mainly
responsible for the minus-end directed transport and involved in cell division and
neurodevelopment (Carter, 2013; Roberts et al., 2013; Trokter, Miicke, & Surrey, 2012;
Zhang et al., 2017). Dynein is also involved in retrograde transport of late endosomal
cargoes and deficiency in dynein function causes the dispersion of late endocytic

organelles (Harada et al., 1998).

Dynein functions as a protein complex formed around a homodimer of heavy chains (HC)
(DYNC1H1), the force-generating subunits. HC contains 4,634 amino acid residues and
homodimer of two heavy chains (> 500 kDa each) form the core of dynein, which contain
elements required for motility (Figure 1.2 A) (Figure 1.3 B). The motor domain of HC at its
C-terminus belongs to the AAA+ superfamily and includes a ring of six AAA+ ATPase
modules, and a 15nm stalk domain which is responsible for MT-binding and generating
movement along the MT (Carter, 2013; Roberts et al., 2013; Vallee, McKenney, & Ori-
McKenney, 2012).
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Figure 1.2 Schematic representation of functional domain of dynein. (A) The
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Figure 1.3 The cytoplasmic dynein 1 complex and its regulators. (A) Structure of dynactin.
Dynactin is one of regulators of cytoplasmic dynein 1 and contains a filament of eight copies
of the actin related Arp1, the large subunit p150glued, and 14 additional subunits. Some of
dynein cargo-adaptors are indicated that regulate the interactions with different cargoes.
(B) Cargo adaptors. Some of cargo adaptors are shown, which link different cargoes to the
dynein for transport. (C) The cytoplasmic dynein 1 molecule is a complex of two dynein
heavy chains (C), two intermediate chains (IC), two light intermediate chains (LIC), and
three light chains (LC). The two DHCs are connected by an N-terminal dimerization domain
(NDD). The C-terminal motor domain comprises a ring of six AAA+ ATPase modules
(numbered 1-6) and a stalk that contains the MT binding domain (MTBD) at the end of a
long coiled-coil stalk. The N-terminal tail domain interacts with smaller non-catalytic
subunits, and is involved in dimerization and cargo interaction. The dynactin complex and
Lis1/Ndel/Ndel complex are important factors in the both regulation of cargo interaction
and motor function. Adopted from (Hoang et al., 2017).
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The tail domain has been identified to serve as a platform to link with adaptors like
dynactin and dynein cargoes (Urnavicius et al., 2018). Residues 1-200 in the N-terminal tail
domain of HC have been demonstrated to be responsible for dimerization (Figure 1.2 A).
Following this region, each tail forms a rod containing binding site for an intermediate
chain (IC) (IC1 encoded by DYNC1/1 and IC2 encoded by DYNC1/2) and a light intermediate
chains (LIC) (LIC1 encoded by DYNC1LI1 and LIC2 encoded by DYNC1L/2) (Williams et al.,
2007). The binding region for IC is estimated between residues 560 and 770 (Steffen,
Hodgkinson, & Wiche, 1996). The LIC binding region is identified between residues 900
and 990 (Figure 1.2 A) (Tynan, Gee, & Vallee, 2000).

Moreover, at the N-terminus of two ICs, there is an extended region for the binding of
light chain dimers, which maintains the ICs together and keeps the HCs parallel to each
other (Stuchell-Brereton et al.,, 2011). Between the two isoforms of IC, IC2 has been
recognised to be crucial for association of dynein with the Golgi apparatus for Golgi
positioning (Palmer, Hughes, & Stephens, 2009; Roberts et al., 2013). Furthermore, it has
been reported that IC2 interacts with proteins such as cytosolic chaperonin containing T
complex protein 1 (CCT) which is critical for its folding (Ozdemir, Machida, Imataka, &
Catling, 2016). Besides, IC via binding to snapin coordinates late endocytic transport, and

deletion of snapin impedes the retrograde transport of late endosomes (Cai et al., 2010).

Three classes of light chains (LC) consist of LL1/2 (LC81/2), LT1/3 (Tctex1 and Tctex1L), and
Roadblock-1/2 bind to each IC (King, 2000; Pfister et al., 2006) (Figure 1.2 D). IC contains a
WD40 repeat domain, and the Roadblock interacts with the region immediately preceding
WD40 repeat domain, whereas Tctex and LC8 bind to the extended N-terminal domain

(Susalka et al., 2002).

LC8 is highly conserved and ubiquitously expressed homodimer proteins consisting of 89
amino acid residues (Rapali et al., 2011) (Figure 1.2 D) (Figure 1.3 C). LC8 interacts with
tubulin polymerisation-promoting protein (TPPP/p25) contributing to the dynamic of MT
(Oldh et al., 2019). Moreover, LC3 binds directly to a or B-tubulin enhancing the MT

dynamic and stability, with loss of LC8 resulting in apoptosis and mitotic block (Asthana,
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Kuchibhatla, Jana, Ray, & Panda, 2012). Additionally, Roadblock-type 1 regulates the
subcellular localisation of cargoes and transport of lysosomes and signaling endosomes

(Terenzio et al., 2020).

LICs through binding to HC participate in different cellular functions such as ER-Golgi
trafficking, neurogenesis, neuronal migration, and brain development (Brown, Hunt, &
Stephens, 2014; Gongalves, Dantas, & Vallee, 2019; Palmer et al., 2009). Moreover, the
mutation in the gene encoding LIC1 helix causes impaired dynein-driven positioning of
lysosomes (Lee et al., 2018). LIC1 has been found to interact with adaptor proteins such as
FIP3, RILP, BICD2, hook proteins, and Spindly and attaches to dynein heavy chain with a
Ras-like domain (Gama et al., 2017; Scherer, Yi, & Vallee, 2014; Schroeder, Ostrem, Hertz,
& Vale, 2014; Schroeder & Vale, 2016).

Importantly, the C-terminal of HC motor domain comprises a pseudohexameric ring with
six non-identical AAA domains (AAA1-AAA6) which form a ring (Schmidt, Gleave, & Carter,
2012) (Figure 1.2 A) (Figure 1.3 C). Motor domain also contains three appendages
including the stalk, buttress/strut and the linker (Bhabha, Johnson, Schroeder, & Vale,
2016). The tip of the stalk is an MT-binding domain (MTBD) (between residues 3039-3291)
which is small globular polypeptide region protruding from between AAA4 and AAA5
(Burgess, Walker, Sakakibara, Knight, & Oiwa, 2003).

Among the AAA+ sites, AAA1-AAA4 are capable of binding to adenosine triphosphate
(ATP) but AAA1, AAA3 and AAA4 are capable of hydrolysis. AAA5 and AAAG lack the motifs
for ATP binding and hydrolysis and are thought to modulate the conformational changes
in AAA+ ring (Gee, Heuser, & Vallee, 1997). Mutations in different AAA+ sites result in the
reduction of motor velocity and deficiencies in linker swing, while mutations in AAA3
results in a strong attachment to MT which only can be detached by force (DeWitt,

Cypranowska, Cleary, Belyy, & Yildiz, 2015).

The next section will focus on the regulation of dynein functions.
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1.2.1.2.3.1 Regulators of cytoplasmic dynein 1

Dynein is regulated spatially and temporally to perform different activities. Dynein’s
function relies on several regulators as well as cargo adaptors modulating its activation
and functions. The main regulators of dynein consist of dynactin, Lissencephaly-1 (Lis1),
Ndel, and Ndell (Cianfrocco, DeSantis, Leschziner, & Reck-Peterson, 2015; Roberts et al.,

2013; Vallee et al., 2012) (Figure 1.3).

Dynactin is a multisubunit protein complex and consists of more than 20 subunits.
Dynactin is mainly built around a filament of actin-related protein 1 (Arp1), and the largest

Glued

subunit p150 sits on top (Schroer, 2004) (Figure 1.3 A). Dynactin interacts with N-

Glued although a stable interaction

terminus of IC through its dynein-binding site in p150
depends on the presence of cargo adaptors such as Bicaudal D2 (BICD2) and Hook3
(Schlager, Hoang, Urnavicius, Bullock, & Carter, 2014) (Figure 1.3 B). The dynactin-BICD2
complex interacts with the motor domain of dynein and activates dynein by induction of
asymmetry in the dimer of dynein tails (Torisawa et al., 2014). Moreover, this interaction
promotes the binding of dynein to MT, a crucial step for processive movement, by
orienting the dynein dimer to an optimal conformation and reorienting of motor domains
in a parallel manner, which is conducive for processive motility (Jha & Surrey, 2015; King &
Schroer, 2000; Urnavicius et al., 2015, 2015). In addition, interaction between dynactin
with a cargo adaptor such as BICD2, Hook3, Spindly, or Rabl1l-FIP3 enhances its
processivity in vitro (McKenney, Huynh, Tanenbaum, Bhabha, & Vale, 2014; Schlager,

Hoang, et al., 2014).

Furthermore, dynein-dynactin complex promotes efficient binding of the cargo to this
complex versus kinesin-1 and stimulates the movement of cargo toward the MT minus
end (Elshenawy et al.,, 2019). However, interaction between dynein and dynactin might
get lost when dynein and dynactin become engaged with its cargo-associated adaptor
(Chowdhury, Ketcham, Schroer, & Lander, 2015; Ketcham & Schroer, 2018). It has also

been reported that disruption of dynein-dynactin interaction causes Golgi fragmentation
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and impairs the ER-Golgi transport (Lord, Ferro-Novick, & Miller, 2013) (see section
1.2.1.2.3.2.3).

Lis1, another conserved dynein-regulatory factor, is an essential effector binding dynein at
two sites in the motor domain. The binding of Lis1 is required for several dynein functions
such as axonal transport, vesicular transport, neuronal migration, and mitosis (Htet et al.,
2020; Moughamian, Osborn, Lazarus, Maday, & Holzbaur, 2013; Yi et al., 2011) (Figure
1.3). Lis1 binds to dynein motor domain based on the nucleotide state of motor domain
and modulates the MT-binding state of dynein and promotes the formation of an
activated dynein-dynactin complex consisting of two dynein dimers (DeSantis et al., 2017).
Lis1 enhances the stepping rate of dynein-dynactin complex, elevating force production
for an efficient competition versus kinesin (Elshenawy et al., 2020). Although it has been
shown that sustained binding of Lisl is not necessary for the fast velocity (Htet et al.,
2020). It has also been found that after assembly of the complex, Lisl detaches from

motile dynein-dynactin complex (Elshenawy et al., 2020).

Ndel and Ndell also appear to promote the interaction of dynein and Lis1, which is
essential for dynein functions (Torisawa et al., 2011). Ndell is involved in the organisation
of cytoskeleton, and the depletion of Ndel leads to the axonal enlargement (Kuijpers et al.,
2016). Moreover, aberrant activation of Lis1/Ndl/dynein complex by cyclin-dependent
kinase 5 (CDK5) affects the release of dynein from MT and inhibits the motility of dynein
(Klinman & Holzbaur, 2015).

Although dynein’s partners such as dynactin and Lis1/Ndel/Ndel complex regulate dynein
processivity and cargo interaction, but also there have been a group of adaptor proteins
including BICD1, BICD2, Hook3, Rab11-FIP3, RILP, TRAK1 and 2, Spindly and Golgin160 that
control dynein’s function (Jha & Surrey, 2015; McKenney et al., 2014, 2014). It has been
shown that binding of adaptors and dynactin to dynein by induction of conformational
changes in the motor domains, promotes the separation of motor heads and thus triggers
directional motility regulating the speed and processivity of dynein (Schlager, Serra-

Marques, et al., 2014; Urnavicius et al., 2015, 2015). Interestingly, kinesin-1 also regulates
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the transport of dynein to the axonal terminal, which is necessary for neuronal function

(Twelvetrees et al., 2016).

Apart from the extrinsic factors regulating dynein’s function, it has been shown that
human dynein-1 and dynein-2 are autoregulated through intracomplex interactions. The
autoinhibited conformation of dynein-1 and dynein-2 decreases velocity, ATPase activity,
and MT-binding rate. Moreover, the autoinhibition of dynein-1 affects its interaction with
dynactin and BICD2 (Toropova, Mladenov, & Roberts, 2017; K. Zhang et al., 2017). It has
been shown that Lisl is also involved in the regulation of autoinhibited conformation of

dynein, which ensures its localisation and activity (Marzo, Griswold, & Markus, 2020).

1.2.1.2.3.2 Functions of cytoplasmic dynein 1

Dynein performs a wide variety of cellular function and mediates the trafficking of several
proteins and membrane-bound vesicles initiating cascades vital for cellular homeostasis
and survival. Dynein is also involved in trafficking of organelles and regulates organelle
positioning. The focus of the following sections will be on the role of dynein in cellular

pathways relevant to this research.

1.2.1.2.3.2.1 Intracellular trafficking and axonal transport

Various intracellular cargoes such as vesicles and organelles bind to dynein to move along
the MT to reach the appropriate region (Hancock, 2014). The regulation of the trafficking
system ensures proper sorting of cellular components and subsequent degradation of
substrates. Consequently, deficiencies in cellular trafficking system such as endo-
lysosomal pathway including, autophagy (see section 1.2.1.2.3.2.2) , endocytic trafficking

and lysosomal degradation lead to imbalance membrane trafficking and insufficient
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clearance of protein aggregates (see section 1.2.2.3.1.3.3.4) (Wang, Telpoukhovskaia,

Bahr, Chen, & Gan, 2018).

Neurons use axonal transport to shuttle proteins, organelles and a variety of membrane
bound vesicles between soma and synapses (Hirokawa, Niwa, & Tanaka, 2010). For the
retrograde axonal transport, dynein is recruited to the plus-end of MT at the distal part of
axon for presynaptic activities and initiation of retrograde transport (Moughamian &
Holzbaur, 2012; Nirschl, Magiera, Lazarus, Janke, & Holzbaur, 2016). Transport of dynein is
also critical for maintenance of homeostasis at the tip of axon (Stokin et al., 2005).
Moreover, mutations in transport-related genes cause neurodegenerative phenotype in
mice and human (Hafezparast et al., 2003; Puls et al., 2003). Deficits in axonal transport
have been associated with many neurodegenerative conditions and have been considered
as a causative step of axon and synapse loss (De Vos, Grierson, Ackerley, & Miller, 2008).
Furthermore, slowing of axonal transport has been identified as an initial step in the
pathogenesis of neurodegenerative diseases such as Huntington’s disease and ALS
(Perlson, Maday, Fu, Moughamian, & Holzbaur, 2010). Additionally, abnormalities in
transport of organelles have been reported in ALS cases and animal models of ALS
(Bilsland et al., 2010; Breuer & Atkinson, 1988). Indeed, the studies have shown that
ageing causes a reduction in the retromer, a complex involved in retrograde transport of
cargo from endosome to the trans-Golgi, which is under the regulation of dynein. In
addition, concomitant disruption of dynein activity leads to the dysregulation of retromer,
resulting in a further deficiency in retrograde transport (Kimura et al., 2016). Function of
dynein in axonal transport is regulated through different factors such as glycogen synthase
kinase 3 beta (GSK3B) (Gibbs, Greensmith, & Schiavo, 2015). It has been shown that
GSK3B-dependent phosphorylation of IC-1 and IC-2 inhibits the retrograde transport of
acidic organelles. Consequently, phosphorylation of IC-1 reduces dynein interaction with
Lis1 and Ndell which enhances dynein force (Gao et al., 2015; McKenney, Vershinin,
Kunwar, Vallee, & Gross, 2010). In addition, interaction between dynein and dynactin is
necessary for axonal transport and disruption of the dynein-dynactin complex results in

MN loss and muscle denervation (LaMonte et al., 2002). BICD1 and BICD2 also facilitate
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recruitment of dynein-dynactin to Rab6-positive Golgi during axonal transport (Matanis et
al., 2002). Interesting, binding of various activating adaptor, regulates binding affinity of
dynein to different cargoes for axonal transport. As an instance, Hook1 activates dynein
for retrograde transport of signaling endosomes but it is not required for transport of

autophagosomes or mitochondria (Olenick, Dominguez, & Holzbaur, 2019).

1.2.1.2.3.2.2 Autophagy

Autophagy is the main degradation pathway to remove aggregated proteins and defective
organelles and dynein plays a key role in this process particularly in neurons (see section
1.2.2.3.1.3). In neurons, autophagosomes are generated in the distal part of the axon
through recruitment of JNK-interacting protein 1 (JIP1) bind to dynein-dynactin complex
for the initiation of their retrograde movement (Fu, Nirschl, & Holzbaur, 2014; Ikenaka et
al., 2013; Maday, Wallace, & Holzbaur, 2012). JIP1 also binds to dynactin directly, which is
required for sustained transport of autophagosome along the axon (Fu et al., 2014). In
addition, for efficient transport of membrane-bound cargoes such as autophagosome,
interaction between dynein complex with regulatory factors such as huntingtin-associated
protein-1 (HAP1) is necessary (Wong & Holzbaur, 2014). Dynein also interacts with snapin,
which facilitates movement of autophagosome toward the cell soma for degradation
(Cheng, Zhou, Lin, Cai, & Sheng, 2015). Indeed, dynein contributes to the efficient fusion

of the autophagosome with the lysosome (Kimura, Noda, & Yoshimori, 2008).

Consequently, decreased levels of dynactin-1 affecting dynein’s function results in the
accumulation of autophagosomes leading to loss of MNs (lkenaka et al., 2013). In support
of this notion, blocking the interaction of dynein-dynactin through the expression of the
dominant-negative dynein inhibitor CC1 attenuates the movement of autophagosome
(Maday et al., 2012). Study of dynein mutations in fly and mouse models has also shown

impaired autophagic clearance of PolyQ-htt, increased number of autophagosomes and
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the levels of LC3II causing a reduction in clearance of aggregated proteins (Ravikumar et

al., 2005).

Collectively, impaired proteostasis has been considered as a consequence of dynein
dysfunction in autophagy, which leads to the protein accumulation, subsequent neuronal

vulnerability and neurodegeneration (Boland et al., 2008).

1.2.1.2.3.2.3 Positioning and integrity of Golgi apparatus

Dynein function is central in organelle positioning. It has been shown that dynein
generates pulling force along the MT for positioning of organelles (Shekhar, Wu,
Dickinson, & Lele, 2013). Importantly, dynein plays an important role in positioning of
Golgi apparatus. Golgi apparatus has a crucial role in maintenance of cellular homeostasis
(Jaarsma & Hoogenraad, 2015; Millarte & Farhan, 2012). The Golgi ribbons are highly
dynamic and formed of membrane-bound cisternae laterally connected. The proper
cisternal-stacking morphology of Golgi is essential for its function in posttranslational
modification (PTM), maturation, and transport of proteins (Klumperman, 2011).
Therefore, organisation of Golgi stack is maintained by a set of proteins consist of Golgi
matrix proteins (including GRASP55/65, GM130, Golgin45, Golgin84 and Golgin160), MT
and MT-associated proteins, proteins of transport machinery, and signaling proteins
(Martinez-Alonso, Tomas, & Martinez-Menarguez, 2013; Puthenveedu, Bachert, Puri,

Lanni, & Linstedt, 2006).

Importantly, dynein interacts with different dynein-interacting proteins on the Golgi
membrane. However, among these dynein-interacting proteins, only Golginl60 is
necessary for recruitment of dynein. Golgin160 localises on the cis-Golgi and through its
CC7 domain, interacts with IC (Yadav, Puthenveedu, & Linstedt, 2012; Yadav et al., 2012)
(Figure 1.4).
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Figure 1.4
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Figure 1.4 Schematic representation of functional domain of Golgin160. The
potential coiled-coil domain, nuclear localising signal (NLS) and Golgi targeting
region are shown. Adopted from (Gillingham & Munro, 2003).

The recruitment of dynein through Golgin160 is essential not only for the positioning of
the Golgi apparatus but also retrograde movement involved in centripetal motility of Golgi

membrane (Yadav et al., 2012).

Moreover, Golginl160 via its N- terminus domain links to Arf 1 (small GTPase) on Golgi
membranes controlling the localisation and association of Golgin160 with dynein complex
interaction (Gilbert, Sztul, & Machamer, 2018). Consequently, this interaction regulates
the integrity of Golgi, peri-centrosomal position, and ER-Golgi trafficking (Altan-Bonnet,
Sougrat, & Lippincott-Schwartz, 2004; Nakamura, Wei, & Seemann, 2012; Yadav, Puri, &
Linstedt, 2009). Structural modifications and reduction in Golgi matrix proteins alter Golgi
morphology, have been considered as the early pathological symptoms appearing in
neurodegenerative diseases before the appearance of other pathological features
(Williams, Hicks, Machamer, & Pessin, 2006; Xiang et al., 2013). As an example, it has been
observed that Golgi fragmentation occurs before formation of somatodendritic SOD1

inclusions (van Dis et al., 2014).

Dysfunctions of dynein and endosomal abnormalities have been identified to induce Golgi

fragmentation (van Dis et al., 2014). It has been shown that the knockout of Dynclh1 in
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mice or dynein inhibition by Ciliobrevin D treatment results in Golgi fragmentation
(Sainath & Gallo, 2015). Golgi fragmentation has been detected in MNs of ALS patients
(see section 1.2.1) and SMA-LED (see section 1.2.2) patients with a mutation in bicaudal D
homolog 2 (BICD2) (Martinez-Carrera & Wirth, 2015; Mourelatos, Gonatas, Stieber,
Gurney, & Dal Canto, 1996; Neveling et al., 2013; She, Pan, Tan, & Yang, 2017,
Sundaramoorthy, Sultana, & Atkin, 2015).

1.2.1.2.3.3 Mutations of dynein

Disruption of dynein function in MNs results in ALS-like feature (Teuling et al., 2008).
Indeed, mutations in DYNC1H1 have been identified in several neurodevelopmental and
neurodegenerative diseases including striatal atrophy, neuronal migration defects, and
SMA (Franker & Hoogenraad, 2013; Harms et al., 2010; Willemsen et al., 2012). In
addition, mutation of Tubulin Alpha 1 A (TUBA1A) (R402) also affects the dynein motor
activity, which leads to defected migration of cortical neurons in developing mouse brain

(Aiken, Moore, & Bates, 2019).

Importantly, the investigation of disease-related dynein mutations leads to understanding
the complexity of the dynein structure and its function. Moreover, mouse genetics model

has contributed to the further understanding of the functions of cytoplasmic dynein.

In the following sections, human DYNCIH1 mutations and three mouse lines carrying

dynein mutation will be discussed further.
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1.2.1.2.3.3.1 Human DYNC1H1 mutations

Mutations in dynein contribute to several developmental neuropathies and MNDs. The
human DYNC1H1 mutations affect different cellular functions, and they are associated
with a variety of nervous system deficiencies, such as SMA, motor-sensory neuropathies,
Charcot-Marie-Tooth disease (CMT), and malformations of cortical development (MCD)
including lissencephaly, pachygyria and polymicrogyria (Peeters et al., 2013). More than
30 heterozygous missense mutations have been found in patients diagnosed with SMA-
LED and MCD. It is noteworthy that disease-associated mutations have a dominant-
negative or dominant gain-of-function effect (Table 1.3) (Hoang, Schlager, Carter, &

Bullock, 2017).

It has been shown that tail domain mutations of DYNC1IH1 (K671E, I584L) in SMA-LED
disease result in late-onset mitochondria pathology by affecting the morphology and
function of mitochondria (Eschbach et al., 2013). Furthermore, SMA-related mutations in
the tail domain of dynein (R264L, R598) increase the binding of dynein to the BICD2
causing abnormalities in the Golgi apparatus (Neveling et al., 2013; Scoto et al., 2015).
Also, the combination of mutations in tail and motor domains results in the impaired Golgi
membrane trafficking in DYNC1H1 patients (Fiorillo et al., 2014). Additionally, most of
dynein heavy chain mutations affect the dynein complex motility but not binding of
dynein to its cargo adaptors (Hoang et al., 2017). Moreover, dynein by stabilising MT
promotes axonal growth and modulates injury-induced Schwann cell remodelling during
peripheral nerve regeneration (Priest, Navarro, Bremer, & Granato, 2019).
Aforementioned, two mutations in the tail domain of HC (R399G and D338N) (see section
1.2.1.1.1 and 1.2.1.1.2) have been recognised in congenital SMA-LED. These substitution
mutations occurred in the HC homodimerisation domain cause lower limb weakness and
muscle atrophy with unknown pathogenesis (Schiavo, Greensmith, Hafezparast, & Fisher,

2013).
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Table 1.3 Summary of mutations in human DYNC1H1

Mutations in human DYNC1H1

Gene Mutatio.n in Location Disease
protein
DYNC1H1 H306R Tail domain SMA-LED
1584L Tail domain SMA-LED
K671E Tail domain SMA-LED
Y970C Tail domain SMA-LED
R399G Tail domain SMA-LED
D338N Tail domain SMA-LED
M581L Tail domain SMA-LED
V612M Tail domain SMA-LED
V673C Tail domain SMA-LED
H306R Tail domain SMA-LED
W673C Tail domain SMA-LED
E603V Tail domain SMA-LED
R264L Tail domain SMA-LED/MCD
1584L Tail domain SMA-LED
R1603T Motor domain SMA-LED
E2616K Motor domain SMA-LED
R598C Tail domain SMA-LED/HMSN

K129I Tail domain SMA-LED/MCD
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A659-662 Tail domain MCD
E1518K Motor domain MCD
R1567Q Motor domain MCD
R1962C Motor domain MCD
R2720K Motor domain MCD
K3241T Motor domain MCD
K3336N Motor domain MCD
R3344Q Motor domain MCD
R3384Q Motor domain MCD
H3822P Motor domain MCD
K3336N Stalk MCD
H3822P Motor domain SMA-LED/MCD
R3384Q Stalk MCD
R3344Q Stalk MCD
K3241T Stalk MCD
R3344Q Stalk MCD

V236l Tail domain CMT

V2734M Motor domain CMD

Table 1.3 Summary of mutations in human DYNC1H1. Table summarizes locations and the
type of disease associated with mutation. The mutations studied in this thesis are
highlighted in red.
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1.2.1.2.3.3.2 Mouse models of Dync1h1 mutations

The legs at odd angles (Loa) mouse was generated by mutagenesis experiments with
treating mice with N-ethyl-N-nitrosourea (ENU) mutagen (Oliver & Davies, 2012). This line
was identified by the twisting of the body and hind limbs clenching when suspended by

Loa

the tail (Hafezparast et al., 2003). Homozygous Dync1h1™" mice die by day one after birth

(Hafezparast et al., 2003).

DynclhlLoa mice carry a point mutation from phenylalanine to tyrosine (F580Y) within the
tail domain of dynein heavy chain (Hafezparast et al., 2003) (Figure 1.2 A). This residue lies
within the binding site for IC and homodimerisation region (Habura, Tikhonenko,
Chisholm, & Koonce, 1999; Tynan et al., 2000). This mutation has been shown to impact
the binding affinity of the HC to the other components of the dynein complex. The
alteration in binding affinity has also been shown to cause severe motor and sensory
neuron loss (Deng et al., 2010). This mutation also alters dynein run length, which leads to
deficiencies of cortical lamination and migration (Ori-McKenney & Vallee, 2011).
Moreover, this mutation causes motor neuropathy due to the reduction in dynein
processivity and retrograde transport. Subsequent analysis showed the age-dependent
progressive muscle atrophy and reduced locomotor ability in heterozygous Loa mice
(Hafezparast et al., 2003). The altered retrograde axonal transport in Loa mutation has
been considered as a contributing factor to neurodevelopmental phenotype in these mice.
Delayed Golgi ribbon reassembly after nocodazole washout has also been observed in
mouse embryonic fibroblasts from Loa homozygous mice (Hafezparast et al., 2003). This
mutation also enhances the binding affinity of the HC with the IC leading to the impaired
interaction of dynein complex with dynactin subunits (p150/p135) (W. Deng et al., 2010;
Ori-McKenney, Xu, Gross, & Vallee, 2010).

Similar to the Loa mouse model, the Cramping-1 (Cral) model was generated using ENU
induced mutagenesis (Hafezparast et al., 2003). Cral mice harbour dominantly inherited

missense point mutation at the opposite end of the homodimerisation domain (Y1055C),
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which neurological phenotype overlaps that of Loa. Similar to homozygous Loa mice,
homozygous cral mice die by day one after birth but the heterozygous mice have a
normal life span (Hafezparast et al., 2003). Like as Loa mice, the heterozygous mice exhibit
the grasping reflex. The Cra mutation has not been appeared to alter the basic function of
dynein such as mitosis but impact the retrograde transport and results in loss of 80 % of
the embryonic spinal anterior horn cells (Hafezparast et al., 2003). Both Loa and Cral
heterozygous mice can be considered as models to study developmental or degenerative

processes (Dupuis et al., 2009; llieva et al., 2008).

The Sprawling (Sw/) mice carry mutation consists of a three-amino-acid residue deletion
(Chen et al., 2007). The deletion of region corresponding to residues 1040-1043 in tail
domain of cytoplasmic dynein heavy chain results in substitution of four amino acids
residues to a single resides. This mutation results in a dominant phenotype and the
homozygotes of Sw/ die at the late implantation stage but the heterozygous mice exhibit a
normal life span (Scaravilli & Duchen, 1980). Similar to other mouse models, the
heterozygous mice display a hind limb grasping. The impaired retrograde transport has
been reported in Sw/ heterozygous mice. Importantly, none of Loa, Cral or Sw/ impacts

the homodimerization of the HC within the N-terminal 200 residues (Zhao et al., 2016).

1.2.1.3 Contribution of impaired cytoskeleton to the degeneration of motor
neurons

The cytoskeleton is a critical component of all eukaryotic cells. The combination of protein
polymers and a collection of associated factors form a dynamic network of filamentous
arrays, which regulates a variety of functions. Moreover, cytoskeletal elements provide a
platform for the motor proteins function involved in intracellular transport and cell

motility (see section 1.2.1.2) (Tuszynski, Brown, & Sept, 2003).

In neurons, the cytoskeleton is associated with branching patterns, organelle positioning,

and the polarity. In particular, with long axons, MNs are highly dependent on cellular
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transport, which is facilitated through the cytoskeleton. Importantly, many of the
cytoskeleton abnormalities have been identified as a contributing factor to ageing and
neurodegeneration (Mattson & Magnus, 2006). Three types of cytoskeletal structures
consist of microfilaments, intermediate filament, and MT. This thesis will elaborate on MT,

PTMs of MT, and its implications in neurodegeneration (see section 1.2.1.3.3).

1.2.1.3.1 Microfilament

Actin is highly conserved protein and forms the polymeric filaments (F-actin). The
assembly of an actin filament is vital for forming the subcellular compartments and
cellular functions (Kruppa, Kendrick-Jones, & Buss, 2016). There are 6 isoforms of actin
having distinct biological role (Vedula & Kashina, 2018). For instance, it has been shown
that actin is involved in the formation of autophagosome precursors (Kast & Dominguez,
2015). Furthermore, it has been demonstrated that actin is enriched in growth cones and
the dynamics of actin is critical for the morphology of growth cones (Dent & Gertler,
2003). Moreover, it has been demonstrated that the tau, the MT-associated protein,
induces the accumulation and over stabilisation of filamentous actin in a mouse model of

Alzheimer’s disease (Fulga et al., 2007).

1.2.1.3.2 Intermediate filament

The intermediate filament proteins are grouped into six different types based on the
sequence similarity and the cell type specific expression. Importantly, neurons express
several types of intermediate filaments based on the developmental stage or their
position in the nervous system. As an example, adult neurons synthesize nestin and a;-
internexin while precursor cells express vimentin. The intermediate filaments in neurons
contribute to the dynamics of axonal cytoskeleton, axonal outgrowth and guidance (Nixon

& Shea, 1992). Thus, the perturbation of the organisation and structure of these filaments
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is associated with neurodegenerative disease (Perrot, Berges, Bocquet, & Eyer, 2008). For
example, abnormal accumulations of intermediate filaments in neurons have been
observed in ALS and mutations in peripherin, a component of the intermediate filaments,
have been reported in sporadic cases of ALS (sALS) (Gros-Louis et al., 2004; Perrot & Eyer,
2009).

1.2.1.3.3 Microtubule

MTs have been recognised as core components of the cytoskeleton in eukaryotic cells and
are critical for different cellular functions such as cell division, shaping, and intracellular
transport. The regulation of organelle positioning is also dependant on MT (Janke &
Magiera, 2020; Subramanian & Kapoor, 2012). The critical function of MTs has been
demonstrated within neurons. MTs are involved in intracellular transport of organelles,
RNA granules and proteins along the axon and therefore are vital for the maintenance of
neuronal circuitry (Baas, Rao, Matamoros, & Leo, 2016). MTs are stiff tubes, about 25 nm
in diameter and are made from polar polymers of aB-tubulin heterodimers (Figure 1.5).
MTs have special dynamic properties. At any point in time in a population of MTs, subsets
of MTs are growing while others are shrinking quickly. The combination of growth,
shrinkage and rapid transitions between two is known as dynamic instability. The dynamic
instability of MT allows the cell to rapidly reorganise the cytoskeleton when necessary.
The dynamicity and stability of MTs are focus of the next section (see section 1.2.1.3.3.1
Microtubule stability). Moreover, heterodimer of a- and B-tubulin undergoes multiple
PTMs which are not uniformly distributed along MTs. PTMs are discussed in at section

1.2.1.3.3.3 (Figure 1.6).
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Figure 1.5
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Figure 1.6 Schematic representation of MT structure. MTs are stiff tubes, about 25 nm
in diameter and formed of a- and B-tubulin heterodimers. MTs have polar structure and
polarity arises from the head to tail arrangement of a- and B-tubulin dimers in a

protofilament.

1.2.1.3.3.1 Microtubule stability

MTs are highly dynamic structures, and they fluctuate between polymerisation and the
depolymerisation phase, which is known as dynamic instability. An intact MT structure is
necessary for successful completion of many cellular functions, such as mitosis,
positioning of organelles, and assembling of cilia. Moreover, in differentiated and non-
dividing cells, such as neurons, the polarity of MT bundles is needed for polarised growth
of axon (Bornens, 2008; Pongrakhananon et al., 2018; Stiess & Bradke, 2011). In axons,
MTs are uniformly arrayed with their plus-end positioned distal towards the axon
terminal, whereas in dendrites, MT polarity is mixed based on position within the
dendritic arbor, neuronal type and organism. It has been shown that most of axonal MTs
are more stable than MTs of dendrites; however, a fraction of dynamic MT in axons
undergoes phases of growing and shrinking (Howard & Hyman, 2003). Additionally, it has

been found that tubulin mutations changing MT dynamic disturb all different stages of
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neuronal development including neurogenesis, neuronal migration, and neuronal

differentiation (Francis et al., 2006; Guerrini, Dobyns, & Barkovich, 2008).

Due to various functions of MT, the dynamic state of MT is controlled by the intrinsic
GTPase activity of tubulin, MT-associated proteins (MAP) and motor proteins, as well as
MT PTMs (see section 1.2.1.3.3.3 Microtubule post-translational modification)
(Akhmanova & Steinmetz, 2015; Janke & Bulinski, 2011; Janke & Montagnac, 2017).

MAPs such as MT plus-end-tracking proteins through binding to the MT ends control
dynamic of MT and its connections with other structures (Akhmanova & Steinmetz, 2015).
As an instance, MAP4 interacts with 90-kDa heat shock protein (Hsp90) to regulate MT
acetylation and the depletion of Hsp90 leads to MT instability (Wu, Ding, Zheng, & Liao,
2019). Furthermore, dynein alters the MT dynamics, which reciprocally affects the
mobility of dynein and its cargo. Additionally, dynein via end-on configuration and holding
on a shrinking MT plus end reduces MT depolymerisation (Laan et al., 2012). This end-on
pulling is also important for spindle positing (Redemann et al., 2010). Kinesin-4 and
kinesin-8 also accumulate at MT ends and members of the kinesin-4 family suppress MT
growth at the cell cortex regulating organisation of MT arrays at the cell edge (van der
Vaart et al.,, 2013). Moreover, kinesin-4 motor is involved in controlling the length of
axonemal MT (He et al., 2014). The dynamicity of MTs is also regulated through their
PTMs (see section 1.4.2.3.3 for further details) (Song & Brady, 2015). Importantly, MT
abnormalities are implicated in neurodegenerative disorders such as Alzheimer’s disease,
Parkinson disease, and ALS (Brunden, Lee, Smith Ill, Trojanowski, & Ballatore, 2017). The

importance of regulation of MT dynamics in ALS is discussed further in the next section.
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1.2.1.3.3.2 Microtubule neuronal function and its implication in ALS

In ALS, impairment of neuronal MT results in the changes in physical length of the axon in
MNs or alteration in axonal transport. Therefore, it is becoming more apparent that MTs

are critical components of ALS (Clark, Yeaman, Blizzard, Chuckowree, & Dickson, 2016).

Moreover, the impairment of axonal transport system, a proposed mechanism for the
progression of ALS, highlights the significance of the cytoskeleton, particularly MT (Clark et
al., 2016). The polarised MTs within the axon facilitate the transport of organelles
necessary for appropriate axon branching and extension and consequently, changes in the
MT properties affect the distances travelled by cargoes. Additionally, the abundance of
the MT polymers is associated with the cargo pause time and provides the stop points for

effective cargo offloading along the axon (Yogev, Cooper, Fetter, Horowitz, & Shen, 2016).

Alterations in MT dynamic in ALS results in accumulation of abnormal mitochondria,
misfolded proteins, and reduction of vesicle and mRNA transport. Additionally, changes in
MT dynamic have been considered as an initial driving force in both familial cases of ALS
(FALS) and sALS (Fanara et al., 2007). Importantly, mutations in Tubulin Alpha 4a
(TUBA4A), a component of MTs, including R320C/H, W407X, R215C, and A383T have been
identified in ALS patients. These TUBA4 mutations alter the MT stability and
repolymerisation capability and cause the spinal onset ALS, with UMN and LMN loss
(Smith et al., 2014).

1.2.1.3.3.3 Microtubule post-translational modifications

MTs are subjected to PTMs, and these modifications are essential for the organisation,
processivity of motor proteins (see section 1.2.1.2) on MT, MTs dynamics, and their

interaction with other cellular components (Sainath & Gallo, 2015; Sirajuddin, Rice, &
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Vale, 2014). Some of these PTMs, such as phosphorylation, acetylation, methylation,
palmitoylation, ubiquitylation and polyamination, are not specific to MT. However, other
modifications, including glutamylation, tyrosination, and polyglutamylation, are more
frequent on MTs (Janke & Magiera, 2020) (Figure 1.6). The C-terminal domain of a-tubulin
has been considered as a hot spot for these modifications, while less modification occurs
on the C-termini of B-tubulin (Song & Brady, 2015). The PTMs of MTs have been found in
all cell types, and they are even more diverse in neurons, labelling MT subpopulations
specialised for specific functions (Janke & Kneussel, 2010). In the following section, some
of the PTMs of MTs with the particular focus on acetylation and deacetylation will be

discussed.
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Figure 1.6
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Figure 1.6 Posttranslational modifications of tubulin dimer. Microtubules (MTs)
are made of a-tubulin and B-tubulin dimers. The posttranslational modifications
are detected on various regions of the tubulin dimer. The a-tubulin acetylation is
found at the luminal surface of MT. Polyamination and phosphorylation are
present in the globular, folded part of B-tubulin and influence stability of the MT.
Detyrosination and A2-tubulin are found within the carboxy-terminal tails of a-
tubulin, and polyglutamylation and polyglycylation are recognised within the
carboxy-terminal tails of both a-tubulin and B-tubulin, which regulate interactions
between MTs and associated proteins. Adopted from (Janke & Bulinski, 2011).
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1.2.1.3.3.3.1 Tyrosination and detyrosination

Most of a-tubulin contains the terminal tyrosine, and this tyrosine is removed by cytosolic
carboxypeptidase. The removal of tyrosin residues occurs in polymerised a-tubulin. In
neuronal cells, both tyrosinated and detyrosinated tubulins are distributed along the
axonal MTs. However, detyrosinated tubulins are enriched in the proximal segment of
axons, and the tyrosinated tubulins are abundant in the distal region of axons (Geuens et
al., 1986; Nieuwenhuis et al., 2017). Additionally, tyrosination at the MTs plus-end is
important for the formation and organisation of a functional growth cone and regulates a
gradient distribution of the components of growth cone required for the growth cone

pathfinding during development (Marcos et al., 2009).

Moreover, tyrosination of MT is important for directed signaling and regulation of motor
proteins. Tyrosinated tubulins enriched in the somatodendritic compartment prevent
binding of kinesin-1 to the MT. Therefore, an increased level of detyrosination abolishes
target tracking of kinesin-1 (Konishi & Setou, 2009). Detyrosination reduces active
disassembly of MTs and leads to inhibition of activity of neuronal depolymerising motors
of kinesin-13 family resulting in MT stabilisation (Peris et al., 2009). Additionally, C-
terminal tyrosination of a-tubulin determines the initiation of dynein-driven motility and
regulates the motility of dynein-dynactin complex and its adaptor BICD2 on MT
(McKenney, Huynh, Vale, & Sirajuddin, 2016).

1.2.1.3.3.3.2 A2-tubulin

A2-tubulin is a further modification of detyrosination where the terminal glutamate is
removed, and then tubulins cannot be tyrosinated (Janke & Kneussel, 2010) (Figure 1.6).
Both detyrosinated and A2-tubulin have been found accumulated in long-lived MTs and

are enriched in neurons (Paturle-Lafanechére et al., 1994). Moreover, the increase in



38

glutamylation on A2-tubulin is reported in both acute and slow-developing

neurodegeneration (Vu, Akatsu, Hashizume, Setou, & Ikegami, 2017).

1.2.1.3.3.3.3 Polyglutamylation and polyglycylation

Polyglutamylation and polyglycylation are other types of PTMs, where the glutamate or
glycine is added to glutamate side chains on C-terminal domains of both a-tubulin and -
tubulin (Mukai et al., 2009) (Figure 1.6). The reverse enzyme, deglutamylase, is also
involved in the regulation of glutamylation, which has the same affinity for both soluble
and polymerised tubulin (Audebert et al.,, 1993). MT polyglutamylation influences the
charges on the carboxy-terminal tails of tubulins. Additionally, polyglutamylation through
interactions with MAPs stabilises the MT and regulates electrostatic MT-MAP interactions,
which consequently controls the processivity of kinesin and dynein on MTs (Bodakuntla,
Jijumon, Villablanca, Gonzalez-Billault, & Janke, 2019; Bonnet et al., 2001, 2001, 2001;
Sirajuddin et al., 2014). Glutamylation has been found in many cell types, and high level of
glutamylation has been reported on the centrioles during cell division. Besides, it has been
reported that the balanced level of MT polyglutamylation is critical in neurons, and
hyperglutamylation is associated with neurodegeneration. Furthermore,
polyglutamylation regulates the interaction of dynein and MT (Kubo, Yanagisawa, Yagi,
Hirono, & Kamiya, 2010). It has also been shown that polyglutamylation is vital for axonal

transport, and its dysregulation leads to neurodegeneration (Janke & Magiera, 2020).

1.2.1.3.3.3.4 Polyamination

Polyamination has been described by the addition of amines to glutamine residues of
tubulin and recognised as an irreversible PTM. Both a-tubulin and B-tubulin are subjected

to this PTM, but mostly it occurs in B-tubulin. The polyamination is mediated via
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transglutaminases. The enzyme transglutaminase is involved in tubulin polyamination and
polyaminates both free tubulin and polymerised MTs (Song & Brady, 2015). Furthermore,
the polyamination sites are located either next to the GTP-binding pocket of B-tubulin, or
at the boundary of the a-tubulin-B-tubulin dimer. Polyamination is specific to neuronal
MT, and it has not been detected in non-neuronal cells. Polyamination contributes to MT
stability in neurons, and it is critical for neuronal development and maturations (Song et

al., 2013).

1.2.1.3.3.3.5 Acetylation

In neuronal cells, it has been reported that acetylated MTs are enriched in axons.
Acetylation of a-tubulin on the amino group of Lys40 is a marker of stable, long-lived MT
(LeDizet & Piperno, 1986; Perdiz, Mackeh, Pols, & Baillet, 2011). However, there is an on-
going debate as acetylation represents stability or it is a modification that takes place on
those MTs that survive long enough to go through this modification. It is important to
note that currently, the general agreement is with the latter. Importantly, two studies
have reported that acetylation protects the MTs from mechanical breakage during ageing
by increasing flexibility and resilience against the mechanical stresses (Portran, Schaedel,
Xu, Théry, & Nachury, 2017; Xu et al., 2017). This is supported by Eshun-wilson et al.’s
study in which they showed that acetylation of Lys40, positioned in an unstructured loop
of a-tubulin, decreases the interprotofilament interaction and facilitates protofilament
sliding thus enhancing MT flexibility (Eshun-Wilson et al., 2019). Moreover, the acetylation
of B-tubulin’s Lys25 is carried through the acetyltransferase San (Chu et al.,, 2011).
Nevertheless, the acetylation of a-tubulin has been recognised as an important factor for
different cellular and developmental processes such as regulation of MT architecture,
morphological transition and migration of cortical neurons (Cueva, Hsin, Huang, &
Goodman, 2012; Dompierre et al., 2007; Li et al., 2012; MISSING:reed2006microtubule,
2021).
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Moreover, the acetylation of MT is necessary for efficient intracellular trafficking by
impacting recruitment and motility of motor proteins (Bhuwania, Castro-Castro, & Linder,
2014; Godena et al., 2014). As an example, Kinesin-1 binds to the acetylated MT with
higher affinity and acetylation enhances the motility of kinesin-1 on MT (Cai, McEwen,
Martens, Meyhofer, & Verhey, 2009; MISSING:reed2006microtubule, 2021). Similarly,
dynein (see section 1.2.1.2.3) binds more effectively to the acetylated MT in vitro
(Dompierre et al., 2007). Increasing MT acetylation also contributes to efficient axonal
transport of cargoes (such as mitochondria) in hippocampal neurons (Chen, Owens,
Makarenkova, & Edelman, 2010). Additionally, MT acetylation by moderating the MT
dynamics control developmental processes such as axon over branching and pathfinding

and loss of MT dynamics results in excessive axonal branching (Wei et al., 2017).

In living cells, different types of proteins have been identified to balance the MT
acetylation. Leucine-rich repeat kinase 2 (LRRK2) is one of those proteins that binds to MT,
and its mutation alters tubulin acetylation level leading to transport deficiency in

Parkinson’s disease (Godena et al., 2014).

Moreover, several enzymes have been identified contributing to acetylation of Lys40 such
as arrest-defective-1 (ARD1)-N-acetyltransferase 1 (NAT1) complex, histone
acetyltransferase GCN5, elongator complex protein 3 (ELP3), and a-tubulin N-
acetyltransferase 1 (a-TAT1)/MEC17. Among these enzymes, the a-TAT1 has been
recognised as the main enzyme for the acetylation of a-tubulin in Tetrahymena, C.
elegances, and mice, which function is the focus of next section (Akella et al., 2010;
Kalebic, Sorrentino, et al., 2013; Kim, Li, Gorbani, You, & Yang, 2013; Shida, Cueva, Xu,
Goodman, & Nachury, 2010).
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1.2.1.3.3.3.5.1 Function of a-tubulin N-acetyltransferase 1 (a-TAT1)

As mentioned in the previous section, acetylation of a-tubulin is mainly driven by a-TAT1
which plays important roles in subcellular specialisation of subsets of MT and regulates
development of dentate gyrus, mouse forebrain (G.-W. Kim et al., 2013). a-TAT1 also
mediates hyperacetylation of MTs during stress responses (G.-W. Kim et al., 2013; Li et al.,

2019) and normal sperm flagellar function (Kalebic, Sorrentino, et al., 2013).

In turn, a-TAT1 function is regulated through another kinase TGF-B-activated kinase 1
(TAK1), which phosphorylates a-TAT1 at Ser237 to increase its catalytic activity (Shah et
al., 2018). Additionally, a group of proteins in vertebrate termed CAMSAP1-CAMSAP3 via
interfering with a-TAT1 function decreases MT acetylation (Pongrakhananon et al., 2018).
o-TAT1 also acetylates itself in an autoregulatory mechanism which is necessary for the

effective modification of tubulin (Kalebic, Martinez, et al., 2013).

Mouse a-TAT1 consists of five isoforms and human a-TAT1 contains seven isoforms (see
Table 1.4). The a-TAT1 core consists of a six-stranded B-sheet surrounded by five a-
helicases (Szyk et al., 2014). The catalytic activity of a-TAT1 is within residues 2-336 in the
N-terminal domain of the protein with the minimal functional catalytic region containing
residues 2-193. The C-terminal region is not involved in catalytic activity (Friedmann,

Aguilar, Fan, Nachury, & Marmorstein, 2012) (Figure 1.7).
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Table 1.4 Isoforms of mouse and human of a-TAT1

A
Mouse a-TAT1
" Mass
Isoform Identifier Length Sequence
(KDa)
Isoform .
1 Q8K341-1 421 47 Canonical
Isoform
) Q8K341-2 398 44 195-218: RPPTSSLRATRHSRAAVADPIPAA - P
324-353:
Isoform GTPWGLVAQSCHYSRHGGFNTSFLGTGNQE - SHT
3 Q8K341-3 353 39 HTTTVSLDAWYFHRQPRTEAGGTGSGG
354-421: Missing
Isoform 323-333: RGTPWGLVAQS - SSLPRSDESRY
Q8K341-4 333 37 .
4 334-421: Missing
195-218: RPPTSSLRATRHSRAAVADPIPAA - P
Isoform
5 Q8K341-5 310 35 323-333: RGTPWGLVAQS - SSLPRSDESRY
334-421: Missing
B
Human a-TAT1
Mass
Isoform Identifier Length Sequence
(KDa)
Isoform )
1 Q5sQlo-1 421 46 Canonical
Q55Ql0-2 409 45 1-12: Missing

Isoform
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2 13-36:
ERITVLDQHLRPPARRPGTTTPAR - MWLTWPFCFL
TITLREEGVCHLES
Isoform
3 Q5SQl0-3 398 44 195-218: RPPAPSLRATRHSRAAAVDPTPAA - P
Isoform 323-333: RGTPPGLVAQS —> SSLPRSEESRY
Q5sQlo-4 333 37 .
4 334-421: Missing
Isoform -
5 Q5SQl0-5 323 36 324-421: Missing
195-218: RPPAPSLRATRHSRAAAVDPTPAA - P
Isoform
6 Q5SQI0-6 310 35 323-333: RGTPPGLVAQS -> SSLPRSEESRY
334-421: Missing
Isoform 195-218: RPPAPSLRATRHSRAAAVDPTPAA - P
Q5sQlo-7 300 33 o
7 324-421: Missing

Table 1.4 Isoforms of mouse and human of a-TAT1 (A) Table A represents the
isoforms of mouse a-TAT1, length, mass and similarity of sequences. (B) Table B

represents isoforms of human a-TAT1, length, mass and similarity of sequences. The

identifiers are unique numbers defined by UniProt database.
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Figure 1.7 Schematic representation of a-TAT1 isoforms. (A) Schematic
representation of different isoforms of mouse a-TAT1. (B) Schematic
representation of different isoforms of human o-TAT1. The catalytic and
AP2/tubulin binding domains are shown. The numbers represent number of amino




45

Acetylation is the only PTM that occurs in the lumen of MT. a-TAT1 enters the MT lumen
to reach the acetylation site through the irregularities and lateral imperfection (Howes,
Alushin, Shida, Nachury, & Nogales, 2014; Shida et al., 2010; Soppina, Herbstman,
Skiniotis, & Verhey, 2012; Xu et al., 2017) and then diffuse passively to spread the
acetylation longitudinally (Coombes et al., 2016; Ly et al., 2016) (Figure 1.8). In addition,
a-TAT1 interacts with outside of the MT via the tubulin C-termini, which facilitates a-TAT1
entrance to the luminal site of action if MT go through the lateral opening between
protofilaments (Howes et al., 2014). Once a-TAT1 enters the MT lumen, the mobility of a-
TAT1 is regulated by its affinity for acetylation sites, where a-TAT1 rebinds from highly

concentrated a-tubulin acetylation sites (Coombes et al., 2016; Ly et al., 2016).

Figure 1.8
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Figure 1.8 Modes of K40 acetylation by a-TAT1. (A) Schematic representation of
different entry sites of a-TAT1 into the lumen of MT. The integrity of MT
determines the availability of these sites. (B) The proposed model for a-TAT1
access to the lumen involving a first step during which a-TAT1 scans the outer
surface of MT (1) in order to find accessible K40 modification sites at MT ends or at
cracks in the MT lattice. Once in the lumen, a-TAT1 modifies available K40 sites (2).
Adopted from (Janke & Montagnac, 2017).
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1.2.1.3.3.3.6 Deacetylation

Deacetylation identified for the first time in the modifications of histones to silence gene
transcription, but now deacetylation is recognised as a common PTM in multiple
subcellular compartments. There have been two groups of protein deacetylases in
eukaryotic cells, eleven subtypes of classical histone deacetylases (HDAC1-11) and seven
subtypes of sirtuins (SIRTs). HDACs are also classified into two classes; class | HDACs and
class Il HDACs. Class | HDACs are mainly localised in the nucleus, whereas class || HDACs
are shuttled between the cytoplasm and the nucleus (Fischle, Kiermer, Dequiedt, &
Verdin, 2001). Among the mammalian HDACs, HDAC6, a well-characterised cytoplasmic
class llb deacetylase, deacetylases several substrates such as heat shock proteins and

cortactin (Verdel et al., 2000).

HDACG6 with 1215 amino acid residues is the largest member of the HDAC family. HDAC6
contains two functional deacetylase domains (DD1 and DD2) (Figure 1.9). Deacetylase
domains counteract with negatively-charged MT surface through the ionic interactions,
which are independent of the catalytic domain (Ustinova et al., 2020; Valenzuela-

Fernandez, Cabrero, Serrador, & Sanchez-Madrid, 2008).



47

Figure 1.9
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Figure 1.9 Schematic representation of functional domains of HDAC6. HDAC6
contains nuclear localisation signal (NLS), nuclear export signal (NES1 and NES2),
two tandem catalytic domains (DD1 and DD2) containing zinc as cofactor, the
dynein motor binding (DMB), Ser-Glu-containing tetrapeptide (SE14), and the zinc
finger ubiquitin-binding domain (BUZ). Adopted from (Y. Li et al., 2013).

HDACG6 is predominantly localised in the cytoplasm and the nuclear export signals (NES)
and the Ser-Glu-containing tetrapeptide (SE14) motif regulate its subcellular localisation.
Although it has been shown that by activation of the nuclear localisation signal (NLS),
upon arresting cell cycle, HDAC6 transfers to the nucleus (Bertos et al., 2004; Verdel et al.,
2000). HDACS6 through its C-terminal binder of ubiquitin zinc finger (BUZ) domain binds to
polyubiquitinated proteins (Ouyang et al., 2012). Moreover, binding of BUZ domain with
ubiquitin-like interferon-stimulated gene 15 promotes the autophagic clearance of
aggregated proteins (Nakashima, Nguyen, Goins, & Chiocca, 2015). Additionally, HDAC6
through its dynein motor-binding (DMB) region interacts with dynein-dynactin complex
for the retrograde transport of polyubiquitinated proteins along the MTs (Kawaguchi et

al., 2003).
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1.2.1.3.3.3.6.1 Function of histone deacetylase (HDAC6)

HDACS6 as a main a-tubulin deacetylase controls the stability of MT pool and MT-mediated
processes via both deacetylase-dependent and —independent mechanisms (Hubbert et al.,
2002; Matsuyama et al., 2002; Yang, Zhang, Zhang, Zhang, & Xu, 2013). Once tubulin
dimers are released from MTs, they will be rapidly deacetylated (Perdiz et al., 2011)
(Figure 1.10 i). HDACEG is also recruited to MT for the autophagic degradation of misfolded
proteins and stress granules (SG). HDACS is also involved in several biological processes,
such as cell migration, cell spreading, and viral infection (Kawaguchi et al., 2003; Yan,

2014).

Importantly, function of HDAC6 is regulated through other proteins. It has been shown
that interaction of HADC6 with TPPP/p25, an MT-associated protein, affects its
deacetylase activity and results in the hyperacetylation of MT (THokési et al., 2010). In
addition, binding of Cep70, the centrosomal protein, to HDACG6 inhibits the deacetylase

activity of HDAC6 and promotes the tubulin acetylation and MT stability (Shi et al., 2015).



49

Figure 1.10
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Figure 1.10 Schematic representation of HDAC6 cellular function. HDAC6 regulates
several functions. (i) HDAC6 deacetylase a-tubulin. (ii) The balance between HDAC6
and its partner, VCP determines the fate of polyubiquitinated proteins. (iii) P62
interacts with HDAC6 and regulates its function. HDAC6 through interaction with
dynein facilitates transport of aggregated protein to MTOC to form aggresome.
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Moreover, HDAC6 regulates basal autophagy and targets damaged mitochondria and
protein aggregates for autophagy-lysosome degradation (Lee et al., 2010). Indeed, HDAC6
is a linker between autophagy and ubiquitin proteasome system (UPS), which upon
proteasome inhibition, HDAC6 activates the autophagy pathway as a compensatory

mechanism (Pandey et al., 2007).

Furthermore, HDACG is an essential factor for aggresome formation and upon proteasome
inhibition; the valosin-containing protein (VCP) through biding to HDAC6 induces the
formation of aggresomes (Boyault et al., 2006, 2007) (Figure 1.10 ii). The Ran-binding
protein M (RanBPM) also interacts with HDAC6 and regulates the function of HDAC6 in
aggresome formation (Salemi, Almawi, Lefebvre, & Schild-Poulter, 2014) (Figure 1.10 iii).
In addition, co-localisation of p62 with HDAC6 controls its activity and absence of p62

leads to hyperactivity of HDAC6 (Yan et al., 2013).

HDACS6 function is also critical during development, and inhibition of HDAC6 by Tubastatin
A results in the overproduction of reactive oxygen species (ROS) and increases the DNA
damage in mouse embryos (Wang, Ling, Ai, & Bai, 2019). Additionally, mice lacking HDAC6
show deficiencies in the immune system and bone homeostasis (G.-W. Kim et al., 2013).
Importantly, HDAC6 has been identified as a promising therapeutic target for several
diseases including neurological disease. Blocking HDAC6 activity inhibits the accumulation
of insoluble hyperphosphorylated tau and alleviates pathogenic features of tau-driven
neurological disorders (Falkenberg & Johnstone, 2014; Selenica et al., 2014). Moreover, it
has also been reported that inhibition of HDAC6 in CMT2A peripheral neuropathy results
in restoring the level of a-tubulin acetylation especially in distal parts of the nerves and
improves the motor function in mice (Picci et al., 2020). Inhibition of HDACS6 also results in
upregulation of key members of chaperon-mediated autophagy and reduces expression of
alpha-synuclein in a rat model of Parkinson’s disease. Consequently, inhibition of HDAC6
protects the dopaminergic neurons against alpha-synuclein and reduces astrogliosis

(Francelle, Outeiro, & Rappold, 2020).
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It has also been shown that genetic deletion of HDAC6 significantly decelerates disease

3% mouse model of ALS and attenuates MN

progression in the mutant SOD1
degeneration (Dompierre et al., 2007; Taes et al., 2013). In addition, inhibition of HDAC6
in cells expressing mutant FUS has been shown to rescue the defects of axonal transport
(Guo et al., 2017). Furthermore, inhibition of HDAC6 has been considered as a strategy to
alleviate the vulnerability of striatal neurons in Huntington’s disease through activation of

autophagic flux and removal of defected mitochondria (Guedes-Dias et al., 2015).

1.2.2 Amyotrophic lateral sclerosis

As mentioned previously, in this thesis, | also investigated mechanisms contributing to the
ALS. ALS (OMIM: 105400) is an incurable adult-onset neurodegenerative disease with
relentlessly progressive degeneration of UMN and LMN, leading paralysis and failure of
respiratory muscles and death at the late stage of disease (Taylor, Brown Jr, & Cleveland,
2016). The precise worldwide incidence rates are difficult to ascertain based on the
continents and ethnicities. However, ALS in the European population has an incidence of
2.2 per 100,000 people per year, similar to the US population. The lower incidence has
been measured in East Asia to be 0.89 per 100,000 people per year, and in South Africa to
be 0.79 per 100,000 per year (Logroscino & Piccininni, 2019). The estimated lifetime risk of
developing ALS is ~ 1 in 472 in women, and 1 in 350 in men and incidence peaks at age 75-
79 for both sexes (Al-Chalabi & Hardiman, 2013). Age of onset is variable but in most
cases, it begins at ~ 50-60 years of age (Swinnen & Robberecht, 2014). ALS before the age
of 40 years is rare; however, rises exponentially with age (Alonso, Logroscino, Jick, &

Hernan, 2009).

Of note, ALS has been considered as a heterogeneous disorder with clinicopathological
variability. The location of symptom onset, the time of disease onset, rate of disease
progression, and the levels of cognitive impairment vary between patients (Takeda,

Kitagawa, & Arai, 2020). The clinical diagnosis of ALS is based on the history and physical
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examination showing progressive dysfunction of UMNs and LMNs (Ajroud-Driss &

Siddique, 2015).

In addition to clinical variations, there is a noticeable variation in disease aetiology.
Approximately 10 % of cases are recognised as fALS with having a family member
diagnosed with ALS, and 90 % of cases are known as sALS, with no family member
diagnosed with the disease. ALS is also suggested to manifest through a multi-step process
incorporating additive effects from genetic vulnerability and environmental insults (Al-
Chalabi & Hardiman, 2013). A considerable amount of efforts have been put to identify
the environmental factors causing ALS, but they remain unknown. However, in most ALS
patients, the genetic contribution is an important factor even in sALS cases (Simpson & Al-

Chalabi, 2006).

Furthermore, ageing has been known as a leading risk factor for many late-onset
neurodegenerative diseases, particularly in ALS (Johnson, 2015). Some in vitro studies
have reported that the combination of cellular senescence and environmental factors
enhances the risk of neurodegenerative diseases (Goldman, 2014). Ageing can be
described as failures in repair systems, which results in defective cellular and molecular
processes leading to ageing phenotype (Kirkwood & Melov, 2011). The hallmarks of ageing
consist of altered cellular communication, genomic instability, defective nutrient sensing,
and loss of proteostasis (Lopez-Otin, Blasco, Partridge, Serrano, & Kroemer, 2013).
Moreover, the presence of protein aggregates due to the failure of protein quality control
(PQC) system (see section 1.2.2.3.1) is a hallmark of ageing as well as neurodegenerative

diseases such as ALS.

1.2.2.1 Familial ALS (fALS)

ALS cases are considered as fALS if at least one first- or second-degree relative is
diagnosed to have ALS (Byrne, Elamin, Bede, & Hardiman, 2012). In the absence of family

history, presence of some factors such as atypical rapid or slow disease progression, early
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age of onset, and dementia alert to a familial aetiology (Ajroud-Driss & Siddique, 2015).
Most forms of fALS show an autosomal dominant pattern of inheritance, although, in
some cases of sALS, the mode of inheritance is autosomal recessive or X-linked dominant
(Andersen & Al-Chalabi, 2011). Of all fALS, 60-70 % are categorised by mutations in known

genes (Renton, Chio, & Traynor, 2014).

The first reported ALS-associated gene is Cu/Zn superoxide dismutasel (SOD1) gene,
mutations in which are responsible for 20 % of familial cases (Rosen et al., 1993). More
than 160 pathogenic variants of SOD1 have been identified (Andersen & Al-Chalabi, 2011).
The native SOD1 protein catalyses the reduction of superoxide to hydrogen peroxide and
oxygen. Subsequently, hydrogen peroxidase is catalysed by both catalase and
peroxiredoxin and is converted to water (Rakhit & Chakrabartty, 2006). A consequence of
mutations in SOD1 is the accumulation of ubiquitinated inclusions in MNs and astrocytes

(Andersen, 2006).

With the progress of next-generation sequencing techniques, the number of ALS-
associated genes has increased and these genes have been found in 70 % of fALS cases

and 10 % of sALS cases (Renton et al., 2014) (Figure 1.11).
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Figure 1.11
SIGMAR1
C90ORF72
UBQLN2
SQSTM1
Year of discovery TARDBP
g R g 8 = g
=) A—'qn—m marsiemEmOmsamryraO /e =0 aww mO
= - I & ] ~ ~
= FIG4 PFN1
DCTN1 FUS TAF15 | TBK1
UNC13A
CHMP2B HNRNPA1
ANG ERBB4
vcp
ATXN2
SPG11
OPTN
DAO

MATR3
TUBA4A
CHCHD10

KIF5A

(=}

’ o
_-AO*
(]

ANXA11
TIA1

NEK1
C210RF2
MOBP
SCFD1
CCNF

Figure 1.11 The ALS-associated genes. The chronological representation of the
discovery of the ALS-gene mutations. Each of these genes has been reported in more
than one family, or in multiple, unrelated cases of sALS. Genes implicated in protein
homeostasis are shown in green. Genes involved in altered RNA-binding proteins are

shown in red. Genes involved in cytoskeletal dynamics are shown in purple.

Table 1.5 outlines genes implicated in the ALS and their contribution to the fALS and sALS.

This thesis will elaborate on Sequestosome, TBK1, C9orf72, TARDBP, and FUS to their

relevance in this research.



Table 1.5 Monogenic causes of ALS and their frequencies

55

Prevalence
Chromosomal
Gene Protein Inheritance .
locus fALS/sALS (in
percentage)
C9orf72 Unknown 9p21.2 AD, DN 40/10
SOD1 Superoxide dismutase 21g22.1 AD, AR, DN 12/1.5
1
FUS Fused in sarcoma 16p11.2 AD, DN 4/1
TARDBP/TDP43 TAR DNA binding 1p36.22 AD 4/<1
protein 43
CCNF Cyclin F 16p13.3 AD NA/NA
NEK1 NIMA related kinase 1 4933 AD NA/NA
TBK1 TANK binding kinase 1 12g14.2 AD, DN NA/NA
vCcP Valosin containing 9p13.3 AD, DN 1/1
protein
SQSTM1 Sequestosome 1 5g35.3 AD 1/<1
MATR3 Matrin 3 5¢g31.2 AD <1/<1
CHCHD10 Coiled-coil-helix- 22q11.23 AD <1/<1
coiled-coil-helix
domain containing 10
PFN1 Profilin 1 17p13.3 AD <1/<1
TUBBA4A Tubulin alpha 4a 2935 AD 1/<1
UBQLN2 Ubiquilin 2 Xp11.21 XL <1/<1
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SS18L1 Calcium-responsive 20913.33 AD <1/<1

transactivator

GRN Granulin precursor 17921.31 AD <1/<1
EWSR1 EWS RNA binding 22q12.2 AD <1/<1
protein 1

Table 1.5 Monogenic causes of ALS and their frequencies. Table summarizes ALS-
associated genes, their chromosomal locus, inheritance and prevalence. AD = autosomal
dominant, AR = autosomal recessive, DN = de novo, XL = X-linked, NA = not available.

The most common gene linked to fALS is C9orf72, which accounts for 25 % of fALS cases
(Taylor et al., 2016). The frequency data of other recently identified gene are sparse, and
most of these genes are inherited in an autosomal-dominant manner with age-dependent
penetrance (Volk, Weishaupt, Andersen, Ludolph, & Kubisch, 2018). The products of ALS-
linked genes are categorised into three main biological processes: protein-quality control
(UBQLN1, VvCP, OPTN, TBK1, C9orf72, VAPB), RNA metabolism and processing (FUS,
TARDBP, HNRNPA1, MATR3), and cytoskeletal dynamics (PFN1, KIF5A, TUBA4A, DCTN1).
Moreover, the percentage of genetic contribution to ALS is varied depending on the
geographic and population variations. Nevertheless, the point mutations in SOD1,
TARDBP, FUS or abnormal expansion of C9orf72 account for more than 50 % of fALS
(Taylor et al., 2016).
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1.2.2.2 Sporadic ALS (sALS)

The patients with no evident family history of ALS are classified as sALS and they comprise
90-95 % of all ALS cases (Zarei et al., 2015). It has been demonstrated that missense
mutations in SOD1 cause 1-2 % of sALS cases (Gamez et al., 2006; Taylor et al., 2016) and
the intronic expansion of C9orf72 is responsible for 10 % of sALS cases (Cooper-Knock et

al., 2012; Taylor et al., 2016).

Importantly, it is hypothesised that interactions between genetic susceptibility and
environment cause sALS (Ajroud-Driss & Siddique, 2015). Additionally, the gene variants
have been identified in the pathogenicity of sALS as well as fALS cases. It has been
demonstrated that genetic variants synergise the susceptibility, even if the variants are
not causative for ALS. Moreover, oligogenic basis has been proposed for the disease, in
which at least two pathogenic ALS gene variants are incorporated to initiate the disease.
In other words, patients might carry one known ALS-linked gene variant, which in
association with potentially unrecognised pathogenic variants causing the

neurodegeneration (Mejzini et al., 2019).

1.2.2.3 ALS pathology

Distinct biological pathways have been found contributing to ALS pathology, however, two
pathological processes considered to be central in ALS: 1. Conformational changes,
impaired trafficking of critical proteins, and accumulation of ubiquitinated protein; and 2.
Perturbations of processing of RNA and RNA-binding proteins such as FUS and TDP-43
(Peters, Ghasemi, & Brown, 2015).

Deficiencies in distinct pathways of protein quality control system contributing to protein

accumulation are summarized in Table 1.6.
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Table 1.6 Proteostasis imbalance

Disruption of proteostasis

Impairment of the

Impairment of

Impairment in
other modes of n

autophagy CMA and the UPS .
protein clearance
ALS
Misfolded and J Autophagy, but JCMA J Glymphatic
aggregated TDP-43, if cellular stress is clearance of flow may
SOD1 and FUS severe, autophagy TDP-43 impede efflux
inclusions in the brain, activation may be of neurotoxic
spinal cord, and motor detrimental Aggregated proteins
neurons; inclusions proteins
may contain ubiquitin J Autophagosome block the
and ubiquitin ligases maturation proteasome
(C90RF72)
J HSP70and
J Cargo loading HSP40
(sQsTm1,
UBQLN2, OPTN, J/Provision
and TBK1) of SOD1 and
VCP for UPS
J Autophagosome degradation
retrograde
transport (DCTN

and C9ORF72)

J Lysosomal
function (CHMP2B
and GRN)

Frontotemporal dementia
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Misfolded and Autophagosome JCMAand  J Glymphatic
aggregated form of accumulation UPS flow
tau, TDP-43 and FUS J Cargo loading clearance
into Poly(GA)
P62 and ubiquitin autophagosome by aggregates
found in inclusions p62 caused by
J Axonal C90RF72
autophagosome mutations
transport P62
J Endosomal dysfunction
trafficking

Table 1.6 Proteostasis imbalance. Table summarises impairments in autophagy, CMA
and UPS system, impacting clearance of neurotoxic protein associated with ALS and
frontotemporal dementia.

1.2.2.3.1 Protein quality control systems

In the cellular system, maintenance of protein balance through the timely degradation of
misfolded proteins is crucial for cell survival. Within neurons and other cell types,
intracellular clearance of misfolded and toxic proteins is predominantly dependant on two
main protein degradation systems, including the UPS and autophagy proteolysis.
However, there are other molecular mechanisms, including chaperones and heat shock
proteins, which assist cellular homeostasis. In the following section, different types of
mechanisms involved in the elimination of either misfolded proteins or protein

aggregations which also contribute to the pathology of ALS will be discussed.
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1.2.2.3.1.1 Chaperons and heat shock proteins

Misfolded proteins are implicated in pathology of neurodegenerative diseases such as
ALS. Molecular chaperones such as heat shock proteins, which are expressed inducibly in
the nervous system, mediate either correct folding or removal of misfolded proteins.
Chaperons recognise exposed hydrophobic surfaces on misfolded proteins. However, if
chaperons fail the recognition of misfolded proteins, then chaperons promote the
degradation of misfolded proteins through UPS or autophagy (Kim, Hipp, Bracher, Hayer-
Hartl, & Hartl, 2013).

As an instance, Hsp70 recognises the soluble misfolded proteins and targets them toward
the UPS. Moreover, it has been shown that Hsp40 functions as co-chaperon for Hsp70 to
refold the soluble misfolded proteins (Evans, Wisén, & Gestwicki, 2006). The chaperone
Hsp70 also distinguishes the misfolded protein contains KFERQ motifs and facilitates their
degradation through chaperon-mediated autophagy (CMA) (see section 1.2.2.3.1.3.2)
(Kaushik & Cuervo, 2012). The subsets of misfolded proteins that resist these two
degradation mechanisms are directed to autophagy-lysosome pathway (see section

1.2.2.3.1.3).

1.2.2.3.1.2 Ubiquitin-proteasome system

The UPS is mainly involved in the degradation of soluble and monomeric proteins through
recruitment of Hsp70 and the sequential actions of three classes of ubiquitin ligase (E1, E2
and E3) (Gong, Radulovic, Figueiredo-Pereira, & Cardozo, 2016). Moreover, UPS is involved
in the degradation of mitochondrial proteins that build up upon dysregulation of

mitochondrial import or sorting (Wrobel et al., 2015).
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For the ubiquitin-proteasome degradation, at the first step, ubiquitin (Ub), 76-amino-acid
polypeptide conjugates to the targeted protein (Hershko & Ciechanover, 1998). Then,
ubiquitin is activated through the ATP-dependent formation of a high energy thioester
bond between the active site of the ubiquitin-activating enzyme (E1) and the carboxyl
terminus of ubiquitin. At the next step, ubiquitin is transferred to ubiquitin conjugases
(E2), and secondly, ubiquitin ligase (E3) conjugates to lysine or N-terminal amino group
residues within the substrate. Finally, ubiquitin chains through ubiquitin ligase, which
recognises specific motifs and links to the targeted protein. Additional ubiquitin molecules
are conjugated onto the first, forming a polyubiquitinated protein (Adams, 2003) (Figure
1.12).
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Figure 1.12
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Figure 1.12 Ubiquitin-proteasome pathway. The sequential actions of three
enzymes are required for targeting of protein substrates by ubiquitin. Ubiquitin is
activated by a specific activating enzyme (E1) to form an ubiquitin-E1-thiolester.
Activated ubiquitin is transferred to a carrier protein or "conjugase", E2. Ubiquitin is
then transferred by a ligase (E3) and linked by an isopeptide bond to a lysine
residue on the substrate protein. After linkage of ubiquitin to the substrate and
formation of polyubiquitin chain, ubiquitylated substrate processed to short
peptide fragments by the 26S proteasome. Adopted from (Taylor, Hardy, &
Fischbeck, 2002).
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Consequently, the ubiquitylated substrates are recognised by the 19S particle of the UPS.
After binding to the RPN subunits of the 19S ring, ubiquitin motifs are eliminated by three
enzymes, including ubiquitin carboxyl-terminal hydrolase 14 (USP14), ubiquitin C-terminal
hydrolase UCH37, and the 26S proteasome regulatory subunit RPN11. After removal of
ubiquitin chains, proteins are unfolded via the 26S proteasome AAA-ATPase subunits,
including RPT1, RPT2, RPT3, RPT4, RPT5 and RPT6 subunits of the 19S component. At the
final stage, the substrates entre to the central B-subunit of the 20S, which possesses

peptidase activity leading to degradation of the protein (Boland et al., 2018).

It has been reported that protein aggregates and mutant forms of some proteins such as
tau block the proteasome and also high production of misfolded proteins result in
overwhelmed UPS, which lead to activation of autophagy (see section 1.2.2.3.1.3) as a

compensatory mechanism (Ciechanover & Kwon, 2015; Lamark & Johansen, 2010).

Of note, the UPS and autophagy-lysosome are mechanistically linked. Proteasome
inhibition induces the autophagy and increases the expression of ATG genes to promote
the formation of autophagosome (Han et al.,, 2011). Moreover, degradation of some
misfolded proteins such as mutated a-synuclein is mediated through different
degradation pathways, including UPS, autophagy and CMA (Cuervo, Stefanis, Fredenburg,
Lansbury, & Sulzer, 2004).

1.2.2.3.1.3 Autophagy

Autophagy is an evolutionarily conserved lysosomal degradation pathway that occurs at
the basal level to perform homeostatic functions necessary for protein and organelle
turnover. Autophagy is upregulated under several conditions such as cellular injuries and
nutrient starvation (Levine & Kroemer, 2008). Autophagy retains the cell homeostasis

through the removal of protein aggregates and defected or non-functional organelles via
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lysosome degradation. Moreover, autophagy is the main degradation pathway in neurons
based on their post-mitotic nature, their polarised shape, and synaptic activities. Neuronal
autophagy regulates several pathways, including neuronal differentiation, neuronal
survival, brain metabolism, and quality control of cytosolic components (Lee, Hwang, &
Lee, 2013). Autophagy initiation is spatially limited in subcellular compartments during
neuron development (Crawley et al., 2019). Consequently, autophagy dysfunction affects
cellular homeostasis and leads to the accumulation of insoluble ubiquitin-positive
inclusions and axonal pathology (Vicencio et al.,, 2020). Reciprocally, disease-associated
proteins such as mutant huntingtin protein also impact autophagic degradation by

increasing the number of autophagosomes (Kegel et al., 2000).

Based on the mechanisms that deliver cargos to the lysosome, three main types of
autophagy are recognised: microautophagy (see section 1.2.2.3.1.3.1), chaperon-
mediated autophagy (CMA) (see section 1.2.2.3.1.3.2), and macroautophagy (see section
1.2.2.3.1.3.3).

1.2.2.3.1.3.1 Microautophagy

Microautophagy is a form of autophagy that occurs directly on the lysosome or vacuole in
the yeast cell. The maintenance of organellar size, membrane homeostasis, removal of
proteins and organelles are the major functions of microautophagy. In microautophagy,
cytosolic cargo is internalised into small vesicles through invagination of the lysosomal or
vacuolar membrane, and then cargo is degraded in the lumen of lysosome or vacuole (Li,

Li, & Bao, 2012; Sakai, Koller, Rangell, Keller, & Subramani, 1998) (Figure 1.13 ii).
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Figure 1.13
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Figure 1.13 Different types of autophagy. (i) Macroautophagy through delimiting
membrane sequesters cytosolic cargoes. The membrane seals and forms the

autophagosome, and then autophagosomes moves toward the lysosome for

degradation. Fusion of autophagosome and lysosome lead to degradation of trapped

cargoes. (ii) Microautophagy is mediated through the invagination of the lysosomal

membrane via targeting of proteins through Hsc70 and co-chaperons. (iii) In chaperon
mediated autophagy (CMA), proteins containing KFERG-like motif are delivered to the
lysosome via Hsc70 and co-chaperons. Adopted from (Kaushik & Cuervo, 2018).
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Microautophagy is studied mainly in yeast cells, which typically have a large degradation
lysosome (Wen-You & Noboru, 2020). In mammalian, microautophagy termed as
endosomal microautophagy (eMl), which occurs on endosomes in which endosomes take

up substrate either randomly or selectively.

In this system, endosomes recognise KFERQ-like motifs on the substrate and with the
assistance of Hsc70, the substrates deliver to the endosomes (Sahu et al., 2011).
Afterwards, the Hsc70 binds to the phosphatidylserine at the endosome membrane and
deforms the membrane through oligomerisation (Uytterhoeven et al., 2015). Then, the
membrane invagination in eMl is completed by endosomal sorting complex required for
transport (ESCRT) protein. Subsequently, the substrates within the endosome break down
in lysosome’s lumen (Sahu et al., 2011). It is noteworthy that Hsc70 is at the centre of

protein triage among three types of autophagy in mammals.

Additionally, a cross-talk between eMI and macroautophagy has been found in Drosophila,
suggesting the similar upstream pathway regulated both eMI and macroautophagy
(Mukherjee, Patel, Koga, Cuervo, & Jenny, 2016). It has also been reported that in
macroautophagy-deficient cells, rapamycin activates the microautophagy significantly

(Sato et al., 2019).

Importantly, microautophagy has been involved in the regulation of macroautophagy
through degradation of autophagy receptors, such as p62, NBR1, NDP2, TAX1BP1, and
NCOA4 during first hours of starvation. The degradation of autophagy adaptors stops

initiation of macroautophagy (Mejlvang et al., 2018).
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1.2.2.3.1.3.2 Chaperon-mediated autophagy

Like macroautophagy, CMA is essential for amino acid recycling during periods of reduced
nutrient availability. In this pathway, proteins are transferred into the lysosomal lumen for
degradation without enclosure by any membrane structure, and degradation of protein is
independent of their ubiquitination (Lamark & Johansen, 2010) (Figure 1.13 iii). In this
type of autophagy, Hsp90 and other co-chaperone HspA8/Hsc70 recognise the CMA-
specific pentapeptide motif KFERQ of cytosolic proteins and guide proteins toward
lysosome membrane protein receptor (LAMP2A). It has been estimated that about 40 % of
proteins in the mammals contain motif KFERQ and PTMs of this motif also regulate CMA
targeting of proteins by the conformational switch that exposes or masks the motif
(Kaushik & Cuervo, 2018). Furthermore, the level of LAMP2A is determinant of the rate of
CMA. Also, co-chaperones such as carboxyl terminus of Hsc70-interacting protein (CHIP),
Hsp40, and Hsp70 modulate proteins targeting to the lysosome (Ferreira et al., 2013).
After binding to LAMP2A, the proteins unfold and enter the lumen of lysosome for
degradation (Li, Yang, & Mao, 2011).

Degradation of specific cellular proteins through CMA regulates multiple cellular functions
such as glucose and lipid metabolism, cellular reprogramming, and cellular response to
stress (Kaushik & Cuervo, 2018). This degradation system is not able to degrade protein
aggregates and only mediates degradation of misfolded or partially folded proteins
elevating the cellular resistance against the proteotoxicity (Anguiano et al., 2013; Cuervo
et al.,, 2004). CMA is vital in neurons during brain injury and toxic protein aggregation
(Chen & Klionsky, 2011). Under normal condition, both macroautophagy and CMA
function at the basal level, but during the cellular stress, they are activated to maintain
cellular homeostasis and interact directly to coordinate the protein degradation.
Consequently, blockage of CMA results in an increased level of Beclinl and activation of

macroautophagy (Massey, Follenzi, Kiffin, Zhang, & Cuervo, 2008).
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In turn, failure in macroautophagy leads to activation of CMA; however, CMA is not
capable of compensation of macroautophagy-mediated degradation of defected
organelles (Wu et al., 2015). In general, although macroautophagy and CMA can
reimburse for some of each other’s function, they are not redundant, and their loss of
function remains apparent even with upregulation of other pathways (Kaushik & Cuervo,
2018). The pathogenic variants of several CMA substrates are implicated in
neurodegenerative diseases including Parkinson disease, Alzheimer’s disease,
frontotemporal lobar degeneration and ALS. Moreover, some of the neurodegenerative-
related proteins including a-synuclein, PARK7, leucine-rich repeat serine/threonine-
protein kinase2, and TDP-43 have been recognised as CMA substrates. Reciprocally,
aggregation of these proteins such as TDP-43 disrupts CMA and UPS degradations
(Ciechanover & Kwon, 2015; Kaushik & Cuervo, 2018).

Furthermore, rates of CMA decrease with age in human and rodents. Decreased level of
LAMP2A and changes in stability and dynamics of the receptors in the lysosomal
compartment have also been reported as some possible reasons for the decreased rate of

CMA with age (Kiffin et al., 2007).

1.2.2.3.1.3.3 Macroautophagy

Macroautophagy is the most predominant and far better characterised than the other two
forms of autophagy, and it is mediated through autophagy-related proteins necessary for
the efficient formation, maturation and degradation of autophagosomes through fusion
with the lysosome. In this process, cytoplasm components are sequestered within double-
membrane structures termed autophagosomes, which subsequently undergo maturation

steps before degradation through fusion with lysosomes.

In addition to canonical autophagy, there are several types of noncanonical autophagy

(Nishida et al., 2009). ATG5-independent alternative macroautophagy is one of those
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pathways. In this type of autophagy, the membrane is driven from the trans-Golgi and
only ULk1 and PI3k are involved in this type of autophagy (Torii et al., 2020). The process
of macroautophagy has been divided into different steps including initiation, maturation

and degradation

1.2.2.3.1.3.3.1 Initiation step

The first step of macroautophagy is the formation of the autophagosome. The formation
of autophagosomes is a hallmark of the autophagy process. In the initial step, vesicles
arise from a variety of membrane sources including endoplasmic reticulum (ER), the Golgi
and mitochondria coalescence form small flattened membrane sac named phagophore.
Several autophagy-related (ATG) proteins are conjugated to the phagophore to form the

autophagosome (Mizushima, Yoshimori, & Ohsumi, 2011) (Figure 1.14i).
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Figure 1.14
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Figure 1.14 Different phases of macroautophagy. Macroautophagy consists of (i)

phagophore nucleation, (ii) autophagosome maturation, (iii) transport of

autophagosome toward lysosome and (iv) autophagosome-lysosome fusion and

degradation.
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Furthermore, soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) is involved in the homotypic fusion of phagophore precursors to increase its size
(Moreau, Ravikumar, Renna, Puri, & Rubinsztein, 2011). Additionally, the phagophore
membrane consists of the multipass transmembrane ATG9 protein, which enlarges and
form a cup-shaped double membrane that surrounds the portion of cytoplasm and
through the acquisition of lipids complement the process of the autophagosome

formation (Puri, Renna, Bento, Moreau, & Rubinsztein, 2013).

The complex of ATG5-ATG12-ATG16L1 resulted from catalytic activities of ATG7 and
ATG10 is necessary for the formation of the autophagosome. For the development of
phagophore, recruitment of MT-associated proteinl light chain 3 (LC3) to the membrane
is necessary. Then, LC3 is cleaved by ATG4B to form the LC3I, which subsequently binds to
phosphatidylethanolamine to form LC3Il (Fujita et al., 2008; Kabeya et al., 2000) (Figure
1.14 ii). The process of LC3 lipidation is mainly associated with the autophagy, but also it is
reported that LC3 attaches to the endolysosomal membrane and conjugates to the plasma
membrane during viral infection (Beale et al., 2014; Jacquin et al., 2017). As phagophore
extends, the complex of ATG5-ATG12-ATG16L1 dissociates whereas the LC3Il presents
both inside and outside of autophagosome remains linked to the membrane even after
lysosomal fusion; thus, LC3Il has been considered as a marker of autophagy (Ravikumar et
al., 2010). Conjugations of ATGs to the autophagic membranes are controlled by further
post-translational modification such as phosphorylation of LC3 by Kinase A, which affects
its function in autophagy negatively (Cherra Ill et al., 2010). In contrast, phosphorylation
of LC3C and GABARAPL2 by TBK1 increases the efficiency of cargo engulfment and inhibits
ATG4-mediated delipidation and premature elimination of nascent autophagosome
(Herhaus et al., 2020). Furthermore, it is revealed that MT-associated protein 1A and 1B
(MAP1A/B) interact with LC3 and regulate its recruitment to the MT controling both
biogenesis and degradation of autophagosome (Xie et al., 2011). Moreover, post-
translational modifications and MT dynamics are necessary for the regulation of

autophagy. Upon starvation, the increased level of MT acetylation promotes the
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consequent formation of autophagosome and autophagic degradation (Geeraert et al.,

2010).

The function of LC3 is further discussed in section 1.3.2.3.1.3.4.1. Importantly, the
complex of ATG8/LC3/GABARAP family facilitates binding of autophagy receptors (Figure
1.14 ii). Autophagy receptors have been considered as important partners of selective
autophagy, including p62, next to BRCA1 genel protein (NBR1), nuclear domain 10 protein
52 (NDP52) and optineurin, which bind to autophagic cargoes selectively through
ubiquitin-binding domains and bind to LC3 family member via their LC3-interacting region
motif. In addition, there are several autophagy receptors such as BNIP3L and ATG30
involved in the degradation of organelles, including mitochondria and peroxisomes

(Menzies, Fleming, & Rubinsztein, 2015).

Furthermore, regulation of initiation phase is mediated via a protein complex consists of
Unc-51 like autophagy activating kinase (ULK1 or UKL2), ATG13, ATG101 and focal
adhesion kinase family interacting protein of 200kDa (FIP200). This complex functions as a
sensor for upstream regulatory pathways, including the mTOR complex 1, adenosine
monophosphate (AMP)-activated protein kinase (AMPK) and p53 pathways. In nutrient-
rich conditions, mammalian target of rapamycin (mTOR) binds to the ULK1-ATG13-FIP200
complex and by phosphorylation of ULK1 and ATG13 inhibits initiation of the
autophagosome. Upon cellular stress or starvation, inhibition of mTOR leads to
dephosphorylation of ULK1 kinase complex, which subsequently induces the
phosphorylation of beclinl and AMBRA in PIK3C3 complex. Consequently, this complex
enhances the activity of the VPS34 complex which triggers the autophagosome nucleation
(Molino, Zemirli, Codogno, & Morel, 2017; Russell et al., 2013). It has been shown that
inhibition of ULK1 prevents the autophagy initiation and attenuates the axonal
degeneration caused by injury-activated autophagy (Vahsen et al., 2020). Moreover,
PIK3C3 complex facilitates the formation of phosphatidylinositol 3-phosphate (Ptdins3P),
which is lipid components of autophagosome membrane, and it is required for binding of

WD repeat domain phosphoinositide-interacting protein 1 (WIPI1) and WIPI2 to the
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membrane of autophagosome (Ravikumar et al.,, 2010). After formation of the

phagophore, the structure enlarges, and sequestration of cytosolic cargoes starts.

1.2.2.3.1.3.3.2 Maturation and degradation step

After the expansion of the phagophore, the autophagosome undergoes maturation.
During maturation, the ATGs gradually release from the membrane and proteins required
for delivery of autophagosomes and autophagosome-lysosome fusion conjugate to the
autophagosome membrane (Dikic & Elazar, 2018). In this process, autophagosomes
formed in random regions of cytoplasm or formed at the distal part of axons move along
the MT toward the perinuclear region where lysosomes are abundant and during this
process fuse with several vesicles from the endosomal pathway to form amphisomes,
which eventually fuse with lysosome and form autolysosome (Wong & Holzbaur, 2014)
(Figure 1.14 iii). Importantly, ATG complex involved in lipid conjugation of LC3 regulates
the stability of axonal MT and changes in the expression level of ATG5 or ATG16L lead to
impaired MT dynamics. Based on the importance of MT dynamics, it has been suggested
that alterations in autophagy machinery not only promotes the degradation of the
inclusions but also affect the MT dynamics and axonal integrity (Negrete-Hurtado et al.,
2020). Additionally, polyamines such as spermine and spermidine which are inducers of
autophagy degradation, through binding to MT protein Tubb6 and increasing MT
acetylation, facilitate retrograde transport of autophagosome from the cell periphery to
prenuclear region (Phadwal et al., 2018). Indeed, the different subsets of MT regulate
different stages of autophagy pathways and providing barriers to avoiding fusion of the
pre-mature autophagosome with lysosomes (Fass, Shvets, Degani, Hirschberg, & Elazar,

2006).

Trafficking of autophagosome toward pre-nuclear region is driven by dynein (Xu et al.,
2014). Moreover, the age-related attenuation of IC binding has been reported that affects

binding affinity of dynein to dynactin, as well as cargoes (Kimura, Imamura, Ono, & Terao,
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2007). Perturbation of dynein-dynactin function leads to impaired clearance of protein
aggregates and axonal degeneration (Hafezparast et al., 2003; LaMonte et al., 2002).
Knockdown of dynein also prompts increased level of LC3ll, p62 expression and results in
accumulation of autophagic vacuoles. The impairment in dynein-dependent transport also

suppresses autophagosome-lysosome fusion (Li et al., 2013).

At the final step, the efficient fusion of autophagosome-lysosome is mediated by a
member of the SNARE protein family including STX17-SNAP29-VAMP7/AMPS8 or STX7-
SNAp29-YKT6 (Lawrence & Zoncu, 2019; Menzies et al., 2015; Saleeb, Kavanagh, Dun,
Dalgarno, & Duncan, 2019) (Figure 1.14, iv).

STX17 binds directly to the LC3 on the fully formed autophagosome, which prevents the
fusion of lysosomes with phagophores (Kumar et al.,, 2018). Moreover, for
autophagosome-lysosome fusion, the HOPS complex, PLEKHM1, and EPG5 interact with
proteins on both the autophagosomal membrane and lysosomal membrane. Then,
PLEKHM1 and EPG5 bind to LC3 on autophagosome membrane and lysosomal small
GTPases such as RAB7°™" (McEwan et al., 2015; Wang et al., 2016).

Afterwards, degradation of the inner autophagosomal membrane starts with release of
acidic hydrolases (Wen-You & Noboru, 2020). Lysosomes contain more than 60 lysosomal
hydrolases to digest the sequestered materials. Efficient degradation of autophagy
substrate occurs if the acidic lysosomal pH is maintained correctly (Mizushima, Levine,
Cuervo, & Klionsky, 2008). Poor lysosomal acidification is recognised in neurodegenerative
disease such as Parkinson disease and Alzheimer’s disease attributed to impaired

autophagy unrelated to autophagy proteins (Colacurcio & Nixon, 2016).

The inner autophagosomal membrane and sequestered components are then degraded in
these lytic organelles consist of many hydrolases including lipases, proteases, nucleases,
and glycosylases. Degradation within autolysosomes begins with breaking up the inner
autophagosome membrane, but the outer autophagosome membrane is resistant to

degradation (Wen-You & Noboru, 2020). After degradation, the residues are transported
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back to the cytoplasm and consumed for different cellular purposes (Kawano-Kawada,

Kakinuma, & Sekito, 2018; Mizushima, 2009; Nakatogawa, 2020).

The number of lysosomes is also another factor that affects the degradation of
autophagosomes. Furthermore, a sufficient number of lysosomes must be available for
fusion with autophagosome, and under certain conditions, through the lysosomal
reformation, they can regenerate new lysosome to maintain a pool of lysosome in the cell

(Sardiello et al., 2009).

1.2.2.3.1.3.3.3 Marker of autophagy

To investigate autophagy pathway, there are two types of well-studied markers, including
p62 and LC3. P62 has also been recognised as a marker of aggregates which will be

discussed in section (1.3.2.3.1.3.5.1.1). The next section will be focused on LC3.

1.2.2.3.1.3.3.3.1LC3

As mentioned above, the conjugation of LC3 to the autophagosome membrane is a vital
process for autophagy initiation. After induction of autophagy, phosphatidylethanolamine
(PE) is conjugated to small ubiquitin-like LC3 proteins (autophagy modifiers) to form LC3II,
which anchor to the growing phagophore membrane. This conjugation is mediated by the
lipidation cascade enzymes (ATG3, ATG5, ATG7, ATG12, and ARG16L1), which enables
cargo selection and autophagosome formation (Nakatogawa, 2013). In humans,
autophagy-modifier proteins have been classified into two subfamilies: (i) LC3A, LC3B,
LC3C, and (ii) GABRAP, GAPRAP-L1, and GABRAP-L2/GATE-16. The LC3 subgroup is mainly
involved in the elongation of the phagophore membrane, whereas the GABRAP subfamily
mediates autophagosome sealing and autophagosome-lysosome fusion at later stages
(Cemma, Grinstein, & Brumell, 2016). LC3 protein undergoes two processing steps, (i) the
conversion of pro-LC3 to active LC3 (LC3I) through an initial proteolytic cleavage of the

peptide bond and (ii) delipidation of LC3II through cleavage of the amide bond to provide
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a free cytosolic pool of LC3 (Zhang, Li, Ouyang, Liu, & Cheng, 2016). Membrane-
conjugated LC3/GABARAP proteins act as scaffolds to recruit various proteins to the
phagophore. The LC3 binding proteins consist of a short hydrophobic LC3-interacting
region (LIR) which first identified in p62. The LIR motif contains the WxxL sequence, N-
terminally preceded by negatively charged residues in which the aromatic residue is the
most crucial determinant. The conserved hydrophobic residues of the core LIR motif
anchor into hydrophobic pockets centred in the Ub-like domain, while adjacent acidic
residues form electrostatic interactions with the N-terminal arm of the ATG8 homologues.
Moreover, the core LIR motif changes into an extended B-conformation, which lead to the
formation of an intermolecular parallel B-sheet with the B2 strand of the ATGS8

homologues (Alemu et al., 2012).

1.2.2.3.1.3.3.4 Dysregulation of autophagy in neurodegenerative disease

Altered activity of proteolytic system and presence of intracellular protein aggregates are
characteristic of many late-onset neurodegenerative diseases such as Parkinson disease,
Huntington’s disease, and ALS (Ramesh & Pandey, 2017; Wang, Abraham, Gao, & Yang,
2016). The clearance of aggregated proteins is vital in neurons as aggregates within
neurons cause toxic effects and oxidative stress. Macroautophagy as discussed previously
has a crucial role in either normal or pathological condition and removes defected

organelles and misfolded/toxic protein inclusions.

More importantly, genetic variants associated with neurodegenerative diseases have been
revealed to modulate different aspects of the autophagic pathway, including regulation of
initiation (via Beclin 1 interaction), sequestration of the components into
autophagosomes, trafficking of autophagosomes to lysosomes, and the degradation

capacity of lysosomes (He & Klionsky, 2009).
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1.2.2.3.1.3.3.4.1 Deficiency of autophagy in ALS

Accumulation of protein aggregates is a hallmark of ALS. The ubiquitinated proteins found
in ALS cases have been classified into the Lewy body-like hyaline inclusions or skein-like
inclusions (Blokhuis, Groen, Koppers, van den Berg, & Pasterkamp, 2013). In ALS, the
protein inclusions have been found in the spinal cord and other brain regions, including
frontal and temporal cortices (Al-Chalabi et al., 2012). Consequently, formation of
aggregation disturbs proteasome activity, chaperon protein function and damages
organelles such as Golgi and mitochondria (Mammucari & Rizzuto, 2010; Tummala et al.,

2005).

Importantly, it has been shown that mutation of Alsin (ALS2), the activator of Rab5, affects
the autophagic removal of aggregate-prone proteins. Besides, missense mutations of ALS2
result in mislocalisation of proteins and decreased fusion of autophagosome to endosome
(Otomo, Kunita, Suzuki-Utsunomiya, lkeda, & Hadano, 2011). Additionally, the human
dynactin subunit 1 gene (DCTN1), encoding the vital component of the MT-based motor
complex, is among the ALS-linked genes. Missense mutations of DCTN1 have been

recognised as a genetic risk factor for ALS (Huang et al., 2012; Miinch et al., 2004).

Importantly, several autophagic components are encoded by ALS-linked genes. Autophagy
adaptors including p62 and optineurin, TBK1, a kinase involved in phosphorylation of
autophagic adaptors are among ALS-linked gene. In addition, C9ORF72, major genetic
factor in ALS, modulates endosomal trafficking in association with RABGEFs and
knockdown of C90RF72 leads to an increased level of LC3II (see section 1.2.2.3.1.3.3.4.1.3)
(Farg et al., 2014). Indeed, mutations in C90RF72 are concomitant to disruption of the
autophagosome-lysosome network, including intervention with dynactin-dynein

coordinated transport along the axons of MNs (Nassif, Woehlbier, & Manque, 2017).

Moreover, mutation in genes that affect the fusion of autophagosome and lysosomes are
recognised in ALS. Mutation in the CHAMP2B gene encoding a protein of endosomal

sorting complex required for transport of autophagosome has been identified in ALS and
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FTD (Skibinski et al., 2005). The VCP is another ALS-linked protein involved in autophagic
removal of SGs and C90RF72, which also modulate autophagy initiation and autophagic
flux (Evans & Holzbaur, 2019). The focus of the following section will be on ALS-genes

involved in protein quality control systems particularly autophagy-lysosome pathway.

1.2.2.3.1.3.3.4.1.1 SQSTM1/p62

P62 is a scaffold protein and belongs to a subfamily of pattern recognition receptors
termed sequestosome-like receptors and is involved in diverse signaling pathways,
including amino acid sensing, oxidative stress, DNA damage response, and autophagy
(Deretic, 2012; Linares et al.,, 2015). P62 consists of six functional motifs and several

domains which are related to its function in autophagy (Figure 1.15).

Figure 1.15
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Figure 1.15 Schematic representation of the functional domain of p62. N-terminal Phox
and Beml domain (PB1) interacts with Rptl, a subunit of 26S subunit, involved in
proteasome degradation. The zinc finger (ZZ) domain binds to RIP1 kinase which in
involved in inflammation. Nuclear localisation signals 1/2 (NLS1/2) are involved in
nucleo-cytoplasmic shuttling of p62. The TRAF6-binding domain (TB) interacts with
TRAF6 proteins to trigger protein ubiquitination. LC3-interacting region (LIR) interacts
with LC3 and is involved in autophagy clearance. The C-terminal ubiquitin-associated
domain (UBA) is involved in degradation of ubiquitinated proteins. Adopted from
(Sanchez-Martin & Komatsu, 2018).
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The N-terminal Phox-and-Bem1 domain (PB1) allows self-oligomerisation of p62 and
strengthens p62 binding to the Atg/LC3 autophagic membrane (Bjorkoy et al., 2005). The
PB1-mediated oligomerisation is also crucial for cargo collection and delivery of cargo to
autophagosome (Ciuffa et al., 2015). The central ZZ-type zinc finger domain is important
for autophagy and p62 aggregation and recognises the N-terminal arginine-residue, a
degradation signal in proteins (Zhang et al., 2018). The nuclear export motif (NES), nuclear
localisation signal (NLS), and LIR domains are involved in binding of Atg/LC3/GABARAP
family members and the C-terminal ubiquitin-associated (UBA) domain, which links p62 to

ubiquitinated proteins.

Furthermore, p62 is subject to several posttranslational modifications. Ubiquitylation of
p62 is necessary for activation of its autophagy function through affecting the
dimerization of the C-terminal UBA domain. Also, the ubiquitylation, particularly on K420,
switch on p62 recognition of poly-Ub chains and regulate the autophagy process (Peng et
al., 2017). Additionally, acetylation of p62 via acetyltransferase TIP60 is necessary for
regulation of p62 and increases the sequestration and removal of ubiquitylated proteins
(You et al., 2019). Importantly, phosphorylation of p62 is necessary for its binding to K48-
linked polyubiquitin chains and increases the autophagosomal engulfment of

ubiquitinated proteins (Matsumoto, Shimogori, Hattori, & Nukina, 2015).

Moreover, multiple kinases, including casein kinase 2 (CK2) and TBK1 are responsible for
phosphorylation of p62 at Ser403 which enhances its affinity for ubiquitinated cargo
(Matsumoto, Wada, Okuno, Kurosawa, & Nukina, 2011). Besides, the autophagy kinase
ULK1 phosphorylates Ser407 leading to destabilization of p62 UBA dimer, which
consequently promotes the phosphorylation of Ser403 and increases autophagy

degradation (Lim et al., 2015).
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1.2.2.3.1.3.3.4.1.1.1 Functions of SQSTM1/p62

P62 shuttles between the nucleus and cytoplasm and through binding with ubiquitinated
cargoes facilitates nuclear and cytoplasmic protein quality control.

P62 is an autophagy adaptor and also it is degraded through the autophagy. Inhibition of
autophagy results in the formation of p62 aggregates in mice, Drosophila, and C.elegance
(Nezis et al., 2008; Tian et al., 2010). In contrast, induction of p62 expression assists the
proteostasis in an autophagy-dependent manner, which leads to extended longevity in

C.elegance (Kumsta et al., 2019).

Furthermore, p62 has been found in ubiquitin-positive aggregates in neurodegenerative
disease, including Huntington’s disease, Alzheimer’s disease, and ALS (Rui et al., 2015).
Additionally, in some ALS cases, p62 co-localises with TDP-43 (see section 1.2.2.3.2.1.1)
and FUS (see section 1.2.2.3.2.1.2) in ubiquitinated inclusions in MNs in spinal cord of sALS
patients (Deng, Zhai, et al., 2010).

P62 has been reported to have a dual role in degradation of proteins via proteasome
system and autophagy-lysosome pathway (Bjgrkgy, Lamark, & Johansen, 2006;
Seibenhener et al., 2004) (Figure 1.16).



83

Figure 1.16
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Figure 1.16 The interactions of p62 with UPS and autophagy. UPS inhibition leads to
upregulation and phosphorylation of p62 on Ser405 and Ser409, promoting
degradation of ubiquitinated cargoes through autophagy. Upregulation of p62 inhibits
the HDAC6. HDACG plays important role in aggresome formation and autophagosome-
lysosome fusion. The ratio of p62 to HDAC6 maintains the homeostasis of autophagic

process. Moreover, autophagy impairment affecting p62 level compromises the
function of UPS. P62 overexpression enhances the protein aggregation and promotes
the cell survival. Adapted from (Liu et al., 2016).
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Upon inhibition of proteasome system, proteotoxic stress induces phosphorylation of p62
on Ser405 which subsequently promote the autophagic degradation of ubiquitinated
protein targeted by p62. Furthermore, it has been reported that accumulation of protein
aggregates such as polyQ-expanded proteins promotes the ULK1-dependent
phosphorylation of p62 which triggers the autophagic removal of protein aggregates (Lim

et al., 2015).

In addition to the role of p62 in UPS and autophagy, p62 contributes to the N-end rule
pathway. P62 is an N-recognin of N-end rule pathway and interacts with N-degrons via the
Z7 domain (Cha-Molstad et al., 2017). Binding of p62 to N-degron results in the delivery of

cargoes to the phagophore for the autophagic degradation (Cha-Molstad et al., 2018).

1.2.2.3.1.3.3.4.1.1.2 Mutation of SQSTM1/p62 gene

P62 mutation is linked to the neurodegenerative phenotype, and it is associated with
neurodegenerative disorders including ALS and FTD (Gal et al., 2009; Teyssou et al., 2013).
Multiple mutations in p62/SQSTM1 have been identified in both fALS and sALS, leading to
loss of function of p62 in autophagy. There are several mutations recognised in the UBA
domain of SQSTM1, such as P394L and G413S which result in reduced affinity of p62 for
binding to polyubiquitin chains and causes loss of basal autophagy (Fecto et al., 2011).

Furthermore, it has been shown that G427R mutant causes reduction in inclusion body
formation and under oxidative stress increases number of TDP-43 positive SGs (Deng et

al., 2020).

Moreover, mutations in the LIR domain such as the L341V found in sALS compromised its
binding to LC3, which affect ubiquitinated cargo delivery and incorporation of

ubiquitinated substrates to autophagosomes (Chen et al., 2014; Goode et al., 2016).
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1.2.2.3.1.3.3.4.1.2 TANK binding kinase 1 (TBK1)

TBK1 is a protein kinase, which is ubiquitously expressed and shows the diffuse staining in
the cytoplasm. TBK1 is expressed at moderate levels in all tissues, but in neuronal cells of
the cerebral cortex, hippocampus and lateral ventricle, it is expressed at higher level
(Uhlén et al., 2015). TBK1 consists of a serine/threonine kinase domain, a ubiquitin-like

domain (ULD) and two coiled-coil domains (CCD1 and CCD2) (Figure 1.17).

Figure 1.17
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Figure 1.17 Schematic representation of functional domain of TBK1. TBK1 consists
of kinase domain, ubiquitin-like domain (ULD), coiled-coil domain 1 (CCD1), leucine
zipper domain (LZ), helix-loop-helix motif (HLH), coiled-coil domain 2 (CCD2).
Adopted from (Yu et al., 2012).

In the kinase domain, there is an active loop (Leu164-Gly199), including Ser172, which
phosphorylation activates TBK1. Moreover, poly-ubiquitination of Lys30 and Lys401 is
required for the TBK1 activation. Subsequently, phosphorylation of Serl72 through

conformational changes allows substrate binding (Tu et al., 2013).

ULD is involved in the activity of the kinase domain, and deletion of ULD attenuates kinase
activity (lkeda et al., 2007). ULD via three residues, Leu316, lle353 and Val382, forms a

hydrophobic patch mediating protein-protein interaction. This hydrophobic patch also



86

mediates interactions between the ULD and CCD1 and mutation affecting the region
around the hydrophobic patch prevents activation of downstream pathway of TBK1 (Li et

al., 2012).

CCD1 is recognised as a scaffold dimerization domain (SDD) that mediates
homodimerization. Furthermore, CCD2 domain binds to the adaptor proteins, such as
NAP1, TANK, and Sintbad regulating the downstream pathways of TBK1. Binding of TANK
to the TBK1 regulates its function in inflammation and binding of Sintbad and NAP1

control TBK1 function in autophagy (Goncalves et al., 2011).

1.2.2.3.1.3.3.4.1.2.1 Functions of TBK1

TBK1 is involved in inflammation and autophagy. TBK1 initiates immune response,
modulates production of IFNa and IFNB, and induces the transcription of interferon-
inducible genes (Nakashima et al., 2015). In this thesis, focus will be on the role of TBK1 in

autophagy.

TBK1 plays a critical role in autophagy by phosphorylation of the autophagy receptors
such as p62, OPTN, and NDP52, and interacts with these receptors through the CCD2
domain (Le Ber et al., 2015; Oakes, Davies, & Collins, 2017) (Figure 1.18).
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Figure 1.18
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Figure 1.18 Schematic representation of cellular function of TBK1. TBK1
phosphorylates various substrates implicated in autophagy and inflammation.

TBK1-dependent phosphorylation of autophagy receptors such as OPTN enhances its
affinity to LC3 and ubiquitin (Heo, Ordureau, Paulo, Rinehart, & Harper, 2015). It has been
demonstrated that loss of TBK1 interaction with its adaptor proteins such as p62 and
OPTN leads to inefficient removal of protein aggregates via autophagy degradation.
Therefore, in the TBKl-associated neurodegeneration, haploinsufficiency has been

suggested as the most likely pathogenetic mechanism (Freischmidt et al., 2015).
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Moreover, TBK1 phosphorylates STX17, which is critical for the initiation of autophagy
through controlling FIP200-ATG13 complex (see section 1.2.2.3.1.3.3.1) (Kumar et al.,
2019). TBK1 is also associated with phosphorylation of NuMA, a phosphoprotein which is
associated with dynein. Additionally, a study showed that inhibition or knockdown of TBK1
alters the levels of cytoplasmic dynein (Pillai et al., 2014). TBK1 co-localises with LC3 and
Rab8b, which are involved in autophagosome maturation (Pilli et al., 2012). TBK1 also
mediates autophagosome maturations through phosphorylation of Smith-Magenis
Syndrome Chromosome Region, Candidate 8 (SMCR8) in C90RF72 complex that acts as
GDP/GTP exchange factor for Rab7 (Van Mossevelde et al., 2016).

Furthermore, TBK1 is a crucial factor for efficient mitophagy. TBK1 via phosphorylation of
OPTN and the efficient requirement of OPTN regulates mitophagy. It has been reported
that loss of functional TBK1 causes accumulation of defective mitochondria which in turn
impairs axonal transport (Lazarou et al., 2015; Li et al., 2016).

TBK1 mutation will be the focus of the next section.

1.2.2.3.1.3.3.4.1.2.1 Mutation of TBK1 gene

Initially, genetic alterations in TBK1 were identified in diseases with neuroinflammatory
components (Ritch et al., 2014). Later mutations in TBK1 recognised in ALS, FTD and ALS-
FTD in which loss of functions mutations result in 50 % loss of TBK1 protein (Freischmidt et
al., 2015; Pottier et al., 2015). The occurrence of TBK1 mutations in patients with FTD-ALS
comorbidity (10.8 %) is more frequent than in those with ALS alone (0.5 %) (Le Ber et al.,
2015). More than 90 TBK1 mutations have been identified in patients with ALS, ALS-FTD or
FTD. Eighty-eight of these mutations were recognised in ALS patient. More than 40
mutations cause either a frameshift or a premature stop leading to truncated products

(Freischmidt et al., 2015; Oakes et al., 2017).

Those mutations resulting in protein truncation and loss of the CCD2 domain alter kinase

activity and the phosphorylation of substrates (Freischmidt et al., 2015). Moreover,
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mutations within the ULD disrupt the TBK1 recruitment to ubiquitinated proteins and
organelles. Mutations in the CCD1 region also affect the dimerization of TBK1 followed by
changes in TBK1 activity and mutations in CCD2 domain impede binding of TBK1 adaptors
(Goncalves et al., 2011; Tu et al., 2013).

Moreover, TBK1 mutations impact activation of autophagy receptors affecting autophagic
removal (Pottier et al., 2015). As an instance, TBK1%°*® blocks efficient autophagosome
formation via disruption of interaction between TBK1 and autophagy adaptor OPTN
(Moore & Holzbaur, 2016). Additionally, Brenner et al. showed that heterozygous Tbk1
deletion causes the increased level of p62, OPTN and LC3II in the primary MNs. However,

the level of TDP-43 is not affected by Tbk1 haploinsufficiency (Brenner et al., 2019).

Altogether, studies of TBK1 mutation elucidation different function of TBK1 in
neurodegenerative disease, particularly in ALS, provided a better inside into the

importance of functional TBK1 in the distinct mechanism.

1.2.2.3.1.3.3.4.1.3 C90rf72

C90RF72 is a highly conserved protein localises to different intracellular membranes, such
as lysosome in mammalian cells (Farg et al., 2014). The C9orf72 gene consists of 11 exons
with three main alternatively spliced transcript variants producing two protein isoforms
(Figure 1.19). In C90RF72, the only protein domain identified is the differentially
expressed in normal and neoplastic cells (DENN) protein module. The DENN protein
module is an interactive platform, which is found in several classes of proteins of the
membrane trafficking machinery such as guanine exchange factor (GEF) that activates Rab
proteins (small-GTPases). Rab proteins are necessary for a wide range of vesicular
trafficking events. C90ORF72 interacts with Rab1, Rab5, Rab7, and Rabl1l in neuronal cell
lines and with Rab7 and Rab11 in human spinal cord MNs (Farg et al., 2014).
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Figure 1.19 Schematic representation of C90RF72 transcript variants and protein.
(A) The C9orf72 gene consists of 11 exons, has three main alternatively spliced
transcripts variants and produces two protein isoforms. In this figure, coding exons
are indicated in pink and non-coding exons in green. The (GGGGCC) repeat expansion
is located in the first intron of variants 1 and 3 and within the promoter region of
variant 2. (B) Variant 1 encodes C90ORF72-s (short), a 222 amino acid protein of 24
kDa, and variants 2 and 3 encodes C90ORF72-L (long), a 481-amino acid of 54 kDa.

Adopted from (Balendra & Isaacs, 2018).
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1.2.2.3.1.3.3.4.1.3.1 Functions of C9O0RF72

C90RF72 co-localises with Rab proteins in neuronal cell lines, and knockdown of C9ORF72
increases the level of LC3Il, autophagosome marker (Farg et al., 2014). Moreover,
C90RF72 functions in a complex with the WDR41 and SMCR8 proteins to produce GEF
activity for Rab8a and Rab39b (Sellier et al., 2016) (Figure 1.20).
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Figure 1.20 C90RF72 complex. The protein structure of SMR3 and WDRA41 are shown and
representation of SMCR3, WDR41 and C90RF72 complex are shown.

SMRC8 contains a DENN module, and it is essential for the stability of C9ORF72 complex.
In addition, knockdown of SMCR8 causes a significant reduction in C9ORF72 protein levels
(Amick, Roczniak-Ferguson, & Ferguson, 2016; Behrends, Sowa, Gygi, & Harper, 2010;
Behrends et al., 2010; Sullivan et al., 2016). Subsequently, interaction between SMCR8
and C90RF72 activates the FIP200/ULK1 complex leading to the initiation of
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autophagosome formation (see section 1.2.2.3.1.3.3.1). Moreover, reduced
macroautophagy initiation and accumulation of p62 and TDP-43 have been reported in

MEFs lacking C9ORF72 (Sellier et al., 2016).

Phosphorylation of SMCR8 by TBK1, which triggers the GEF activity of complex, is also
necessary for binding of Rab39b to C90RF72. The complex of C9ORF72-SMCR8 functions
as GDP/GTP exchange factor for Rab8a and Rab39b through which control the autophagic
flux (Sellier et al., 2016).

WDR41 (WD repeat domain 41) is a 52 kDa protein containing a protein-protein
interaction domain consisting of six WD40 repeats WDR41 which interacts with autophagy
adaptors such as p62 and OPTN (Sellier et al., 2016) (Figure 1.20). WDRA41 is also necessary
for recruitment of the C90RF72 to lysosome (Amick, Tharkeshwar, Amaya, & Ferguson,
2018). Additionally, WDR41 is associated with Golgi membrane and enriched at the cis-
Golgi (Sullivan et al., 2016).

C90RF72 also interacts with endosomes and regulates the vesicle trafficking and
lysosomal biogenesis in the MNs. It has been found that a reduced level of C9ORF72
results in a reduced number of lysosomes. Importantly, accumulation of Ataxin-2 Q30x
synergizes the effect of COORF72 depletion suggesting the double-hit mechanism in the
pathology of ALS (Sellier et al., 2016). Importantly, C9ORF72 localises in SGs and interacts
with p62. The incorporation of C9ORF72 into the SGs is critical for arginine methylation of
SGs and recruitment of p62 to SGs (Chitiprolu et al., 2018). CO9ORF72 also regulates
neuronal receptors. It has demonstrated that the low level of C90ORF72 increases levels of
NMDA and AMPA receptors on neuritis and dendritic spines (Shi et al., 2018). The effects

of CO90RF72 repeat expansion will be discussed in the next section.
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1.2.2.3.1.3.3.4.1.3.2 Repeat expansion of C9orf72 gene

Repeat expansions (GGGGCC) in the non-coding region of the C9orf72 gene are the most
common genetic cause of ALS (Renton et al., 2011). The C9orf72 gene contains 5-10
intronic hexanucleotide GGGGCC repeat expansion, whereas, in C9ALS/FTD patient,
hundreds to thousands of hexanucleotide repetitions (G4C2), have been found. These
non-coding DNA repeat extensions are demonstrated to cause epigenetic transcriptional
silencing of the C9orf72 gene by histone trimethylation in lysine resides (Belzil et al.,
2013). Moreover, G-rich sequences present in both non-coding DNA and RNA result in
propensity to form stable G-quadruplex secondary structures, which prevent transcription
and trigger abnormal interactions with diverse proteins (Fratta et al., 2012). These
mechanisms lead to a decreased level of mMRNA and protein of C9ORF72 near to 50 % in

COALS/FTD patients (Nassif et al., 2017).

Two mechanisms contributing to the pathogenesis of C9orf72 repeat expansion, including
the gain of toxicity through dipeptide repeats (DPR) protein and reduction in the function
of the C90RF72 protein have been suggested (Figure 1.21).
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Figure 1.20 Pathological mechanisms of C9ORF72 repeat expansion. 1. Dipeptide repeats
(DPRs) are present in cytosolic protein inclusions and co-localises with p62 and
ubiquitinated proteins. The DPRs also bind and contribute to mitochondria dysfunction.
Additionally, DRPs bind to proteasome and inhibits proteasome degradative pathway.
Moreover, DRPs localises within stress granules (SG) and result in disruption of SG
dynamic. 2. Diminished level of C9ORF72 leads to disturbance in interaction of COORF72
with SMCR3 and WDRA41. It also leads to the formation of cytoplasmic aggregates.
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C90RF72 repeat expansions through an abnormal Repeat Associated Non-ATG (RAN)
translation form five toxic DPRs (poly (GA), poly (GR), poly (GP), poly (PA) and poly (PR))
(Mori, Weng, et al., 2013). The DRPs cause aggregation-prone unfolded conformations
and form cytoplasmic protein inclusions in the neurons of hippocampus, cerebellum, and
cortex of C9ALS/FTD patients (Mori, Weng, et al., 2013). Additionally, DPRs bind to the 26S
proteasome subunit and disturb the activity of the proteasome degradation pathway

compromising neuronal proteostasis (Guo et al., 2018; Gupta et al., 2017).

Moreover, the recruitment of p62 into the aggregates of DPR proteins has been reported
in postmortem tissues from C9ALS patients (Ash et al., 2013). It has also been shown that
DPR inclusions containing more than one DPR are p62-positive but TDP-43 negative (Mann
et al., 2013). Some of DRP proteins (poly (GR) and poly (PR)) interact with lox-complexity
domains of ALS-associated RNA-binding proteins such as TDP-43 and FUS, which alter their
phase separation and affect the assembly and dynamics of SGs (Balendra & Isaacs, 2018;
Mori, Arzberger, et al., 2013). In Drosophila models of COALS/FTD, the accumulations of
DPRs has been shown to result in the cytoplasmic mislocalisation of TDP-43, which in turn
through nuclear depletion of karyopherin-a, a nuclear protein, lead to further TDP-43
mislocalisation (see section 1.2.2.3.2.1.1) contributing to the C9ALS pathology (Solomon et al.,

2018).

The second mechanism involved in the pathology of C9ALS is the decreased level of
C90RF72 mRNA and protein (Belzil et al., 2013). The repeat expansion through inhibition
of transcription suppresses the production of COORF72 protein (Delesus-Hernandez et al.,
2011). It has been reported that reduced level of endogenous C90RF72 in mice expressing
66 GGGGCC repeats, leads to the early premature death. Furthermore, inactivation of
endogenous C90RF72 results in exacerbation of cognitive deficits, neuronal loss in the
hippocampus, glial activation and accumulation of DPR proteins resulting from autophagy
deficiency (Zhu et al., 2020). Additionally, loss of cerebellar Purkinje cell and cortical
neurons, as well as astrogliosis, has been reported in the mouse brain expressing the

repeat expansions of C9orf72 (Chew et al., 2015).
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Furthermore, knockdown of C9orf72 in the human cell and primary neurons inhibits
autophagy initiation leading to cytoplasmic aggregation of TDP-43 and p62 (Webster et al.,
2016). However, a reduced level of C90RF72 in mice is not sufficient to cause neuronal
death and neurodegeneration, but it is related to age-dependent abnormalities outside of
the nervous system (O’rourke et al., 2016; Sullivan et al., 2016). Importantly, it has been
shown that reduced level of C9ORF72 accompanied by an additional protein stressor, such
as Ataxin2 a risk factor for ALS, results in MNs toxicity and the motor dysfunction in

zebrafish (Sellier et al., 2016).

1.2.2.3.2 Stress granules

RNA granules belong to the family of macromolecular aggregates that form in response to
different environmental stresses. These granules have been classified based on their
constituents and functions in different processes. The well-studied groups of RNA granules
are germ granules, p-bodies, and SGs. Germ granules have been found in germ cells, which
control fertility, while p-bodies are involved in mRNA storage and RNA decay. In this study,

the focus will be on the SGs.

SGs are dynamic and transient structures to save energy expenditure in response to
certain types of stress such as ER stress, hypoxia, arsenite, heat shock, and viral infection.
Formation of SGs promotes cell survival through suppressing translation and sequestering
apoptosis regulatory factors. Importantly, lack of proper SG formation contributes to the

neurodegeneration (Shukla & Parker, 2016).

SGs are composed of translational factors, RNA-binding proteins, and ribosome subunits
(Elbaum-Garfinkle et al., 2015; Han et al., 2012; Molliex et al.,, 2015). Size of SG is
dependent on the type of stress and the exposure time but generally size of SGs varies
between 0.1 um2 and 4 um2 (Anderson & Kedersha, 2008, 2009; Buchan & Parker, 2009;

Panas, Ivanov, & Anderson, 2016).
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SG assembly is a multi-step process which is under control of nucleocytoplasmic

trafficking, cytoskeletal structure, and mRNA translation (Protter & Parker, 2016).

The first step starts with accumulation of nucleating proteins such as G3BP1, TIA-1 and
fragile X mental retardation proteins and dissociation of translational factors, which form

cytoplasmic foci (Bounedjah et al., 2014) (Figure 1.22 i).
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Figure 1.22 Stress granule formation and its cellular fate. (i) Under cellular stress,
the granule compartments composed of untranslating mRNAs and RNA-binding
proteins form.
removal of stress, the SGs disassemble and released mRNAs which follow
translation. Chaperons are also involved in removal of proteins trapped in the SGs.
Autophagy is involved in removal of core complex of SG and its inhibition disrupts

the clearance of SGs.
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Following granule nucleation, addition of RNA-binding proteins such as FUS and TDP-43
with prion-like domain increases the SGs integrity (Arimoto-Matsuzaki, Saito, & Takekawa,
2016; Mahboubi & Stochaj, 2017). TDP-43 and FUS are key elements in dynamicity of SGs
(see sections 1.2.2.3.2.1.1 and 1.2.2.3.2.1.2) (Alami et al., 2014; Khalfallah et al., 2018;
Wang, Wu, & Shen, 2008). The mechanism of involvement of TDP-43 and FUS in
dynamicity of SG will be discussed in following sections. Moreover, the low complexity
region in these proteins is involved in the liquid-liquid phase separation (LLPSS) ensuring a
dynamic structure (Molliex et al., 2015). At the last step, with heterotypic association of

different SG components, the mature SGs form (Panas et al., 2016) (Figure 1.22 ii).

Importantly, cytoskeletal machinery; particularly MTs and MT-associated motor proteins
such as dynein and kinesin are necessary for assembly of SGs. Localisation of dynein in SGs
is critical for SG assembly and HC and IC are part of SG core complex (Jain et al., 2016).
Furthermore, dynein increases the integrity of the TIA-1 complexes and knockdown of
dynein results in the reduced number of SG-positive cells (Loschi, Leishman, Berardone, &
Boccaccio, 2009). It has also been shown that disruption of dynein function by
overexpression of p50 or knockdown of HC or LC-2 impairs SG formation (Kwon, Zhang, &
Matthias, 2007; Tsai, Tsui, & Wei, 2009). Not only dynein but also its adaptor proteins,
including dynactin subunit 1 and BICD1 participate in the assembly of SG (Loschi et al.,
2009).

Moreover, dynein in conjugation with HDAC6 regulating the level of MT acetylation
controls SGs assembly (Kwon et al., 2007). MT network is also required for growth of SG
and inhibition of MT results in smaller SG with failure in the formation of mature SG
(lvanov, Chudinova, & Nadezhdina, 2003). Additionally, chronic stress enhances the level
of HDACS, followed by a decreased level of acetylation (Silva et al., 2019). Consequently,
reduced level of acetylation results in the consolidation and enlargement of the SGs

(Chernov et al., 2009; Pandey et al., 2007).

Aforementioned, SGs are dynamic structures, and upon stress removal, the RNAs are first

titrated out and follow the translation. Then, the outer proteins are removed by UPS, and
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at the end, the core complex of SG disassembles into the smaller core structure (Wheeler,
Matheny, Jain, Abrisch, & Parker, 2016) (Figure 1.22 iii). Importantly, autophagy
(Monahan, Shewmaker, & Pandey, 2016) and chaperone-mediated protein degradation
(Ganassi et al., 2016) mediate the SG disassembly, mechanisms that have been shown to
become less efficient as neurons age (Calderwood, Murshid, & Prince, 2009; Nixon &
Yang, 2012). It has also been reported that disease-associated mutation of TIA1 results in
accumulation of non-dynamic SGs and delayed disassembly (Mackenzie et al., 2017).
Moreover, ALS-mutant TDP-43 causes alteration in the protein solubility and an early TDP-

43 association with granules resulting in formation of large granules (Dewey et al., 2011).

1.2.2.3.2.1 Dynamics of stress granules

Disassembly of SG is a multi-step process. SGs consist of a solid core, which is surrounded
by a dynamic shell exchanging the proteins and RNA with the cytoplasm. The first step in
disassembly of SGs starts with the production of small cores that degrades through
chaperons, followed by proteasome degradation to remove the scaffolds proteins

(Wheeler et al., 2016).

Protein chaperones such as Hsp70 accumulates in SG and mediates disassembly of SG in
mammals and inhibition of Hsp70 decreases clearance of SG after removal of stressor
(Walters, Muhlrad, Garcia, & Parker, 2015). Furthermore, other mechanisms such as 5’ to
3’ digestion of mRNA molecules contribute to the clearance of SGs (Sheth & Parker, 2003).
Upon inhibition of these degradative systems or resistance SGs to protease, cells through
activation of autophagy pathway control clearance of SGs (Buchan, Kolaitis, Taylor, &
Parker, 2013) (Figure 1.22, iii). It has been shown stimulation of autophagy diminishes the
accumulation of SG-related proteins and inhibition of the autophagy-lysosome pathway
impedes the degradation of SGs (Seguin et al., 2014; Silva et al., 2019). Additionally,

autophagy adaptors such as p62 and UBQLN2 localise into SGs promoting the degradation
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of SGs through the autophagy pathway and dynein-dependant movement of
autophagosome toward lysosome is necessary for efficient disassembly of SGs (Dao et al.,
2018; Tsai et al., 2009; Zheng et al., 2020). Conjugation of p62 with SGs is required for
arginine methylation of proteins such as FUS. Indeed, C90RF72, through association with
p62 regulates autophagic degradation of SG. Consequently, repeat expansion of C9ORF72
affects the conjugation of p62 to SGs and results in accumulation of SG (Chitiprolu et al.,

2018).

Moreover, VCP/Cdc48 (the yeast homologue of VCP) is involved in SG degradation through
autophagy and mutations in VCP result in a reduction of autophagy-related clearance of
SGs (Buchan et al., 2013, 2013; Ju et al., 2009). Consequently, deficiency in the removal of
SGs or persistent SGs triggers the formation of stable aggregates and contributes to

neurodegeneration and cell death (Li, King, Shorter, & Gitler, 2013).

1.2.2.3.2.1.1 TDP-43

TAR-DNA binding protein-43 (TDP-43) is a 43 kDa RNA/DNA-binding protein, recognised
initially as a transcriptional repressor of HIV1 TAR-DNA, related to a spectrum of

neurological disease, namely TDP-43 proteinopathy (Berning & Walker, 2019).

TDP-43 is highly conserved and belongs to the heterogeneous nuclear ribonucleoprotein
(hnRNP) family and contains 414 amino acids. It comprises of an N-terminal domain (NTD)
with a nuclear localisation signal (NLS) promoting self-oligomerisation, two RNA
recognition motifs (RRM1) at amino acid 106-176 and RRM2 at amino acid (191-262)
through which binds to RNA targets, and the glycine-rich domain (GRD) which links the
TDP-43 to the protein targets (Da Cruz & Cleveland, 2011). The GRD domain also consists
of a prion-like domain, which is responsible for TDP-43 aggregation (Budini et al., 2012).
The nuclear localisation signal (NLS) and NES are signal sequences that regulate the

nucleocytoplasmic shuttling of TDP-43 (Figure 1.23).
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Figure 1.23 Schematic representation of functional domain of TDP-43. TDP-43
contains an N-terminal domain (NTD) including nuclear localisation signal (NLS), two
tandem RNA recognition motifs (RRM1 and RRM2) including nuclear export signal
(NES) and a C-terminal glycine-rich region. The cleavage sites for C-terminal
fragments of TDP-35 and TDP-25 are indicated. The phosphorylation sites at 8
tyrosine, 14 threonine, and 41 serine are represented. Adopted from (Prasad et al.,
2019).

TDP-43 is localised predominantly in the nucleus, and it regulates the RNA processing, but
it also shuttles to the cytoplasm. The nuclear TDP-43 is involved in multiple processes,
including transcriptional regulation, splicing, miRNA biogenesis, and RNA metabolisms.
Cytoplasmic TDP-43 is involved in distinct processes including mRNA stability, mRNA

translation and as an RNA-binding protein; it is part of RNA granules.

Moreover, TDP-43, under stress conditions, localises in the cytoplasm to regulate mRNA
stability, translation and controls nucleocytoplasmic transport. Cytoplasmic
mislocalisation of TDP-43 results in depletion of nuclear TDP-43 leading to the loss of its
nuclear functions (Russo et al., 2017). Importantly, TDP-43 is important for SG maturation
and TDP-43 depletion impairs SG coalescence. Reduced level of TDP-43 also accelerates
SG disassembly (Khalfallah et al., 2018). TDP-43 cytoplasmic mislocalisation is not only

limited to ALS patients with TARDBP mutations but also in other ALS cases, TDP-43
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mislocalisation has been observed with an exception for a familial form of ALS caused by

SOD1 mutation (Igaz et al., 2008; Tan et al., 2007).

Under pathological conditions, TDP-43 forms aggregates containing both full-length and
wild-type TDP-43 in the vast majority of sALS and fALS patients (Ayala et al., 2008; Ederle
& Dormann, 2017). It is noteworthy that TDP-43 is not prone to aggregation unless it is
overexpressed or purified (Hergesheimer et al.,, 2019). Besides, TDP-43 has been
recognised as a major component of the pathological inclusion found in more than 90 % of
all ALS cases in comparison to FUS, which is detected in only 2 % of ALS cases (Ling,

Polymenidou, & Cleveland, 2013).

1.2.2.3.2.1.2 Cellular function and regulation of TDP-43

TDP-43 regulates RNA processing pathways, including alternative splicing, transcriptional
repression, RNA stability, and miRNA biogenesis. Therefore, a wide range of RNA
transcripts, including pre-mRNA, long intronic sequences and microRNA are targets of
TDP-43 (Narayanan et al., 2013) (Figure 1.24 i and ii). TDP-43 via a negative feedback loop
regulates its own transcription to maintain consistent protein levels (Mercado, Ayala,
Romano, Buratti, & Baralle, 2005). The regulation of TDP-43 level is vital to cell survival as
both depletion and overexpression of TDP-43 are toxic (Herzog, Deshpande, Shapiro,

Rodal, & Paradis, 2017; Voigt et al., 2010; Wu et al., 2010).
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Figure 1.24 Physiological function and regulation of TDP-43. In physiological conditions,
TDP-43 shuttles between the nucleus and the cytoplasm. TDP-43 regulates many
processes that affect the cellular fate of different RNAs. The processes include (i) RNA
transcription, (ii) RNA stabilisation, (iii) Stabilisation of mRNA, (iv) Stress granule
localisation. Under normal condition, the proteasome degrade misfolded proteins and
maintain the balance of cytoplasmic TDP-43. In a pathological condition, cytoplasmic
TDP-43 forms aggregates. TDP-43 aggregates cannot’ be degraded through proteasome
and are toxic for the cells and lead to degeneration. The cytoplasmic TDP-43 aggregates
result in TDP-43 loss of function, which promotes cellular stress. The mechanisms
regulating TDP-43 include heat shock proteins, proteasome system, and autophagy.
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Additionally, C-terminal glycine-rich domain of TDP-43 promotes its interaction with other
proteins such as hnRNPs, proteins regulating RNA splicing and mRNA translation

(Freibaum, Chitta, High, & Taylor, 2010).

Importantly, TDP-43 is necessary for optimal SG dynamic in primary neurons and glia
exposed to oxidative stress (Khalfallah et al., 2018). TDP-43 localises into the SGs and
recruitment of TDP-43 to SG modulates the SG response by controlling expression of key
proteins of SGs such as G3BP and TIA-1 (Aulas & Vande Velde, 2015; McDonald et al.,
2011). In addition, the C-terminal domain of TDP-43 also mediates the liquid-liquid phase

separation, which is necessary for the formation of SGs (Figure 1.24 iv) (Li et al., 2018).

UPS and autophagy pathway coordinate degradation of both wild-type and aggregated
TDP-43 (Huang et al., 2014). However, wild-type TDP-43 is mainly degraded by the UPS,
while aggregated forms of TDP-43 degrade by autophagy (Scotter et al., 2014). It has been
reported that inhibition of UPS leads to increased levels of ubiquitinated TDP-43 (Walker
et al., 2015). Knockdown of proteasome subunit also promotes the formation of TDP-43
aggregates. These findings are supported by another study by Cascella et al. that showed
the involvement of UPS in degradation of the monomeric form of TDP-43 before

formation of TDP-43 aggregates (Cascella et al., 2017).

Furthermore, co-localisation of TDP-43 with LC3 and p62, the autophagy markers,
supports the hypothesis that physiological rate of autophagy is necessary to prevent the
accumulation of TDP-43 aggregates (King, Maekawa, Bodi, Troakes, & Al-Sarraj, 2011). In
addition, co-localisation of VCP, OPTN, p62 with TDP-43 has been reported in spinal MNs
of sALS patient (Ayaki et al., 2014). TDP-43 in turn regulates the autophagy and lack of
TDP-43 results in a decreased level of ATG7 and LC3Il accompanied by accumulation of
p62 (Bose, Huang, & Shen, 2011). TDP-43 also stabilises mRNA of dynactin 1 and
downregulation of TDP-43 decreases the level of dynactin, which consequently impairs

the fusion of autophagosome-lysosome (Xia et al., 2015).
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Heat shock proteins are also involved in regulation of the cytoplasmic level of TDP-43.
Overexpression of heat shock proteins such as HspB8 induces degradation of TDP-43 and
increases the level of p62 and LC3Il, which suggest the pro-autophagic role of HspB8
(Crippa et al., 2010). Furthermore, downregulation of Hsp90 promotes autophagic
degradation of TDP-43, which may represent the regulation of autophagy by heat shock
proteins (Jinwal et al., 2012). Hsp40 and Hsp70 chaperones also promote degradation of
the misfolded TDP-43 through proteasome pathway (Maurel et al., 2018). In addition to
chaperons, proteins such as PABPN1 through maintaining the solubility and localisation of
TDP-43 in the nucleus promote degradation of misfolded TDP-43 via proteasome system

(Chou et al., 2015).

Collectively, both the proteasome system and autophagy are necessary for the regulation
of TDP-43 and based on the importance of both systems in controlling the level of TDP-43

could consider valuable therapeutic targets.

1.2.2.3.2.1.3 Posttranslational modifications of TDP-43

In addition to the different level of regulation, it has been demonstrated that TDP-43
undergoes several PTMs that affect its structure, localisation, general functions, and its
aggregative propensity. These modifications also contribute to the pathogenesis of TDP-43
proteinopathies. The PTMs include phosphorylation, ubiquitination, acetylation, and
cleavage. Phosphorylation and ubiquitination are two pathologically significant PTMs in
TDP-43. However, other PTMs such as acetylation and cysteine oxidation have been

identified in ALS patients.

The insoluble and aberrantly phosphorylated form of TDP-43 has been reported in ALS
cases, which also showed pronounced ubiquitination (Neumann et al., 2006). The
phosphorylation of TDP-43 increases cytoplasmic mislocalisation and aggregation of TDP-
43. So far, several potential phosphorylation sites including 8 tyrosine, 15 threonine, and

41 serine and residues have been found in TDP-43 (Neumann et al., 2009).
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Importantly, multiple ubiquitination sites have been identified near the RRM1 domain.
Ubiquitination facilitates the cytoplasmic accumulation of TDP-43 into inclusions and
adding polyubiquitin chains to TDP-43 mark TDP-43 for different degradation pathways.
The K-36-linked polyubiquitin chains mark TDP-43 for degradation through UPS, and K-63-
linked polyubiquitin chains mark TDP-43 for autophagic degradation (Scotter et al., 2014).
Moreover, the 20 lysine residues in the TDP-43 have been recognised as a potential site
for the acetylation. Residues such as K-145 and K-192 are also prone to acetylation.
Acetylation alters both function and localisation of TDP-43 via enhancing its ability to
interact with nucleic acids (French et al., 2019). Furthermore, TDP-43 acetylation affects
its RNA binding, impair mitochondrial functions, and induce accumulation of the insoluble

and hyperphosphorylated TDP-43 aggregates in the neuronal cell (Cohen et al., 2015).

Importantly, TDP-43 C-terminal fragments (CTFs) are neuropathological signature of ALS,
marked by specific phosphorylation and ubiquitination. The 25-kDa C-terminal fragment
(CTF-25) has been frequently found in the cytoplasmic aggregation of TDP-43 whereas
CTF-35 is rarely observed (Berning & Walker, 2019; Hasegawa et al., 2008). Further
investigations in brain autopsies of FTLD patients have been revealed three cleavage sites
including Arg208, Asp219 and Asp247 in the N-terminal of CTFs, which form different sizes
of CTFs (Rohn, 2008).

1.2.2.3.2.1.4 Mutation of TARDBP gene

Several ALS-linked mutations in the TARDBP gene have been identified. More than 50 ALS-
associated dominant missense mutations in the TARDBP gene have been reported in both
fALS and sALS (Gendron, Rademakers, & Petrucelli, 2013). The mutations occur in
different regions across the gene. However, the majority of the ALS-associated mutations
appear in the exon 6 of the gene encoding C-terminal glycine-rich region except for the

D169G point mutation that resides in RNA recognition motifl (Sreedharan et al., 2008).
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TDP-43 mutations affect a variety of TDP-43 features including enhanced propensity to
aggregate, increased cytoplasmic mislocalisation, modified protein stability, protease
resistance and altered binding affinity to other proteins (Prasad, Bharathi, Sivalingam,
Girdhar, & Patel, 2019). Mutations such as G294V, A315T, M337V, A382T, and G376D,
enhance the cytoplasmic mislocalisation of TDP-43 (Prasad et al., 2019). Furthermore,
A90V mutation in the NLS leads to sequestration of endogenous TDP-43 into insoluble

cytoplasmic aggregates (Winton, Van Deerlin, et al., 2008).

Additionally, some of the mutations have been found affecting the function of TDP-43 in
the dynamics of SG. TDP-43 with the G348C mutation forms significantly larger SGs and
the mutant TDP-43 incorporates into the SGs earlier than the wild-type TDP-43 (Liu-

Yesucevitz et al., 2014).

1.2.2.3.2.1.2 FUS

FUS is an RNA-binding protein encoded by the FUS/TLS (fused in sarcoma/translocation in
liposarcoma) gene, and it is mainly localised in the nucleus, but low level of FUS also
accumulates in the cytoplasm (Andersson et al., 2008). FUS/TLS, a heterogeneous
ribonuclear protein, is composed of 526 amino acid residues and belongs to the FET/TET

family (Figure 1.25).
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Figure 1.25
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Figure 1.25 Schematic representation of functional domain of FUS. FUS is a member of
TET family and contains Glutamine/Glycine/Serine/Tyrosine rich domain (Gln, Gly, Ser,
Tyr), Prion-like domain (PrLD), arginine/Glycine rich domain (Arg, Gly), nuclear export
signal (NES), RNA recognition motif (RRM), Zinc finger domain (Zn), and Atypical nuclear
localisation signal (PY-NLS). Prion-like domains and RN1-binding sequences are shown.
Adopted from (Aulas & Vande Velde, 2015) with added information.

In this family, proteins consist of an N-terminal transcription activation domain SYGQ-rich
region, a C2/C2 zinc finger (ZnF) motif, and one or more arginine-glycine-glycine (RGG)-
repeat sequence. The SYGQ domain is essential for FUS aggregation in yeast, and
mutations in tyrosine residues in this domain inhibit the incorporation of cytoplasmic FUS
into SGs (Kato et al., 2012). FUS consists of zing finger motif, nuclear localisation signal
(NLS), and conserved proline and tyrosine residues (PY-NLS) located in C-terminal of
protein (lko et al., 2004). The RGG-ZnF-RGG domain has been suggested as the major
RNA-binding sequence. This predominantly nuclear protein also has a low-complexity
prion-like domain, which is important for its ability to phase-separate and its recruitment
into RNA granules (St George-Hyslop et al., 2018). The prion-like domains are also involved
in misfolding of FUS protein, but this domain is not sufficient for FUS aggregation and
toxicity by itself, and both N-terminal and C-terminal part of protein are required for FUS

aggregation (Sun et al., 2011).
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1.2.2.3.2.1.2.1 Cellular function of FUS

FUS in the nucleus forms a stable complex with many members of the hnRNP family. FUS
is involved in multiple steps of RNA-localisation and RNA processing, including regulation
of transcription, splicing, and miRNA processing. Moreover, FUS has been discovered
contributing to other processes, such as the maintenance of genome integrity (Ratti &
Buratti, 2016). It has been reported that loss-of-function of FUS in Drosophila leads to
reduced viability, impaired locomotive behaviour, neuromuscular junction disruption, and

MN degeneration (Sasayama et al., 2012).

Upon cellular stress, FUS starts to move into the cytoplasm and become part of SG;
although, it is not essential for the formation of SG (Patel et al., 2015). Moreover, it has
been shown that FUS is more prone to localise in the SG compartment rather than TDP-
43. Recruitment of FUS into the SGs prevents the formation of aggregates, whereas
disruption of RNA recognition motif results in aberrant phase separation and seeds the
formation of aggregates (Marrone et al., 2019; Shelkovnikova, Robinson, Connor-Robson,
& Buchman, 2013) (Figure 1.26). Furthermore, FUS facilitates recruitment of mRNA into
SGs which is a reversible process. However, subsequent chronic stress results in formation
of irreversible pathological aggregates (Shelkovnikova, Robinson, Southcombe, Ninkina, &

Buchman, 2014).
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Figure 1.26
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Figure 1.26 Schematic representation of FUS physiological function. (i) FUS as an RNA
binding protein localises in stress granules (SGs) and also facilitates recruitment of mRNA
into SGs. (ii) Autophagy pathway is involved in removal of persistence SGs. (iii) Mutant
FUS (mFUS) impairs autophagic degradation of SGs.
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The formation of FUS-positive inclusion in the cytoplasm reduces staining of nuclear FUS,
but it is less frequent in comparison to a decreased level of nuclear TDP-43 (Tateishi et al.,
2010; Vance et al., 2009). Moreover, the mislocalisation of FUS and FUS-positive inclusions
in neurons and glial cells of the spinal cord are histopathological hallmarks of FUS-ALS, and
it has been reported that FUS-ALS is mainly a lower MN disease (King et al., 2015;
Kwiatkowski et al., 2009).

Consequently, FUS proteins trapped in SGs, which are not released even after removal of
stressors co-localises with LC3, a marker of autophagosomes, and this subset of
cytoplasmic inclusions are also immunoreactive for p62 (Figure 1.26 ii) (Daigle et al., 2016;
Ling et al., 2013). Additionally, activation of autophagy diminishes cytoplasmic FUS while
autophagy reduction increases the number of FUS-positive SGs (Marrone et al., 2019; Ryu
et al.,, 2014). Furthermore, it has been reported that mutant FUS disturbs
autophagosome-lysosome fusion via affecting Rab1 function and overexpression of Rab1

rescues the autophagy in mutant FUS-expressing cell (Soo et al., 2015).

It is noteworthy to mention that PTMs such as methylation regulates the FUS-localisation
and it has been reported that genetic inhibition of arginine methylation of FUS reimposes

nuclear import of ALS-associated FUS mutants (Dormann et al., 2012).

1.2.2.3.2.1.2.1 Mutation of FUS gene and ALS pathology

The mutations in RNA-binding proteins disturb the SGs dynamics and lead to cellular
toxicity (Vance et al.,, 2013). After the identification of TDP-43 mutations and its
implications in ALS, mutations in the FUS gene have been discovered in fALS and sALS
cases (Kwiatkowski et al., 2009). ALS-linked mutations in FUS have been described having
heterogeneity effects with varying severity, ages of onset and progression. As an example,
the P525L mutation has been reported to cause juvenile ALS, whereas R521C and R518K
mutations have been found in late-onset disease (Deng, Gao, & Jankovic, 2014). Over 50

mutations in the FUS gene have been found in fALS and sALS cases. These mutations
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account for about 4 % of fALS and 1 % of sALS patients. The vast majority of mutations
have been heterozygous with autosomal dominant inheritance (Vance et al., 2009). Most
of the mutations located in the glycine-rich regions and extreme region of C-terminal lead
to FUS cytoplasmic accumulation (Lagier-Tourenne, Polymenidou, & Cleveland, 2010).
However, FUS truncating mutations cause more aggressive phenotype than missense

mutations (Waibel et al., 2013).

It has been shown that wild-type FUS localises in less than 10 % of SGs, although
localisation of FUS into SG compartment increases when FUS is mutated (Lenzi et al.,
2015). Expression of mutant FUS (mFUS) in MNs has been reported to result in the
formation of dense FUS-positive SGs increasing susceptibility of MNs to cellular stress

(Higelin et al., 2016).

FUS mutations have been shown to impact the autophagy pathway and recruitment of
ATG9 and LC3Il to the early autophagosome. MFUS also affects the autophagy flux
through disruption of autophagosome-lysosome fusion (Figure 1.26 iii) (Soo et al., 2015).
Importantly, the study of a mouse model of FUS has shown that mFUS causes
neurodegeneration in the absence of cytoplasmic pathology and even significant
mislocalisation, which suggest that nuclear gain of toxic function by mFUS as a disease
mechanism (Devoy et al., 2017). Therefore, accumulation of cytoplasmic insoluble FUS
aggregates and simultaneous depletion of nuclear FUS may provoke neurodegeneration

through a gain of toxic function, a loss of function, or both.
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1.3 Research aims

The focus of this thesis is elucidating the cellular and molecular mechanism, which
underpins the degeneration of MNs in SMA-LED, a congenital or early childhood disease,
and ALS, an adult-onset neurodegenerative disease. In SMA-LED, mutations in DYNC1H1
encoding the heavy chain (HC) subunit of cytoplasmic dynein and BICD2 encoding an
adaptor of dynein have been recognised to be the main genetic causes of the disease
(Harms et al., 2012; Neveling et al., 2013; Oates et al., 2013; Scoto et al., 2015). In
Hafezparast lab, reduced MT acetylation and Golgi fragmentation were reported in

patient fibroblasts with DYNC1H1 mutations.

MT acetylation promotes motor protein binding and modulates motor-protein trafficking
(MISSING:reed2006microtubule, 2021) and also through increasing flexibility assists MT
lattice to cope with mechanical stress (Xu et al., 2017). In turn, dynein controls the
extension of MT into the growth cone by regulating MT plus ends (Lazarus, Moughamian,

Tokito, & Holzbaur, 2013).

HDACG6 and a-TAT1 have been identified as the main regulators of a-tubulin deacetylation
and acetylation, respectively (Sadoul & Khochbin, 2016). The aim was to determine how
mutations in HC of dynein contribute to reduced MT acetylation and also to further
investigate the effects of DYNCIH1 mutations on the interaction between dynein and
Golgin160, a dynein cargo adaptor for Golgi membrane. Golgi fragmentation has been
reported as an early event that occurs before the aggregation of mutant proteins (Gosavi,
Lee, Lee, Patel, & Lee, 2002). To achieve this, Loa™™ MEFs and patient fibroblasts
including p.R339G and p.D338N were used to investigate the role of dynein in regulation

of MT acetylation and also to study interaction between dynein and Golgin160.

In ALS, mislocalisation of protein and cytoplasmic accumulation of insoluble protein
aggregates are key pathological hallmarks (Ramesh & Pandey, 2017). Of importance, TDP-
43 mislocalisation and aggregation have been implicated in ALS, as the principal

component of the ubiquitin positive inclusions (Suk & Rousseaux, 2020). Moreover,
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SQSTM/p62 is another ALS associated protein, which is also found in inclusions in ALS and
mutations in SQSTM/p62 gene are also linked with ALS (Gal, Strém, Kilty, Zhang, & Zhu,
2007; Teyssou et al.,, 2013). Moreover, p62 is an autophagy adaptor whose TBK1-
dependent phosphorylation is vital for efficient sequestration of ubiquitinated proteins
into the autophagosome (Deng et al., 2020). Furthermore, TBK1 is an ALS associated gene
and its mutations have been linked with ALS (Freischmidt et al., 2015). Of note, removal of
protein aggregates mainly relies on autophagy pathway. Importantly, dynein mediates the
transport of autophagosomes and their fusion with the lysosome is necessary for efficient
degradation of protein aggregates. Additionally, variations in DYNCIH1 have been
identified in both sALS cases and healthy control, suggesting that variations and
subsequent alterations in dynein function might render cells more susceptible to genetic

and environmental insults leading to neurodegeneration.

Moreover, dynein regulates the formation of SGs and lack of functional dynein disturbs
the formation of SGs and inhibition of dynein activity causes a complete abolishment in SG
formation (Tsai et al., 2009). In addition, dynein modulates the disassembly and clearance
of SGs (Chernov et al., 2009). As of the importance of dynein in SGs formation and

degradation, it was sought to investigate regulatory role of dynein in dynamic of SGs.

My hypothesis was dynein modulates MT acetylation and formation of protein aggregates
contributing to neuronal degeneration in motor neuron diseases. My objectives were to
investigate consequences of mutations in cytoplasmic dynein 1 heavy chain 1 on MT
acetylation and whether dynein dysfunction makes cell more prone to form toxic protein
aggregation. To address the objectives, the aims were to test interaction of dynein with
HDAC6 and a-TAT1 and to test a two-hit hypothesis in Loa mice to further elucidate
effects of dynein dysfunction accompanied by deficiencies in the protein quality control
system on the protein aggregation and cytoplasmic mislocalisation of TDP-43. This was
performed in Loa homozygous mice where Dynclhl is mutated and also various

treatments were used to recapitulate deficiencies in protein quality control system.
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Chapter 2: Methods
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2.1 Genotyping

2.1.1 DNA preparation

The tissue was obtained from an ear punch, which is approximately 0.2-0.3 cm?”. For the
genotyping of mouse embryonic fibroblast (MEF), the fibroblasts grown in a T25 flask
(Corning, Cat: 430639) were trypsinized (Life Technologies, Cat: 10462502), and then cells
were centrifuged at 390 x g for 5 minutes, and the cell pellet was washed with Dulbecco’s
phosphate-buffered saline (DPBS). Then, the tissue sample or cell pellet were lysed by
adding 200 pL of lysis buffer (100 mM Tris-HCl at pH 8.0, 5 mM EDTA, 0.2 % SDS, and 200
mM NaCl) and 2 pL of Proteinase K (20 mg/mL) (NEB, Cat: P8107S) and followed by
incubation in 55 °C water bath overnight. Subsequently, the samples were centrifuged at
16,000 x g for 15 minutes, and the supernatant containing the DNA was decanted into
another tube, and a 1:20 dilution of DNA sample was prepared. Then, 1 pL of diluted DNA

was used for each Polymerase Chain Reaction (PCR) reaction.

2.1.2 Genotyping Loa Mice

After preparation of tissue from mice or fibroblast (section 2.1.1), the genotyping was
performed using PCR, followed by a restriction digest. The PCR reaction was made of
HotStarTaq Master Mix (Qiagen, Cat: 203443), primers, diluted DNA sample, and with the
volume made up to 10 pL with double distilled water (see Table2.1). The primers

described in Table2.2 were used to amplify the region including c.1739T>A mutation using
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PCR program described in Table2.3. As mutation generated another restriction site for
Rsal (GTV AC) in the PCR product, the 989 bp PCR product was incubated with the 5 U of
Rsal (NEB, Cat: R0167S) at 37 °C for 2 hours followed by loading samples onto the 2 %
agarose gel, which run for 30 minutes at 90 V (small tank) or 120 V (large tank). In the
presence of the mutation, the restriction enzyme would cut at the primary restriction site
and the second restriction site generating fragments of 252 bp, 135 bp, bp and 603 bp. In
the absence of mutation, two fragments would be generated, including a 387 bp and a

602 bp fragment (Figure 2.1).

Table 2.1 PCR reaction

PCR reaction Volume
HotStarTaq 5uL
Forward primer (10 mM) 1uL
Reverse primer (10 mM) 1ul
Diluted DNA sample 1ul
Distilled water 2 ul

Table 2.1 PCR reaction Table shows components and volumes needed for each
PCR reaction.
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Table 2.2 Sequences of primers

Primer Sequence (5 -3’)
Forward primer AAGCACCTGAACCCCAAGAC
Reverse primer GTAGGACTCCCACACCAACG

Table2.2 Sequences of primers. Table shows sequences of primers used for the

genotyping of the Loa mice.

Table 2.3 PCR program for Loa genotyping

Number of cycles Temperature Time
1 95°C 15 minutes
95 °C 30 seconds
35 64 °C 30 seconds
72°C 1 minute
1 72°C 10 minutes

Table2.3 PCR program for Loa genotyping. Table shows PCR program for Loa

genotyping including number of cycles, temperature, and time.
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Figure 2.1
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Figure 2.1 (A) Schematic representation of the band pattern for Dynclhl
genotyping. (B) An image showing results of genotyping for DYNC1H1"* (lane 1)
and DYNC1H1"** (lane 4 and 5), DYNC1H1'***® (lane2 and 3) fibroblasts
including 100 bp ladder. The PCR products were run on a 2% agarose gel for 20
minutes.

2.1.3 Genotyping DYNC1H1”***" fibroblast

The DNA samples were prepared, as described in section 2.1.1. To determine the presence
of ¢.1012G > A mutation, the primers described in Table 2.4 were used for the multiplex
PCR. Two reactions were set up for each sample, which each reaction contained three
primers. The two outer primers produce a 537 bp fragment. The inner primers, inner wild-
type forward annealing to the wild-type allele and an inner mutant forward primer
annealing to the mutant allele, would produce a 413 bp fragment (Figure 2.2). The PCR
reaction was set up as detailed in Table 2.1 and PCR program was used as described in
Table 2.5. The expected pattern of the results of the genotype is represented in Figure

2.2.
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Primer Sequence (5 -3’)
Outer forward primer GCAACATCAAAATGTTCC
Outer reverse primer CGATGTCTCTCAACAATACC

Inner wild-type forward

GACTACAATCCTCTGATGAAAG

Inner mutant forward

GACTACAATCCTCTGATGAAAA

Table 2.4 Sequences of primers. Table shows sequences of primers used for the
genotyping of the DYNC1H1%***" fibroblasts. The last 3’ end base pair targeting

mutation is underlined.

Table 2.5 PCR program for DYNC1H1"**%N genotyping

Number of cycles Temperature Time
1 95 °C 15 minutes
94 °C 30 seconds
35 60.5 °C 30 seconds
72°C 1 minute
1 72°C 10 minutes

Table 2.5 PCR program for DYNC1H1%**®*" genotyping. Table shows for PCR
program for DYNC1H1***" genotyping including number of cycles, temperature,

and time.
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Figure 2.2
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Figure 2.2 (A) Schematic representation of the band pattern for DYNC1H1"**®"

+/+

genotyping. (B) An image showing results of genotyping for DYNC1H1"" and
DYNC1H1""*# fibroblasts. The PCR products were run on a 2% agarose gel for
20 minutes. R1: reaction 1, R2: reaction 2, and 100 bp ladder.

2.2 Dissection and tissue culture

2.2.1 Isolation of mouse embryonic fibroblasts

The pregnant female mouse was sacrificed at day 13 by cervical dislocation. The uterine
horns were dissected out and briefly rinsed in 70 % ethanol and placed into the dish
containing DPBS. Afterwards, each embryo was separated from the placenta, and
surrounding membranes and then brain, spinal cord, and dark red organs were cut away.
The remaining tissue was washed with DPBS to remove as much blood as possible and
transferred to a 35 mm plate (Fisher, Cat: 10810765). By adding 1 mL DPBS, the tissue was

minced until the tissue was homogenous. Subsequently, the cell suspension was
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transferred to a 15 mL falcon tube and incubated with 2 mL of trypsin-EDTA with gentle
shaking at 37 °C for 15 minutes. During the incubation, 100 U of DNase was added to
avoid high viscosity, and then, two volumes of fresh media (see Table2.6) were added and
let the remaining pieces of tissue to settle down at the bottom of the tube. The
supernatant was centrifuged at 200 x g for 5 minutes. The pellet was resuspended in pre-
warmed medium, and one embryo equivalent was plated into the 100 mm plate (Corning,
Cat: 10075371) and incubated at 37 °C. It is noteworthy that there is a difference in rate of
growth between wild-type and Loa fibroblasts and there is increased growth rate in Loa

fibroblasts.

Table 2.6 Component of medium for MEFs and NIH3T3 cells

The volume needed for

0.5L of

Culture reagent Concentration

complete medium

DMEM
440 mL -
(Gibco, cat: 21969035)
Bovine growth serum
50 mL 10%
(GE Healthcare Hyclone SH30541.03)
L-Glutamine (100X)
5mL 1%
(Gibco, Cat: 11500626)
Penicillin/Streptomycin
5mL 1%

(Gibco, Cat: 11528876)

Table 2.6 Table shows the components of cell culture medium for mouse embryonic
fibroblast (MEF) and NIH3T3 cell line. The volume needed for making 0.5 L of complete
medium and the final concentrations are shown.
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2.2.4 Culture media

Table 2.7 describes the culture medium used for Neuro2A cell line.

Table 2.7 Components of medium for Neuro2A cells

The volume needed for

0.5L of

Culture reagent Concentration

complete media

DMEM
440 mL -
(Gibco, Cat: 21969035)
Foetal Bovine Serum (FBS)
50 mL 10%
(Gibco, Cat: 10270106)
L-Glutamine (100X)
5mL 1%
(Gibco, Cat: 11500626)
Penicillin/Streptomycin
5mL 1%

(Gibco, Cat: 11528876)

Table 2.7 Table shows the concentrations and components of cell culture medium
for Neuro2A cell line. The volume needed for making 0.5 L of complete medium
and the final concentrations are shown.

2.2.2 Primary culture of embryonic mouse spinal motor neurons

Prior to isolation of MNs, under the laminar hood, the sterilized 13 mm coverslips were
placed in each well of 24-well plate and coated with 3 pg/mL of Poly-L-Ornithine (Sigma-
Aldrich, Cat: P4957) and incubated at room temperature overnight protected from light.

After that, the coverslips were coated with 1.1 mg/mL laminin (Sigma-Aldrich, Cat: L2020)
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and incubated for at least 2 hours in the 37 °C 5 % CO; incubator. For the dissection of the
spinal cord, the pregnant female mouse was sacrificed at E12.5-E13 day using
intraperitoneal injection as a primary method and cervical dislocation as a secondary
method. The female mouse was placed with the anterior side up, and lower abdomen was
opened laterally, and embryos were separated from uterus and placed in the dish
containing HBSS with 2 % Penicillin/Streptomycin. Each embryo was decapitated using
fine-tip forceps at the intracranial notch just below the base of the skull. The embryo was
placed on its ventral side down in the dish and using fine-tip forceps, the skin overlying
the spinal cord was removed. The cord was separated using the tip of the forceps inserted
in the medial opening of the cord, and the cord was left up. Once spinal cord was isolated,
meninges were removed in one movement starting from the rostral side. Subsequently,
the spinal cord was laid down on dorsal side up, and the dorsal horn was removed using a
blade. Then, the dissected cord was kept in a 15 mL falcon tube containing the 1 mL HBSS
(Gibco, Cat: 10617394) and 10 pL of Trypsin 2.5 % w/v in PBS was added into the tube and
incubated at 37 °C 5 % incubator for 10 minutes. Afterwards, using P1000 pipette, the
tissue was taken up with as little of the HBSS as possible and placed in the tube containing
800 pL of L15 media (Gibco, Cat: 11570396), 100 pL of BSA (4 % w/v in L15) and 100 puL of
DNase (1 mg/mL in L15) (Sigma-Aldrich, Cat: DN25). The tissue was triturated four times
gently and let it sit for 2 minutes to allow undissociated tissue to sink, and then the
supernatant containing MNs was transferred to another 15 mL falcon tube. After that, 1
mL BSA (4 % w/v in L15) was added gently to the tube by placing the tip of the P1000 at
the bottom of the tube to ensure having two separate layers. The tube was spin down at
380 x g for 5 minutes, and then the supernatant was removed. The pellet was
resuspended in neurobasal medium (see Table 2.8), the laminin was removed from the

wells, and the neurons were plated on coated coverslips.
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Table 2.8 Components of culture medium for motor neuron

The volume needed for

50 mL of

Culture reagent Concentration

motor neuron medium

Neurobasal medium

47.8 mL -
(Gibco, Cat: 10888-022)
B-27 supplement (50X)
1mL 2%
(Gibco, Cat: 17504-044)
Horse serum
1mL 2%
(Sigma, Cat: H1270)
Glutamax (100X)
0.5mL 1%
(Gibco, Cat: 11574466)
Penicillin/Streptomycin
0.5mL 1%
(Gibco, Cat: 11528876)
B-mercaptoethanol (50mM)
25 uL 0.05 %
(Gibco, Cat: 11528926)
CTNF (10 pg/mL)
2.5uL 0.005 %
(Gibco, Cat: 10583395)
GDNF (10 pg/mL)
0.5 uL 0.001 %
(Gibco, Cat: 10679963)
BDNF (10 pg/mL)
0.5 uL 0.001 %

(Invitrogen, Cat: 10477253)

Table2.8 Table shows the components of culture medium for motor neuron. The volume
needed for making 5 mL of motor neuron medium and the final concentrations are shown.
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2.2.3 Primary culture of postnatal mouse hippocampal neurons

Before isolation of hippocampal neuron, The 16 mm coverslips were plated in 12-well
plate, and then the 12-well plate was coated with 50 mg/mL Poly-D-lysine and incubated
at 37 °C 5 % CO, incubator for 3 hours. Subsequently, Poly-D-lysine was aspirated, and
10mg/mL of laminin was added to the wells and incubated overnight at 37 °C 5 % CO,
incubator. Before starting the dissection, the maintenance medium (see Table 2.9) was
added to the wells and kept under a laminar hood. To culture primary hippocampal
neurons, the p0-p2 newborn mouse was sacrificed by cervical dislocation, and the mouse
was decapitated, and the head was placed on the sterilized paper towel. The skin was
removed and using a set of fine scissors; the skull was cut from the neck to the snout end.
Using a tick curved forceps brain was scooped out of the skull and placed in the dish
containing dissection medium (see Table 2.10). The hemispheres were separated, and the
hemisphere was turned so that the medial side faces upwards. The thalamus, using thin
curved forceps, was removed to expose the hippocampus, and then the remaining
meninges were removed and the hippocampus dissected out. The two hippocampi were

transferred to an eppendorf tube containing the dissection medium

Under the laminar flow hood, 90 % of dissection medium was removed from the tube, and
1 mL of dissection medium was added to the tube, and this step was repeated twice.
Afterwards, 1 mL of pre-incubated plating medium (see Table 2.11) was added to the tube
and remove, and this step was performed twice. Then, 0.5 mL of pre-incubated plating
medium was added to the tube, and the tissue was triturated with a P1000 pipet. The
content of the tube was transferred to a 15 mL falcon tube and 3 mL of pre-incubated
plating medium was added to the tube and mixed by pipetting. The 0.5 mL of cell
suspension was added per well and incubated at 37 °C 5 % CO, incubator for 3 hours.
Subsequently, 1.5 mL of pre-incubated maintenance medium was added per well and

incubated at 37 °C 5 % CO, incubator.
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Table 2.9 Components of maintenance medium for hippocampal neuron

The volume needed for making
Culture reagent 100 mL Concentration
maintenance medium

Neurobasal medium

96 mL -
(Gibco, Cat: 10888-022)
B-27 s | t (50X
=/ supplemen (50%) 2mL 2%
(Gibco, Cat: 17504-044)
L-Glutamine (100X)
1mL 1%
(Gibco, Cat: 11500626)
Penicillin/Streptomycin
1mL 1%
(Gibco, Cat: 11528876)

Table 2.9 Table shows the components of maintenance medium for hippocampal neuron

culture. The volume needed for making 100 mL of maintenance medium and the final
concentrations are shown.

Table 2.10 Components of dissection medium for hippocampal neuron

The volume needed for making ]
Culture reagent . . . Concentration
100 mL dissection medium
HBSS
97.9 mL -
(Gibco, Cat: 10617394)
HEPES 1 M
1mL 1%
(Gibco, Cat: 11574456)
Glucose 20 % 0.1 mL

0.1%




129

Sodium Pyruvate
11 mg/mL 1mL 1%

(Gibco, Cat: 11360070)

Table 2.10 Table shows the components dissection medium for hippocampal neuron culture.
The volume needed for making 100 mL of dissection medium and the final concentrations

are shown.

Table 2.11 Components of plating medium for hippocampal neuron

The volume needed for
Culture reagent making 50 mL plating Concentration
medium

Basal Medium Earle (BME)

43.275 mL -
(Gibco, Cat: 41010026)
FBS (Heat inactivated)
5mL 10%
(Gibco, Cat: 10270106)
Sodium pyruvate
0.5mL 1%
(Gibco, Cat: 11360070)
L-Glutamine (100X)
0.5mL 1%
(Gibco, Cat: 11500626)
Penicillin/Streptomycin
0.5mL 1%
(Gibco, Cat: 11528876)
Glucose 20 % 0.225 mL

Table 2.11 Table shows the components plating medium for hippocampal neuron
culture. The volume needed for making 5 mL of plating medium and the final

concentrations are shown.
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2.3 Preparation of plasmid and cloning

2.3.1 Transformation of DH5-a E.coli

Chemically competent DH5-a E.coli (ThermoFisher, Cat: 18265017) were used for the
propagation of plasmids. The tubes containing 50 uL of competent cells were thawed on
ice and once thawed 2 pL of plasmid DNA was added to the cell and incubated on ice for
30 minutes with occasional agitation. The competent cells were heat-shocked in a water
bath at 42 °C for 40 seconds and then were incubated on ice for 2 minutes. 200 uL of
lysogeny broth (LB) was added to the bacteria/DNA mixture which followed by incubation
at 37 °C for 1 hour in a shaker at 220 rpm. The mixture then was plated onto LB agar
plates containing appropriate selection antibiotic (see Table 2.12 for concentration). The

plates were incubated overnight at 37 °C.

Table 2.12 List of antibiotics used for selection of transformed cells

Antibiotic High copy plasmid Low copy plasmid
Ampicillin 50 pg/mL 20 pg/mL
Kanamycin 40 pg/mL 10 pug/mL

Table 2.12 List of antibiotics used for selection of transformed cells. Table shows
antibiotics and their concentrations used for selection of transformed cells in the
overnight culture for plasmid purification and transformed cells.
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2.3.2 Plasmid purification

2.3.2.1 Miniprep

Minipreps were performed using the NEB Spin Miniprep kit (NEB, Cat: T1010) as per the
manufacturer’s instructions. For the purification of 0.4-0.5 pg of plasmid DNA, 5 mL of LB
containing the selective antibiotic (See Table 2.12 for concentrations) was inoculated with
transformed DH5-a E.coli with the relevant plasmid. The 5 mL of culture was incubated
overnight x at 37 °C on a shaker at 200 rpm. The next day, the overnight-culture was
transferred to the eppendorf tube and centrifuged at 16000 x g for 1 minute at room
temperature. The supernatant was removed and the pellet was resuspended in 200 pL of
Plasmid Resuspension buffer (containing RNAse) which followed by lysis and
neutralization steps according to the manufacturer’s instructions. The resulting solution
was centrifuged at 16,000 x g for 5 minutes to pellet down the cell lysis. After being
centrifuged, the supernatant was transferred to an NEB spin column which was then
centrifuged for 1 minute at 16,000 x g and flow-through discarded. After subsequent
series of washes, the 30 pL of double distilled water was added to the centre of
membrane of the spin column. After 1 minute, the final step was performed by
centrifugation at 16,000 x g for 1 minute. The flow-through containing the purified
plasmid was collected in a new eppendorf tube and resuspended in 30 uL of double
distilled water and then the DNA concentration was measured using NanoDrop 2000

spectrophotometer.

2.3.2.2 Maxiprep

Maxipreps were performed using the PurelLink HiPure Plasmid Maxiprep Kit (Invitrogen,
Cat: K2100-06) according to manufacturer’s instructions with some adjustments in

centrifugation speeds and times. For the purification of 2-5 ug of plasmid DNA, based on
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the copy number of plasmid, 100-200 mL of LB containing the selective antibiotic was
inoculated with transformed DH5-a E.coli with the relevant plasmid and incubated
overnight at 37 °C on a shaker at 200 rpm. The overnight culture was transferred to falcon
tube and centrifuged at 3760 x g for 15 minutes. Meanwhile, the HiPure Maxi column was
equilibrated as per the manufacturer’s instructions. After centrifugation, the supernatant
was discarded and the pellet was resuspended in Resuspension buffer which followed by
lysis and neutralization steps according to the manufacturer’s instructions. After pelleting
the cell lysis, the supernatant was loaded onto the equilibrated HiPure Maxi column and
then 10.5 mL of isopropanol was added to the elute and was mixed before centrifugation
at 3760 X g for 2 hours at 4 °C. The supernatant was removed and then pellet was washed
in 5 mL freshly made 70 % ethanol and centrifuged at 3760 x g for 20 minutes at 4 °C. The
pellet was air dried for 7 minutes and resuspended in 200-500 uL of double distilled water

and then the DNA concentration was measured using NanoDrop 2000 spectrophotometer.

2.3.3 Sub-cloning of ATAT1 construct

To sub-clone ATAT1 cDNA to a V5-tagged plasmid, the NEB Gibson assembly cloning kit
(NEB, Cat: E2611) was used according to manufacturer’s instructions. Briefly, at the first
step, a set of primers were designed using NEBuilder assembly tool to amplify DNA insert
with 15-20 bp overlapping ends. The mixture of PCR product, the linear V5-tagged plasmid
(restriction enzyme digest), and Gibson assembly master mix were incubated at 50 °C for 1
hour. At the final step, the assembled DNA was transformed into competent cells for

propagation
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2.4 Transfection

2.4.1 Transfection of cells with Lipofectamine 3000

Transfections with lipofection were performed using Lipofectamine 3000 (ThermoFisher
Scientific, Cat: 15282465) according to the manufacturer’s instructions. Briefly, cells were
seeded on either a 24 or 6-well plate (see Table 2.13 for reagent volume) to be 70-80 %
confluent at the time of transfection. Prior to lipofection, the complete medium was
replaced with Opti-MEM medium (ThermoFisher Scientific, Cat: 31985062). To prepare
the reagents for lipofection, the plasmid DNA was diluted in Opti-MEM medium and
mixed with P3000 reagent in a 1:2 ratio. The Lipofectamine 3000 reagent was also diluted
in Opti-MEM medium separately. Then, diluted DNA and diluted Lipofectamine 3000
reagent were mixed and incubated for 20 minutes at room temperature. Subsequently,
the DNA-Lipofectamine 3000 reagent complexes were added to each well dropwise and

incubated at 37 °C for 24-48 hours.
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Table 2.13 Lipofectamine 3000 Lipofectamine 3000

24-well 6-well

Volume of Opti-MEM medium to dilute

25 pL 125 pL
DNA
Volume of P3000 reagent 2 uL 10 uL
Volume of Opti-MEM medium to dilute
25 pL 125 uL
Lipofectamine 3000 reagent

Volume of Lipofectamine 3000 reagent 0.75 3.75

Volume added to cells 50 uL 250 uL

Table 2.13 Lipofectamine 3000. Table shows volumes of media and reagents used for
transfection of cells using Lipofectamine 3000.

2.4.2 Transfection of cells with Nucleofection

Nucleofection of primary MEFs was performed using the Nucleofector 2b device (Cat:
AAB-1001) according to the manufacturer’s instructions. Briefly, the MEF were grown in
the large flask. On the day of transfection, cells were detached by adding the trypsin and
then 2 X 10° cells were counted and centrifuged to pellet down. The cells were
resuspended in transfection solution containing 80 uL of Nucleofactor reagent, 20 pL
supplements, and before nucleofection, 5 ug of DNA was added to the cells and mixed
thoroughly. Afterwards, the cells were transferred to the cuvette ensuring that no bubbles
are present in the cuvette and then placed in the machine and electroporated with A-023

program. After electroporation, the pre-warmed media was added to the cells and cells
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were counted and certain number of cells was plated either on coverslips in 24-well plate

or 100 mm dish. Cells were fixed or lysed after 24 hours and 48 hours.

2.5 Biochemistry

2.5.1 Cell lysis preparation

2.5.1.1 Cell homogenisation for SDS-PAGE

The 0.3 X 10° and 1 X 10° cells were plated in 6-well plate or 100 mm dish respectively, to
get 90-100 % confluency for western blot analysis. After 24 hours, cells underwent any
required drug treatment or the growth medium was removed, and the cell monolayer was
washed with DPBS twice, and excess DPBS was aspirated. For homogenisation, an
adequate volume of RIPA lysis buffer (see Table2.14) (100 uL to each well of 6-well plate
and 200 pL to 100 mm dish) was added and swayed to distribute lysis buffer evenly. Cells
were scraped using a cell scraper (Fisher, Cat: 11597692) and then were collected to a 1.5
mL eppendorf tube. The lysate was incubated on ice for 10 minutes and centrifuged at
1000 x g for 5 minutes at 4 °C. The supernatant was collected (avoiding the pellet) into a

new eppendorf tube and stored at -80 °C.
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Table 2.14 Component of RIPA lysis buffer

Stock Volume for 1 mL Concentration

RIPA lysis buffer

100 uL 10%
(Sigma-Aldrich Cat: 20-188)
Protease inhibitor (50X)
20 pL 2%
(Roche, Cat:11836170001)
Phosphatase inhibitor 2
10 plL 1%
(Sigma-Aldrich Cat: P5726)
Phosphatase inhibitor 3
10 pL 1%
(Sigma-Aldrich Cat: P0044)
Distilled water 680 L -

Table 2.14 Component of RIPA lysis buffer. Table shows components of lysis buffer for
cell homogenization for SDS-PAGE including volumes needed to make 1 mL lysis buffer
and final concentrations.

2.5.1.2 Cell homogenisation for immunoprecipitation

The 0.3 X 10° cells were plated in 35 mm plate to get 90-100 % confluency. The following
day, cells in two 35 mm plates were transfected with PCDNAC3-V5 ATAT1. After 24 hours,
the growth medium was removed, and the cell monolayer was washed with DPBS twice,
and excess DPBS was aspirated. To lyse the cell, 100 uL of lysis Buffer with inhibitors (see
Table 2.15 and 2.16) was added to each 35 mm plate and swirled to distribute lysis buffer
evenly. Cells were scraped using a cell scraper and collected to an eppendorf tube. The
lysate was incubated on ice for 30 minutes and centrifuged at 13,000 x g for 15 minutes at
4 °C. The supernatant was collected (avoiding the pellet) into a new eppendorf tube and

stored at -80 °C or added to pre-washed Sepharose beads.
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Table 2.15 Components of lysis buffer

Stock Volume for 20 mL
HEPES 1 M, pH=7.2 200 pL
KCl1 M 1mL
0.5 % Triton X-100 100 pL
EDTAO.5M 40 uL
Distilled water 18.66 mL

Table 2.15 Components of lysis buffer. Table shows components of lysis buffer for
cell homogenization for immunoprecipitation including volumes needed to make 20

mL lysis buffer.

Table 2.16 Components of lysis buffer for immunoprecipitation

Stock Volume for ImL
Lysis buffer 978 uL
Protease inhibitor (50X)
20 pL
(Roche, Cat:11836170001)
DDT 1 M 2l

Table 2.16 Components of lysis buffer for immunoprecipitation. Table shows final
components of lysis buffer for cell homogenization for immunoprecipitation including

volumes needed to make 1 mL lysis buffer.

2.5.2 Measuring protein concentration

The protein concentration of cell lysate prior to loading on SDS-PAGE gels was determined

using a bicinchoninic acid assay (BCA) (ThermoFisher Scientific, Cat: 23227). The assayed
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was performed following the manufacturer’s protocol but scaled down to a total column

of 200 uL, and 1 pL of the sample was measured on a NanoDrop 2000 spectrophotometer.

2.5.3 Immunoprecipitation

To perform the immunoprecipitation (IP), the bottle of protein A sepharose beads (Life
Technologies, Cat: 101041) was shaken to ensure all beads were mixed. 75 pL of beads
were added to a narrow conical bottom and washed with cold DBPS three times. Each
wash was consisted of adding 1 mL ice-cold DPBS, incubation on a rotator at 4 °C for 10
minutes and centrifugation at 2000 x g for 2 minutes at 4 °C. Afterwards, the beads were
blocked with DPBS containing 3 % bovine serum albumin (BSA) (Sigma-Aldrich, Cat:
A9706) on the rotator at 4 °C for 1 hour or overnight. The next day, the beads were
centrifuged and blocking solution was discarded and beads were washed three times with
ice-cold DPBS and blocked beads was incubated either with 2.5 pg of primary antibody
(Rabbit anti ATAT1, Abcam, Cat: ab58742) against the protein of interest or IgG Mouse (as
a control) (Merk Millipore, Cat: PP54) for 2 hours at 4 °C on the rotator. Simultaneously, to
clear homogenate, supernatant from cell lysis was incubated with beads for 1 hour on the
rotator at 4 °C. The clearance of cell lysis was followed by centrifugation for 2 minutes at
2000 x g, and then the cleared homogenate was collected. Afterwards, beads conjugated
to the antibody and those conjugated to the IgG control underwent three washes with
DPBS to ensure complete removal of unbound antibody or IgG. Subsequently, antibody
and IgG-conjugated beads were incubated with 100 pL of cleared homogenate overnight
at 4 °C with constant agitation. Following day, beads were centrifuged at 4 °C at 2000 x g
for 2 minutes, and the supernatant was collected as an unbound fraction. The beads were
washed with ice-cold DPBS 6 times and one time with distilled water as previously
described. At the end, to break the interaction of beads and protein-linked antibody, 1X
SDS was added to the beads and boiled for 5 minutes at 95 °C. Then, the samples were
centrifuged at 16000 x g for 5 minutes, and the supernatant was collected and stored at -

80 °C until analysed using SDS-PAGE and immunoblotting.
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2.5.4 SDS-PAGE (Protein electrophoresis)

The sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used for
evaluation of specific protein expression. The 12 % Bis-Tris NUPAGE precast protein gel
(Invitrogen Cat: 12070166) with 1 X NuPAGE MOPS SDS running buffer was used to
resolve the proteins based on the molecular weight of the protein of interest (see Table
2.17). For protein electrophoresis, 20 ug of protein for each cell lysate or the maximum
allowed for by the lowest concentrated sample was loaded into the wells. SeeBlue Plus2
Pre-stained protein standard (ThermoFisher, Cat: LC5925) was used and samples were
electrophoresed for 90 minutes at 140 V to ensure the complete-separation of different

size of proteins.

Table 2.17 List of protein targets for immunoblotting

Protein Size (kDa) Gel Protein concentration
percentage
20 pg of MEF lysate/
TBK1 80 12%
Neuor2A lysate
20 pg of MEF lysate/
P62 62 12%
Neuor2A lysate
TDP-43 43 12 % 20 ug of MEF lysate
20 pg of MEF lysate/
LC31/LC3lII 16,18 12%
Neuor2A lysate
20 pg of MEF lysate/
ATAT1 47 12 %
human fibroblast lysate
20 pg of MEF lysate/
Acetylated a-tubulin 50 12 %

human fibroblast lysate
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20 ug of MEF lysate/
Tubulin 50 12 %
human fibroblast lysate

Table 2.17 List of protein targets for immunoblotting. Table shows protein targets for
immunoblotting. Table represents the size of protein, the percentage of gel used in SDS-
PAGE. and the amount of pbrotein loaded.

2.5.5 Immunoblotting and analysis

For the visualization of protein levels, after separation of protein by electrophoresis,
proteins were transferred to the nitrocellulose or PVDF membrane (Amersham, Cat:
10600021) for the immunoblotting. All membranes with protein side facing up were
blocked in 5 % skimmed milk in PBS-T (PBS and 0.05 % Tween-20 (Sigma, P9416)) and
incubated overnight at 4 °C on the rocker with constant agitation. Afterwards, the
membranes rinsed with PBS-T twice. Primary antibodies at the desired concentration
(recommended by the manufacturer) (see Table 2.18) were diluted in 0.1 % sodium azide-
PBS-T and applied to the membrane. The membranes were incubated at 4 °C on the
rocker for 1 hour or overnight (see Table for the dilution factor and incubation time).
Before incubation of the membrane with secondary antibodies, membranes were washed
with PBS-T once for 15 minutes and three times for 5 minutes to ensure removal of excess
of primary antibodies. The secondary antibodies conjugated with AP (see Table 2.18) were
diluted in PBS-T and membranes were incubated for 1 hour at room temperature on the
rocker. The membranes were subjected to further washes with PBS-T for 15 minutes once
and three times for 5 minutes. At the final step, the substrate of alkaline phosphate (AP)
was applied onto the protein covered the face of the membrane continuously over 1
minute. The membranes were placed in between transparency sheets and were placed in
a cassette to protect from light. The membranes were scanned by Chemiluminescence

Imaging Systems (F.chemiBis 3.2 M) and quantified using the Image J.
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Note that for the florescent secondary antibodies, membranes were washed as described
previously and were scanned by Odessy FC imaging system. The values of raw intensity

were obtained using Image Studio Lite Ver 5.2.

Table 2.18 List of primary and secondary antibodies used for immunoblotting

) ) Primary o Incubation Secondary
Protein Membrane Blocking ) Dilution . .
antibody time antibody
Rabbit Anti IRDye
tubulin 680RD
Donkey
5% Milk  (Abcam,  Cat:  1:2000 Overnight i_Rabbi
Tubulin Nitrocellulose ] > ab18251) ) ug anti-Rabbit
in PBS-T in PBS-T at4°C IgG (H +L)
(LI-COR,
925-32212)
IRDye800C
Mouse Anti-AC W Donkey
Acetylated 5 9% Milk tubulin 1:2000 Overnight 2nti-Mouse
buli Nitrocellulose _ . IgG (H +L)
tubulin in PBS-T (Sigma-Aldrich, " PBS-T at4°C
Cat: T7451) (LI-COR,
925-68073)
Rabbit Anti Goat anti-
abbit ANt rabbit IgG
C90rf134/TAT (whole
ATATL BVDF 5 % Milk antibody 1:500in  Overnight  mgjecule)
in PBS-T PBS-T at4°C AP
(Abcam, Cat: S
ab58742) (Sigma,
A3812)
Mouse Anti B- Goat anti-
i mouse IgG
_ 5 % Milk actin 1:5000  Overnight 8
B-actin PVDF ] ) . (whole
in PBS-T (Sigma-Aldrich, " PBS-T at4°C molecule)

Cat: A5316) AP
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(Sigma,
A3562)
Goat anti-
rabbit 1gG
. . . ; (whole
. Rabbit Anti-Lc3 ~ 1:500/in .
LC3 PVDF 5 % Milk 5 9% milk Overnight  molecule)
(Sigma,
A3812)
Goat anti-
Mouse Anti- mouse IgG
whole
5% Milk  SASTMI/PE2 15600 Overnight (
in PBS-T in PBS-T at4°C AP
(Abcam, Cat:
ab56416) (Sigma,
A3562)
Goat anti-
Rabbit rabbit IgG
soemik  monedonal o c000  overnight (nhole
i : verni
TBK1 PVDF > TBK1/NAK Nt molecule)
in PBS-T in PBS-T at4°C AP
(Abcam, Cat:
ab40676) (Sigma,
A3812)
Goat anti-
. mouse IgG
Mouse anti-V5
(whole
- BVDF 5.3% Milk (ThermoFisher .1:5000 Overnight  molecule)
in PBS-T Scientific, Cat: " PBS-T at4°C AP
R960-25) )
(Sigma,
A3562)
Mouse anti- Goat anti-
. Dynein ) mouse IgG
. 5 % Milk . . 1:1000 Overnight
Dynein IC PVDF ] intermediate ) (whole
in PBS-T . ) in PBS-T at4°C
chain 1 antibody molecule)
74.1 (Abcam, AP
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Cat: ab23905) (Sigma,
A3562)
) ) Goat anti-
Rabbit Anti TDP- rabbit IgG
43 antibody (whole
TDP-43 PVDF 5 % Milk .1:1500 Overnight  molecule)
in PBS-T (Protein Tech in PBS-T at4°C AP
group, Cat: _
10782-2-AP) (Sigma,
A3812)
Goat anti-
rabbit 1gG
Rabbit Anti e
Cofil (whole
5% Milk ottiin 1:10000 Overnight
Cofilin PVDF 27 _ ENt molecule)
in PBS-T (Abcam, Cat: in PBS-T at4°C AP
ab11062) _
(Sigma,
A3812)

Table 2.18 List of primary and secondary antibodies used for immunoblotting. Table shows
primary antibodies, type of membrane, type of blocking solution, antibody dilution,
incubation time, and secondary antibodies used for immunoblotting.

2.5.6 Immunocytochemistry

2.5.6.1 Formaldehyde fixation

Under the laminar hood, autoclaved 13 mm round glass coverslips (Fisher Scientific, cat:
12392128) were placed in 24-well or 6-well plate. To obtain 60-70 % cell confluency,
25,000 and 40,000 MEFs were seeded in 24-well plate and 6-well plate, respectively. For
hippocampal culture, coated coverslips (see section 2.2.3) were placed in 12-well plate.
Afterwards, each well containing coated coverslips were washed with 1 mL of distilled

water twice followed by washing with maintenance medium. Then, hippocampal neurons
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(from two hemispheres) were plated in a 12-well plate. For the culture of MEFs, after 24
hours, and for hippocampal culture, after four days (4 DIV) growth medium was removed.
Cells grown on coverslips were washed with pre-warmed DPBS and were fixed with 4 %
formaldehyde (ThermoFisher, Cat: 28906) for 7 minutes at room temperature for
proximity ligation assay (PLA) and 5 minutes for Immunocytochemistry. After fixation, cells

were washed with DPBS three times and kept in the fridge covered with 1 mL DPBS.

2.5.6.2 Immunostaining

The fixed cells were permeabilized with PBS containing 0.2 % Triton X-100 for 2 minutes
on the rocker at room temperature to ensure maximum penetration of antibodies into the
cells. All the reagents were used at 0.2 mL/13 mm coverslips. Subsequently, the
permeabilizing solution was removed, and cells were blocked with 5 % BSA-DPBS for 30
minutes on the rocker to block unspecific binding of antibodies. The staining process was
followed by adding the desired concentration of primary antibodies diluted in 1 % BSA-
DPBS to the cells (see Table 2.19) overnight in a humidified box to avoid drying out (the

humidified box was prepared with putting a wet paper towel in a box).

Table 2.19 List of primary antibodies used for immunocytochemistry

Protein Primary Antibody Dilution Incubation time

Rabbit polyclonal anti-FUS
FUS 1:100 Overnight
(Protein Tech group, Cat: 11570-1-AP)

Rabbit anti TDP-43 antibody
TDP-43 1:200 Overnight
(Protein Tech group, Cat: 10782-2-AP)

Mouse Anti-SQSTM1/p62
P62 1:200 Overnight
(Abcam, Cat: ab56416)

Table 2.19 List of primary antibodies used for immunocytochemistry. Table shows primary
antibodies, antibody dilution, and incubation time for immunocytochemistry.
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Next day, cells were washed with PBSTS (1 mL PBS containing 0.1 % Tween, and 0.02 %
SDS) for 5 minutes on the rocker. The desired concentrations of fluorescent secondary
antibody solution were prepared in 1 % BSA in PBSTS (see Table 2.20) with the light
switched off, and cells were incubated with secondary antibody in a dark box for 1 hour
on the rocker at room temperature. Subsequently, cells were washed three times in PBSTS

for 5 minutes.

Table 2.20 List of secondary antibodies used for immunocytochemistry

Secondary Antibody Dilution Incubation time

Goat Anti-rabbit Alexa fluor 546 conjugate
1:200 1 hour
(ThermoFisher Scientific, Cat: A11035)

Goat Anti-Mouse Alexa fluor 488 conjugate
1:200 1 hour
(ThermoFisher Scientific, Cat: A11029)

Table 2.20 List of secondary antibodies used for immunocytochemistry. Table shows
secondary antibodies, antibody dilution, and incubation time for immunocytochemistry.

To prepare the slide, a droplet of ProLong Gold Antifade Mountant with DAPI, (Invitrogen,
Cat: 11549306) was placed on the glass slides. Coverslips were removed with a tip-curved
tool (or forceps) from the wells and coverslips were placed on slides with the cell side
facing toward mounting media with minimum air bubbles. To seal, the edges of coverslips

were sealed with quick-dry nail varnish, and before microscopy, slides were kept at 4 °C.
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2.5.7 Proximity ligation assay (PLA)

To perform PLA, coverslips with fixed cells on top were stuck to glass slides using quick-dry
nail varnish. Subsequently, using Immedge pen (hydrophobic pen), the reaction area was
delimited. The cells were permeabilized with 0.2 % Triton X-100 in PBS for 5 minutes on
the rocker. Then, 5 % BSA-DPBS solution was prepared and one drop (40 pL) of blocking
solution was added to the top of each coverslip and incubated for 1 hour in humidity box
at 37 °C in the 5 % CO, incubator. Afterwards, blocking solution was removed and
coverslips were incubated with desired concentration of primary antibodies overnight at 4

°C (see Table 2.21).

Table 2.21 List of primary antibodies used for proximity ligation assay

Protein Primary Antibody Dilution Incubation time

Mouse Anti-Dynein intermediate chain

1 antibody [74.1] 1:200

Dynein IC Overnight

(Abcam, Cat: ab23905)

Rabbit Anti GOLGA3 antibody
Golgin160 1:200 Overnight
(Novus, Cat: NBP1-91952)

Rabbit Anti-CO0rf134/TAT (ATAT1)
ATAT1 antibody 1:200 Overnight
(Abcam, Cat: ab58742)

Table 2.21 List of primary antibodies used for proximity ligation assay. Table shows
primary antibodies, antibody dilution, and incubation time for proximity ligation assay.

Next day, the primary antibodies were removed, and coverslips were washed with 1X
wash buffer A twice for 5 minutes on the rocker. Subsequently, plus and minus PLA probes

were diluted in 1 % BSA-DPBS and cells were incubated with probes for 1 hour at 37 °C in
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humidity box in the 5 % CO, incubator. At the next step, 5X ligation buffer was diluted at a
1:5 dilution in high purity water and Ligase was diluted at a 1:40 dilution in 1X ligation
buffer. Wash buffer was taped off and the ligation solution was added and incubated for 1
hour at 37 °C in the 5 % CO, incubator. For the amplification step, cells were washed with
1X wash buffer A two times for 5 minutes on the rocker. Then, 5X amplification buffer was
diluted at a 1:5 in high purity water and polymerase was added in the dark to diluted
amplification buffer at a 1:80 dilution. Wash buffer was removed and amplification
solution was applied and incubated for 100 minutes at 37 °C in the 5 % CO; incubator. For
the final washes, cells were washed in 1X wash buffer B twice for 10 minutes and in 0.01X
wash buffer B for 1 min at room temperature. A droplet of Duolink PLA mounting medium
to mount another coverslip on the cells and then the coverslips were sealed with quick-

dry nail varnish. All slides were kept in the freezer for up to 6 months.

2.5.8 Fluorescence in situ hybridization

To perform in situ hybridization, fixed cells were permeabilized with 0.1 % Triton X-100 in
2X saline sodium citrate (SSC) for 15 minutes at room temperature on the rocker (25
OSC/min). All the reagents were used at 0.2 mL/13 mm coverslips. Afterwards, cells were
washed for 5 minutes with 1 M Tris, pH 8 at room temperature and then cells were
blocked with blocking solution containing 0.0005 % BSA and 10 mg/mL yeast RNA diluted
in 2X SSC at 37 °C in the 5 % CO, incubator. Subsequently, cells were washed with 1 M
Tris, pH 8 for 5 minutes. For hybridization step, cells were incubated with hybridization
buffer containing 1.3 ng Cy3 labelled oligo (dT) probe, 0.005 % BSA, 1 mg/mL yeast RNA,
10 % dextran sulfate, and 25 % formamide diluted in 2X SSC for 1 hour in a humidified box
at 37 °Cin the 5 % CO, incubator. At the final step, cells were washed with 4X SSC twice
for 5 minutes and one time with 2X SSC for 5 minutes and mounted with ProLong Gold
Antifade Mountant with DAPI. The coverslips were sealed with quick-dry nail varnish, and

before microscopy, slides were kept at 4 °C.
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2.6 Cell assays

2.6.1 Serum-deprivation starvation

To activate the autophagy, for each genotype (wild-type and Loa homozygous), 1 X 10°
MEFs were seeded on 100 mm dishes and incubated overnight. Subsequently, the
complete medium was removed and washed with DPBS twice. Then, MEFs were incubated
with serum-free medium for 2 hours. After the starvation, the cells were lysed as

described in section 2.5.1.1.

2.6.2 Treating MEFs with Ciliobrevin D, BX795, MG132 and Tubastatin

For each genotype (wild-type and Loa homozygous) 40,000 MEFs for immunostaining on
autoclaved coverslips on 6-well plates and 300,000 MEFs for immunoblotting were seeded
on 6-well plates (VWR, Cat: 734-1599) and incubated overnight. Then, the cells were
incubated with complete growth medium (see Table 2.22) containing the required drug
(see Table 2. for drug concentration and incubation time) or equivalent volume of the
vehicle control. After the treatment, the cells were lysed as described in section 2.5.1.1 or

fixed with 4 % formaldehyde.

Table 2.22 List of drugs used in this study

Drug Vehicle Incubation time

Concentration
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used control
Ciliobrevin D
50, 60 and 100 uM DMSO 6 hours
(Merk Millipore, Cat: 250401)

BX795

5and 10 uM DMSO 6 hours
(Invivogen, Cat: tlrl-bx7)

MG132

10 uM DMSO 6 hours
(Sigma-Aldrich, Cat: C2211)
Tubastatin

20 uM DMSO 4 hours

(Sigma-Aldrich, Cat: SML0O065)

Table 2.22 List of drugs. Table represents the working concentration, vehicle control and
incubation time for drugs used in this study.

2.6.3 Arsenite treatment and recovery after washout

For each genotype (wild-type and Loa homozygous) 40,000 MEFs for immunostaining
were seeded on autoclaved coverslips on 6 well plates and incubated overnight. Then, the
cells were incubated with complete growth medium (see Table 2.6) containing the 1 mM
sodium arsenite (Sigma-Aldrich, Cat: S7400) for 1 hour. After the treatment, the cells were
washed with DPBS twice and recovered with complete growth medium for the specified

time points and then fixed with 4 % formaldehyde.
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2.7 Microscopy

2.7.1 Imaging and quantification

Images were collected using 63 X oil objective lenses on a Leica TSC SP8 confocal
microscope (Leica Microsystems) equipped with Las X software (Leica) for acquisition. A Z-
stack of 11 slices at a step size of 0.2 um was used. The stack was max projected and used

for further quantification as described in Section 2.7.1.1, 2.7.1.2, and 2.7.1.3.

2.7.1.1 Quantification of p62 puncta

A minimum of 70-100 cells was counted per treatments and per genotype. The green
channel of RGB images was extracted and fixed-level binary thresholding was applied to
all images. The p62 puncta were analysed for number and for size (ranging from 0.2 to 15
um?) using the “Analyse Particles” function of the Image J. Then, the number of p62

granules in the cell was normalized to the cell area.

2.7.1.2 Quantification of stress granules

Stress granules were quantified using Image J, as previously published (Khalfallah et al.,
2018). To assess SG kinetics at different time points, SGs were identified by oligo (dT), and
cells were scored as positive when they had at least two foci. A minimum of 70-100 cells
was counted per time point, per condition per experiment. For SG number and size, the
automatic recognition of Image J (function: Analyse particles) was used with setting the

parameters for the size of SGs (ranging from 0.2 to 15 pm?).
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2.7.1.3 Quantification of localization of TDP-43

To measure fluorescence intensity of TDP-43 in Image J (All images were acquired with the
same settings), the area of the cell and nucleus were selected using a drawing tool and
using the set “management function”, “area integrated intensity” and “mean grey value”
were measured. These values also were measured for the background. Subsequently, the

corrected total cell fluorescence (CTCF) was calculated using the following formula:

CTCF= (Raw intensity — (Area of selected cell X Average of raw intensity of background

readings))/Area of selected cells

At the final step, to measure the intensity of cytoplasmic TDP-43, the CTCF of nucleus was

subtracted from CTCF of whole cells.

2.8 Statistical analysis

Statistical analysis was performed using GraphPad Prism. First, the outliers were removed
from data obtained from more than three repeats, using ROUT method with the Q value
set at the 1 %. Then, data was tested with the Shapiro-Wilk test to determine if the values
were normally distributed. Then all data were tested using unpaired t-test (One sample t-
test). For data with more than two levels within a single independent variable, a one way
ANOVA with Tukey’s multiple comparison test was performed. The two-way ANOVA was
performed where there were two independent variables. For the analysis of data with
multiple time points across two genotypes, multiple t-tests were performed and Holm-
Sidak correction for multiple comparisons was used to adjust the P values to mitigate type
1 errors. For all statistical tests a confidence level of 95 % was used, therefore p values of

< 0.05 were deemed significant.
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Chapter 3: Investigation of regulatory role of dynein in decreased level of

microtubule acetylation in Loa"°™ MEFs
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3.1 Introduction

SMA-LED is a congenital or early onset MND, which primarily targets the proximal muscles
of the lower limbs. The aetiology is unknown but autosomal dominant missense mutations
in DYNC1IH1 and BICD2 are known genetic causes of SMA-LED (Harms et al., 2012;
Neveling et al., 2013; Oates et al., 2013; Scoto et al., 2015), which are implicated in the
pathogenesis of SMA-LED.

Dynein is a retrograde motor protein, which is involved in transport of a verity of cargoes
including endosomes, organelles, cytoskeletal filaments, and autophagosomes toward the
minus-end of MT. Moreover, dynein serves a vital function in axonal transport to maintain
cellular homeostasis and protein balance (Schiavo et al., 2013). Importantly, PTMs of MTs
have been reported to modulate axonal transport (Song & Brady, 2015). Particularly, MT
acetylation contributing to MT stability modulates intracellular transport (Li & Yang,
2015). Moreover, it has been shown that increased level of MT acetylation enhances
recruitments of dynein and kinesin onto the MT and their mobility (Dompierre et al.,
2007). HDAC6 and a-TAT1 have been identified as the main regulators of a-tubulin
deacetylation and acetylation, respectively (Sadoul & Khochbin, 2016). Moreover, an in
vitro experiment suggested that a-TAT1 enters lumen of MTs through extremities to
promote the acetylation of a-tubulin (Howes et al., 2014). Additionally, the existence of a-
TAT1 at the cytosolic side of motile vesicles has been reported (Even et al., 2019).
However, recruitments of a-TAT1 on MTs and potential role of motor proteins in

recruitments of a-TAT1 remains to be elucidated.

Furthermore, dynein contributes to the integrity of Golgi apparatus and inhibition of
dynein function disperses Golgi ribbon and results in fragmentation of Golgi (Palmer et al.,
2009; Yadav & Linstedt, 2011). In addition, dynein through its IC subunit interacts with
Golgin160, which mediates recruitment of dynein on to the Golgi (Yadav et al., 2012).
Indeed, delayed reassembly of Golgi complex following nocodazole washout has been
observed in the Loa mouse model of SMA-LED and also in patient fibroblasts harbouring

the SMA-LED DYNC1H1 mutation (Fiorillo et al., 2014; Hafezparast et al., 2003).
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A research work conducted in Hafezparast lab showed the Golgi fragmentation in patient
fibroblasts harbouring p.R399G DYNC1H1 substitution which was compounded with the
decreased level of acetylation. Moreover, reduction in level of acetylation was reported in
D338N"" fibroblasts but Golgi fragmentation was not found. These data suggest that
decreased level of MT acetylation may be a common feature of SMA-LED and also
fragmented phenotype of Golgi in one of disease-associated mutation may show the

importance of Golgi pathology in SMA-LED.

The work presented here aimed to establish how dynein can contribute to the MT
acetylation and to investigate potential consequences of dynein mutation on acetylation
of MT. Therefore, levels of acetylated tubulin were measured and interaction between
dynein and HDAC6 was investigated using PLA. Furthermore, PLA was performed to check
the interaction of dynein with o-TAT1. IP was conducted for further investigation of
dynein and a-TAT1 interaction. It was hypothesised that dynein mutation causes changes
in HDAC6 or a-TAT1 function, which consequently impacts the levels of acetylation in MTs.
Moreover, it was postulated that dynein mutation affects the interaction of dynein with

Golgin160 resulting in fragmented Golgi phenotype.
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3.2 Results

3.2.1 Altered level of a-tubulin acetylation in Loa"°™ MEFs and D338N"
human fibroblasts

Previously, in Hafezparast lab, decreased level of acetylated a-tubulin was reported in
Loa™™ MEFs, D338N"" and R399G"™ human fibroblasts. In those experiments, to
estimate the level of acetylated (AC) a-tubulin, the values of total tubulin and AC a-tubulin
were obtained from two western blots. Consequently, the values of normalised AC a-
tubulin were compared to the value of normalised total a-tubulin, which might have
caused the variations. Here, these experiments were conducted to determine the level of
AC o-tubulin using an anti-acetylated tubulin antibody and a fluorescent secondary
antibody, which enabled us to quantify the acetylation level by normalising the western
blot signal of AC a-tubulin to the amount of total a-tubulin on the same lane (Figure 3.1

A).

Moreover, the analysis of results of western blot confirmed the previous results showing
the significant reduction in level of AC a-tubulin in D338N"®" human fibroblasts (Figure 3.1
B, lane 2) as shown by a one sample t-test (P < 0.0008, N = 6) (Figure 3.1 C). However,
statistical analysis demonstrated no changes in the level of AC a-tubulin in R399G"™
human fibroblasts compared to the wild-type human fibroblasts, which contradicted the
previous result (P = 0.3833) (Figure 3.1 B, lane 3). Therefore, increasing the accuracy of

western blot measurements by utilising fluorescent antibodies indicated that mutations in

the heavy chain of DYNC1H1 affect the level AC a-tubulin differentially.

Furthermore, to confirm the role of dynein in the regulation of the level of AC a-tubulin,
the wild-type human fibroblasts were treated with Ciliobrevin D, a dynein ATPase inhibitor
(CilD, 50 uM) for 2 and 4 hours (Figure 3.1 D). The analysis of levels of AC a-tubulin
demonstrated a significant reduction in the level of AC a-tubulin in fibroblasts treated

with CilD (P = 0.0014) (Figure 3.1 E). Tukey’s multiple comparison test showed a significant



156

reduction in the level of AC a-tubulin in wild-type fibroblasts treated with CilD for 2 hours
(P =0.0123), a more significant reduction in the level of AC a-tubulin in fibroblasts treated

for 4 hours (P = 0.0013).

Altogether, this set of data showed a significant reduction in the level of AC a-tubulin in
Loa™™ MEFs and D338N"®" human fibroblasts suggesting a dynein-dependent regulation
of a-tubulin acetylation. The role of dynein in the regulation of MT acetylation was also
confirmed through inhibition of dynein in wild-type human fibroblasts, which
demonstrated a decreased level of a-tubulin acetylation. However, R399G"™ human

fibroblasts showed no alteration in the level of AC a-tubulin.
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Figure 3.1
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Figure 3.1 Altered level of a- tubulin acetylation in Loa™™ MEFs and D338N"

Hom

fibroblasts. (A) Western blot analysis of cell lysate of wild-type and Loa™" MEFs using
anti acetylated a-tubulin (AC a-tubulin) and anti a-tubulin antibodies. a-tubulin was
used as a loading control. (B) Level of AC a- tubulin in wild-type, R339G"°™ and D338N""
fibroblasts. (C) Data is presented as the mean + SEM; where N = 3 and N = 6, technical
repeats for R339G"™ and D338N"* human fibroblasts respectively. Statistic was
performed with a one sample t-test, R339G™™ human fibroblasts (P = 0.3833) and
D338N"" human fibroblasts (*** P = 0.0008). (D) Level of AC a- tubulin in wild-type
fibroblasts untreated or treated with dynein inhibitor (CilD, 50 uM) for 2 and 4 hours.
(E) Data is presented as the mean + SEM; where N = 3 biological repeats. A one way
ANOVA showed a significant difference in level of AC a- tubulin between untreated and
treated wild-type fibroblasts (** P = 0.0014). Tukey’s multiple comparison test showed
a significant reduction in this measurement in wild-type MEFs treated with CilD for 2
hours (* P=0.0123) and 4 hours (** P = 0.0013) compared to untreated MEFs.
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3.2.2 Proximity ligation assay reveals a novel interaction between dynein
intermediate chain and GFP-a-ATAT1 in wild-type MEFs

Alpha-TAT1 and HDAC6 regulate MT acetylation and deacetylation, respectively. The
acetylation of lysine 40 (K40) of a-tubulin is catalysed by a-TAT1, whereas HDAC6 removes

the acetyl group from tubulin.

Given that level of acetylation is decreased in Loa™™ MEFs and D338N"®" human
fibroblasts and based on the regulatory role of a-TAT1 on MT dynamics, the aim was to
determine how DYNCIH1 mutations alter the level of AC a-tubulin and whether DIC is
associated with recruitment of a-TAT1 on MT. To test these, wild-type MEFs were
transfected with GFP-a-TAT1 (Isoform 1) and then by performing proximity ligation assay
(PLA) between DIC and GFP, the interaction between DIC and GFP-a-TAT1 (Isol) was
checked. To include all negative controls to detect potential unspecific signal, the assay
was performed by removing one of the primary antibodies. Negative controls of PLA are
presented with DIC antibody only, a-TAT1 antibody only or without primary antibodies.
Thus, one of the secondary probes will have no primary antibody to link, and
subsequently, no PLA signal will be generated. The cells transfected with empty plasmid
were also processed in parallel with other negative controls (Figure 3.2). Robust PLA
signals were observed in cells transfected with GFP-a-TAT1 and treated with both primary
antibodies, indicating close proximity between DIC and GFP-a-TAT, whereas, the negative

controls demonstrated very few PLA puncta.
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Figure 3.2
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Figure 3.2 Interaction between dynein intermediate chain and GFP-a-TAT1. Wild-
type MEFs were transfected with GFP-a-TAT1. PLA was performed using the anti-
DIC and anti-GFP antibodies. The nuclei were stained with DAPI. The representative
images of PLA are shown as maximum projections of Z-stacks of confocal images
and white dots represent PLA signals. Negative controls of PLA are presented with
DIC antibody only, a-TAT1 antibody only or without primary antibodies. The empty
GFP plasmid was also used as negative control. The enlarged images are from the
boxed areas of the merged micrographs for better view of PLA signals. Scale bar, 50
um.
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3.2.3 Interaction of a-TAT1 and DIC in MEFs and human fibroblasts

The above data showed an interaction between DIC and GFP- a-TAT1 in wild-type MEFs
transfected with GFP- a-TAT1. To confirm a protein-protein interaction between the
endogenous DIC and a-TAT1 and also examine this interaction in mutant dynein MEFs,
PLA was carried out on both wild-type and Loa"°™ MEFs. Distribution of the PLA puncta

was throughout the cell (Figure 3.3 B).

Subsequently, to examine the interaction between the DIC and a-TAT1 in D338N"*

fibroblasts, PLA was performed in both wild-type and D338N"" fibroblasts (Figure 3.3 C).
As expected, very few dots were produced in control experiments using one of the

primary antibodies or none of primary antibodies.

Collectively, these results for the first time showed that there is an interaction between

DIC and a-TAT1 in MEFs and human fibroblasts.
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Figure 3.3 continued
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Figure 3.3 Decreased interaction between DIC and a-TAT1 in mutant fibroblasts. (A)
Wild-type MEFs were immunostained using anti-a-TAT1 antibody. The nuclei were
stained with DAPI. Scale bar, 50 pm. (B) Wild-type and Loa"™ MEFs were fixed, and
PLA was performed using mouse anti-DIC and rabbit anti-a-TAT1 antibodies. The
nuclei were stained with DAPI. The representative images of PLA are shown as
maximum projections of Z-stacks of confocal images and white dots represent PLA
signal. Negative controls of PLA are presented with DIC antibody only, a-TAT1
antibody only or without primary antibodies. The enlarged images are from the boxed
areas of the merged micrographs for better view of PLA signals. Scale bar, 50 um. (C)
Wild-type and D338N"" fibroblasts were fixed, and PLA was performed using mouse
anti-DIC and rabbit anti-a-TAT1 antibodies. The nuclei were stained with DAPI.
Representative images of PLA are shown as maximum projections of Z-stacks of
confocal images. Negative controls of PLA are presented with DIC antibody only, a-
TAT1 antibody only or without primary antibodies. The enlarged images are shown for
better view of PLA signals. Scale bar, 50 um.
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3.2.4 Short interfering RNA against a-TAT1 attenuates interaction of DIC
and a-TAT1 in wild-type MEFs

To reaffirm the a-TAT1-DIC interaction, short interfering RNA (siRNA) was used against a-
TAT1 to knockdown a-TAT1 in wild-type MEFs. Wild-type MEFs were transfected either
with a pool of a-TAT1-siRNA or scrambled RNA (ScrRNA) and incubated for 48 hours,
followed by PLA analysis. The PLA signals showed that knockdown of a-TAT1 caused
reduction in PLA dots in cells transfected with a-TAT1-siRNA compared to the cells

transfected with ScrRNA and non-transfected cells (Figure 3.4 A).

Moreover, to confirm the knockdown of a-TAT1 by siRNA, western blot analysis with anti-
o-TAT1 and B-actin antibodies was carried out. These data showed that treatment of wild-
type fibroblasts with a-TAT1 siRNA resulted in a decrease of a-TAT1 (lane 3) compared to
the MEFs transfected with ScrRNA and non-transfected MEFs (Figure 3.4 B).
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Figure 3.4
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Figure 3.4 Knockdown of a-TAT1 attenuated the PLA signal. (A) Wild-type MEFs were
knocked down by small-interfering RNA (siRNA) targeting a-TAT1. Non-targeting siRNA
(ScrRNA) and non-transfected cells were used as a knockdown control. PLA was
performed using mouse anti-DIC and rabbit anti-a-TAT1 antibodies. The nuclei were
stained with DAPI. The representative images are shown as maximum projections of Z-
stacks of confocal images and white dots represent PLA signal. Negative control of PLA is
presented without primary antibodies. The enlarged images are from the boxed areas of
the merged micrographs for the better view of PLA signals. Scale bar, 50 um. (B)
Western blot analysis shows reduction of a-TAT1 level using siRNA-a-TAT1. B-actin was
used as a loading control.
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3.6 The PLA demonstrates an interaction between a-TAT1 and DIC in
neuronal cells

After showing the interaction of a-TAT1 with DIC in MEFs and human fibroblasts, it was
sought to explore the presence of this interaction in MN cultures. The primary MNs on
DIV7 were fixed, and then in situ PLA was conducted using the primary antibody of a-TAT1
and DIC to visualise the interaction. PLA signals were detected in wild-type MNs,
confirming the presence of a-TAT1-DIC interaction in neuronal cells (Figure 3.5).
Furthermore, the PLA signal was located mostly in the soma rather than in neurites and

the negative controls showed no PLA signals.
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Figure 3.5
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Figure 3.5 Altered interaction between DIC and a-TAT1 in Loa"°™ motor neuron culture.
Mouse MNs (DIV7) were fixed, and PLA was performed using mouse anti-DIC and rabbit
anti-a-TAT1 antibodies. The nuclei stained with DAPI. The representative images are
shown as maximum projections of Z-stacks of confocal images and white dots represent
PLA signal. Negative controls of PLA are presented with DIC antibody only, a-TAT1
antibody only or without primary antibodies. The enlarged images are from the boxed
areas of the merged micrographs for better view of PLA signals. Scale bar, 50 um.
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3.2.6 The a-TAT1 interacts with dynein intermediate chain

Since the earlier results indicated the proximity of DIC and a-TAT1 by PLA, it was sought to
evaluate the general interaction biochemically as well. First, the interaction between
endogenous DIC and a-TAT1 was assessed in HEK293 cells by co-immunoprecipitation,
using DIC antibody to pull down a-TAT1. Western blot was performed using DIC, a-TAT1
and dynein light chain (DLC) antibodies. The DLC was used as a control for the co-
immunoprecipitation. The immunoblotting analysis showed that DLC was pulled down,
indicating that the co-immunoprecipitation assay worked while the a-TAT1 was not pulled
down. This apparent lack of interaction between endogenous DIC and a-TAT1 in the
HEK293 cells might be due to a low abundance and transient nature of this interaction

(Figure 3.6 A).

Then, the interaction between exogenously expressed a-TAT1 with DIC was examined.
NIH3T3 cells were transfected with V5 tagged a-TAT1 plasmid. After 24 hours, transfected
cells were lysed, and the V5-a-TAT1 was pulled down with the antibody against V5.
Western blot was performed using DIC and V5 antibodies. The western blot analysis
showed that immunoprecipitates from cells transfected with V5 tagged a-TAT1 include
DIC and a-TAT1. Thus, the result of the co-immunoprecipitation assay demonstrated that
endogenous DIC interacts with exogenous a-TAT1, confirming a-TAT1-DIC interaction and
suggesting a role for dynein in the recruitment of a-TAT1 onto the MT surface (Figure 3.6
B). Moreover, NIH3T3 cells were co-transfected with V5 tagged a-TAT1 plasmid and siRNA
to a-TAT1. Then, V5-a-TAT1 was pulled down with the V5 antibody. After performing
western blot, the immunoprecipitants of DIC was not detected, suggesting that the
knockdown of a-TAT1 attenuated the interaction between DIC and a-TAT1. Combined,
these results confirmed the result of PLA, showing an interaction between DIC and a-TAT1

(Figure 3.6 C).
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Figure 3.6
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Figure 3.6 Immunoprecipitation of DIC and V5-tagged a-TAT1. (A) The HEK293 cells
were lysed and protein extracted and immunoprecipitated with beads coated with
dynein intermediate chain (DIC) antibody. Immunoprecipitates were separated on SDS-
PAGE, and probed with anti-DIC (top panel) or anti- a-TAT1 (middle panel) and anti-
dynein light chain (DLC). (B) Co-immunoprecipitation analysis of interaction between
endogenous DIC and V5-a-TAT. NIH3T3 cells were transfected with V5-tagged a-TAT1 as
indicated. Protein extracted and immunoprecipitated with beads coated with V5
antibody. Immunoprecipitates were separated on SDS-PAGE, and probed with anti-DIC
(top panel) or anti-V5 (bottom panel). (C) The NIH3T3 cells were transfected with V5-
tagged o-TAT1 and siRNA-a-TAT1 as indicated. The immunoprecipitation and
immunoblotting were carried out as described above. In all experiments, rabbit
immunoglobulin G (IgG) was used as negative control.
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3.2.7 Levels of a-TAT1 are not changed in fibroblasts with dynein mutation

Since there was a decreased interaction between DIC and a-TAT1 in Loa™"™ MEFs and
D338N"®" human fibroblasts, it was asked whether dynein mutations would affect the
expression of a-TAT1 in the mutant fibroblasts. The levels of a-TAT1 were examined in
protein extracts obtained from primary wild-type MEFs, Loa"™®™ MEFs, wild-type and
D338N"®" human fibroblasts by western blotting. For the western blot analyses, an
antibody was used against a-TAT1, which detected three isoforms of a-TAT1 and antibody
against B-actin as a loading control (Figure 3.7 A). Statistical analysis by unpaired t-test

Hom

demonstrated no significant difference in the levels of a-TAT1 in Loa MEFs compared

to wild-type MEFs counterparts (Figure 3.7 B).

Furthermore, the western blot analysis of protein contents of D338N"" fibroblasts and
wild-type human fibroblasts showed a similar level of a-TAT1 protein (Figure 3.7 C) and no
significant difference was seen in the levels of a-TAT1 using the unpaired t-test across the

genotypes (Figure 3.7 D).

In these experiments, western blot analysis revealed that DYNC1IH1 mutations result in
the reduction of MT acetylation without affecting the expression levels of a-TAT1.
Consequently, it confirms that alteration of MT acetylation is a result of reduction of the
interaction of DIC and a-TAT1 in Loa"°™ MEFs and D338N"*" fibroblasts and not because of

having less a-TAT1 available in the cells.
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Figure 3.7
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Figure 3.7 Normal level of a-TAT1 in Loa"™™ MEFs and D338N"" fibroblasts. (A)
Western blot was performed to detect a-TAT1 in extracts obtained from wild-type and

Hom

Loa MEFs. The protein extracts immunostained with antibody against o-TAT1
detecting three isoforms (Isoform 1, 3, and 5 corresponding to 47, 39, and 35 kDa
respectively) of a-TAT1. B-actin was used as a loading control. (B) Data is presented as
the mean + SEM; where N = 3, biological repeats for each genotype. Statistics were
performed with unpaired t-test (P > 0.05). (C) Western blot was performed to detect
a-TAT1 isoforms in extracts obtained from wild-type and D338N"** human fibroblasts.
The protein extracts immunostained with antibody against a-TAT1 detecting three
isoforms of o-TAT1 (Isoform 1, 4, and 5 corresponding to 46, 37, and 36 kDa
respectively) and B-actin was used as a loading control. (D) Data is presented as the
mean = SEM; where N = 3 and N = 6, independent experimental repeats for R339G""
and D338N"" fibroblasts respectively. Statistics were performed with unpaired t-test

(P>0.05).
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3.2.8 Recovery of a-tubulin deacetylation following HDACG inhibition
demonstrates a similar rate of MT deacetylation in both Loa"°™ MEFs and
D338N"®" human fibroblasts compared to wild-type fibroblasts

For further investigation, DYNC1H1 mutations were checked to see whether these
mutations affect the function of HDAC6. HDAC6 is the main a-tubulin deacetylase
responsible for removal of the acetyl group from Lys40 residues of a-tubulin, modulating
the acetylation of MT. It was investigated whether dynein deficiency affects the activity of
HDACG6 and subsequently, HDACS6 alters the levels of MT acetylation. Tubastatin (TBA) was
used to inhibit HDAC6 activity in both wild-type and mutant fibroblasts. The cell cultures
were treated with TBA for 4 hours, and then after removal of TBA, cells were recovered up
to 5 hours. Cells were lysed and western blot was performed using antibodies of
acetylated tubulin (AC a-tubulin) and total tubulin. The signal of AC- a-tubulin was
normalised to the signal of total tubulin in the same lane. The western blot analysis of
protein extracts obtained from untreated and treated fibroblasts revealed that upon
inhibition of HDACS, levels of a-tubulin acetylation in MEFs and human fibroblasts were
increased regardless of genetic mutations compared to the cells treated with DMSO
(vehicle) (Figure 3.8, A-C, lanes 2 and 9). After washout of TBA, cells were recovered for
distinct time points up to 5 hours to check the level of a-tubulin acetylation. During the
recovery period, levels of acetylation of a-tubulin decreased gradually into basal levels at
a similar rate (Figure 3.8, A-C) with no difference in the rate of recovery in Loa"™ MEFs
and D338N"®" human fibroblasts in comparison to the rate of recovery in their wild-type
counterparts (Figure 3.8 B-D). These data suggest that the difference in the levels of a-
tubulin acetylation in Loa"™ MEFs and D338N"®" human fibroblasts is mainly because of a
difference in the function of a-TAT1 as the main acetyltransferase rather than the function

of HADC6 as a main a-tubulin deacetylase.
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Figure 3.8 The rate of a-tubulin deacetylation after HDAC6 inhibition shows similar
pattern regardless of genotype. (A) Western blot was performed using anti acetylated
a-tubulin and anti a-tubulin antibodies. Cell lysate was prepared from wild-type and
Loa"™ MEFs treated with HDAC6 inhibitor (TBA) for 4 hours followed by washout and
then recovering in complete media for different time points. Total tubulin was used as
a loading control. (B) Data is presented as the mean + SEM; where N = 2, biological
repeats for each genotype. Linear regression analysis of levels of acetylated a-tubulin
with recovery time in MEFs (wild-type and Loa"™") (P = 0.9516). (C) Western blot was
performed using anti acetylated a-tubulin and anti a-tubulin antibodies. Cell lysate
was prepared from wild-type and D338N"" fibroblasts treated with TBA for 4 hours
followed by washout and then recovering in complete media for different time points.
Total tubulin was used as a loading control. (D) Data is presented as the mean * SEM,;
where N = 2, experimental repeats. Linear regression analysis of levels of acetylated a-
tubulin with recovery time in human fibroblasts (wild-type and D338N"") (P = 0.7971).
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3.2.9 The interaction between DIC and HDAC6 in MEFs

The interaction between DIC and HDAC6 was also checked to see if dynein mutation
changes its interaction with HDAC6. Previously, it was reported that dynein interacts with
HDACS6 directly (Kawaguchi et al., 2003). To examine this interaction in the mutant cells,
PLA was performed in wild-type and Loa"°™ MEFs using the primary antibodies of HDAC6
and DIC. The PLA signals in confocal images revealed in similar pattern in wild-type and

Loa"°™ MEFs (Figure 3.9).
Figure 3.9
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Figure 3.9 The interaction between DIC and HDAC6 in Loa"™ MEFs. The wild-type
and Loa"™ MEFs were fixed, and PLA was performed using mouse anti-DIC and rabbit
anti-HDAC6 antibodies. The nuclei stained with DAPI. The representative images of
PLA are shown as maximum projections of Z-stacks of confocal images and white dots
represent PLA signal. Negative controls of PLA are presented with DIC antibody only,
HDAC6 antibody only or without primary antibodies. The enlarged images are from
the boxed areas of the merged micrographs for the better view of PLA signals. Scale

bar, 50 pum.
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3.2.10 Mutation of dynein’s heavy chain does not change the interaction
between dynein and Golgin160

Golgi ministacks are made of small Golgi membrane vesicles, which form into cisternae
that then undergo stacking. This process is MT dependant, and the motor dynein is
required to form a continuous Golgi ribbon. Furthermore, the requirement of dynein on
the Golgi membrane is mediated through Golgin160. Previously, a former PhD student in
Hafezparast lab showed that the Golgi apparatus was dispersed in R399G"™™ human
fibroblasts. Thus, the aim was to find whether DYNC1H1 mutations impact the interaction
between dynein and Golgin160 on Golgi membrane. Previously interaction between DIC
and Golgin160 was reported (Yadav et al., 2012). Therefore, the interaction was checked
between DIC and Golgin160 by PLA. To ensure the validity of PLA signals, the negative

controls were included.

First, in situ PLA was conducted in wild-type and Loa"®"

MEFs. The negative controls
displayed very low background signal. The PLA signals showing interaction between DIC
and Golgin160 were detected throughout the cells both in wild-type and mutant
fibroblasts (Figure 3.10 A). Although the Golgi fragmentation was not reported in
D338N"" human fibroblasts, PLA was also performed in D338N"®" human fibroblasts. The

PLA signals were detected throughout the cells similar to the pattern found in Loa"®"

MEFs (Figure 3.10 B).
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Figure 3.10
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Figure 3.10 continued
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Figure 3.10 Proximity ligation assay represents interaction between DIC and Golgin160 is
not changed in mutant fibroblasts. (A) The wild-type and Loa"™™ MEFs were fixed, and PLA
was performed using mouse anti-DIC and rabbit anti-Golgin160 antibodies. The
representative images of PLA are shown as maximum projections of Z-stacks of confocal
images and white dots representing PLA signals. The enlarged images are from the boxed
areas of the merged micrographs for better view of PLA signals. Scale bar 50 um. (B) The
PLA was performed D338N™" and R399G"™™ human fibroblasts using mouse anti-DIC and
rabbit anti-Golgin160 antibodies and negative controls were included. The nuclei were
stained with DAPI. The representative images of PLA are shown as maximum projections of
Z-stacks of confocal images and white dots represent PLA signal. Negative controls are
presented with DIC antibody only, Golgin160 antibody only or without primary antibodies.
The enlarged images are from the boxed areas of the merged micrographs for better view
of PLA signals. Scale bar, 50 um.
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3.2.11 Summary

Of the experiments which measured the levels of acetylated a-tubulin, apart from the
experiment for R399G"™ fibroblasts, all confirmed the previous results showing the
significant effect of the dynein on the levels of acetylated a-tubulin in mutant human

fibroblasts and MEFs.

Importantly, for the first time, it was found that there is an interaction between dynein
and a-TAT1. Moreover, this interaction was found to be significantly reduced in Loa"™"
MEFs and D338N"" compared to the wild-type counterparts. This interaction was also
observed in neurons. The results of experiment also showed no difference in levels of a-
TAT1 between genotypes. Additionally, experiments which measured the interaction
between dynein and HDAC6 showed no difference in this interaction across the
genotypes. Furthermore, it was observed that interaction between dynein and Golgin160

was unchanged in Loa"®™ MEFs and D338N"®" compared to the wild-type counterparts.



187

Chapter 4: Dynein dysfunction impairs autophagy and synergizes with TBK1

inhibition/knockdown to induce protein aggregates
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4.1 Introduction

ALS is characterized by the protein aggregates in affected MNs and several constituents of
ALS-linked aggregates including FUS, TDP-43, OPTN, p62 and UBQLN have been identified
(Blokhuis et al., 2013). P62 has been considered as a common component of ALS-
associated protein aggregates and mutations affecting functional domain of p62 have
been recognized in ALS patients (Ramesh & Pandey, 2017). Moreover, p62 is involved in
protein degradation pathways, including autophagy and ubiquitin proteasome system.
P62 as an autophagy adaptor facilitates sequestration of ubiquitinated proteins and
organelles such as mitochondria into the autophagosomes for their degradation (Peng et
al., 2017). Importantly, p62 mutations have been found to modulate efficiency of
autophagy and contribute to the pathogenesis of ALS (Vicencio et al., 2020). Depletion of

p62 level also results in accumulation of ubiquitinated proteins (Seibenhener et al., 2004).

Of note, TBK1 phosphorylates p62 on Ser-403 increasing its affinity for recruitment of
ubiquitinated substrates into the autophagosomes and this phosphorylation is essential
for autophagic clearance (Pilli et al., 2012). Consequently, inhibition or knockdown of TBK1
impacts the recruitment of ubiquitinated proteins to the autophagosome and subsequent
degradation and TBK1 mutations have been linked to ALS (de Majo et al., 2018). More
importantly, dynein is essential for fusion of autophagosome and lysosome and it has
been reported that dynein inhibition impairs autophagosome-lysosome fusion resulting in
accumulation of autophagosomes increasing level of LC3ll and accumulation of
aggregation-prone proteins (De Vos et al., 2008; Ravikumar et al., 2005; Yamamoto,

Suzuki, & Himeno, 2010).

This study aimed to investigate whether dysfunction of dynein makes cells prone to
protein aggregation pathology when accompanied by deficiencies in TBK1 functions. This
would test the two-hit model in ALS pathology, where dynein deficiency in presence of
second stress promotes or exacerbates protein aggregation. It was hypothesised that due
to the role of dynein in autophagy and removal of protein aggregates, dynein mutation

may cause cellular susceptibility leading to accumulation of protein aggregates.
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4.2 Results

4.2.1 The location of point mutations in DYNC1H1 determines its effects on

autophagy impairment

LC3llis a lipidated form of LC3I, which is incorporated into the autophagic membranes and
it is a well-known marker of autophagic flux. Its increased levels indicate the blockage of
degradation of the autophagosomes. Li and co-investigators have shown that dynein
knockdown results in an increased level of LC3Il (D. Li et al., 2013). Furthermore, it has
been reported that the Loa point mutation in Dynclhl causes an elevated level of LC3lI,
suggesting autophagy dysregulation (Ravikumar et al., 2005). In this research, the levels of
LC3Il in both wild-type and Loa"™™ MEFs were checked which confirmed the previous

results showing a significant increase in the level of LC3II in Loa"°™ MEFs (Figure 4.1 A-B).

The level of LC3Il in human fibroblasts of patients diagnosed with SMA-LED carrying
mutations in DYNC1H1 (D338N"" and R399G"°™) was also tested. The quantification of the
levels of LC3Il in D338N"®" fibroblasts exhibited no significant changes. However, the
guantification of immunoblot revealed a significant reduction in the levels of LC3I (Figure
4.1 C-D). The immunoblot analysis of homogenates of R399G"™°" fibroblasts also revealed
that the point mutation of DYNC1H1 resulted in no significant changes in the levels of

LC3II (Figure 4.1 E-F).

These results suggest that the location of point mutations and how these mutations would
affect the dimerization and binding ability of dynein to its cargoes could determine the

effect of dynein on autophagic removal and degradation of LC3II.
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Figure 4.1 Altered level of LC3Il in Loa"™ MEFs. (A) Western blot analysis shows level
of LC3Il and LC3! in wild-type and Loa™™ MEFs. B-actin was used as a loading control.
(B) Data is presented as the mean + SEM; where N = 3, biological repeats, and N = 3,
technical repeats for each genotype. Statistic was performed with unpaired t-test (* P
< 0.05). (C) Western blot analysis shows level of LC3Il and LC3I in wild-type and
D338N" fibroblasts. (D) Data is presented as the mean + SEM; where N = 3, technical
repeats. Statistic was performed with unpaired t-test (*** P < 0.001). (E) Western blot
analysis shows level of LC3Il and LC3! in wild-type and R399G"°™ fibroblasts. (F) Data is
presented as the mean + SEM; where N = 3, technical repeats for each genotype.
Statistic was performed with unpaired t-test (P = 0.1).
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4.2.2 Ciliobrevin D inhibition of dynein accelerates the formation of p62

puncta in Loa"°™ MEFs

Dynein-mediated retrograde transport is an important step in autophagosome maturation
and autophagic degradation of protein aggregates. Importantly, it has been reported that
dysfunctions in basal autophagy are sufficient to cause neurodegeneration in animal

models (Hara et al., 2006).

This set of experiment aimed to assess the effect of non-functional dynein using CilD on
accumulation of aggregation-prone protein in wild-type and Loa™™ MEFs. It was
hypothesised that mutant dynein might not be sufficient to result in aggregated proteins
but it might cause the susceptibility when mild inhibition of dynein is applied leads to

Hom MEFs were treated with a

protein aggregates. For this purpose, the wild-type and Loa
mild concentration of dynein inhibitor (CilD, 30 uM) and a higher concentration (CilD, 50
uM) for 6 hours followed by fixing, and immunostaining of the cells using anti-p62
antibody. The quantification of p62 puncta indicated that the mild treatment of CilD in

Hom MEFs increased the number of p62 puncta significantly, whereas the wild-type

Loa
MEFs did not show significant alterations in p62 puncta (Figure 4.2 A, second row).
Subsequently, the effect of the higher concentration of CilD treatment on the number of
p62-positive aggregates was checked. The higher concentration of CilD caused the

Hom

increased number of p62 aggregates in Loa MEFs, and also the number of p62
aggregates was significantly increased in wild-type MEFs (Figure 4.2 A, third row). After
quantification of number of p62 aggregates, a two-way ANOVA was carried out to
determine the effect of CilD treatment and genotype on the number of p62 aggregates (N
> 80 number of cells per genotype). The results showed that there was a significant
interaction between CilD treatment and genotype (P = 0.0219, F = 4.69), indicating that
effect of CilD treatment on p62 accumulation is dependent on the genotype. Moreover,
there was a significant main effect of CilD treatment (P < 0.0001, F = 36.83) and a
significant main effect of genotype (P < 0.0001, F = 17.14) on number of p62 aggregates

(Figure 4.2 B).
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Furthermore, it was demonstrated that CilD treatment increases the size of p62 puncta

Hom Hom

both in wild-type and Loa MEFs. However, p62 puncta in Loa MEFs were on average
significantly larger compared to those in wild-type MEFs. A two-way ANOVA showed that
there was a significant interaction between CilD treatment and genotype (P = 0.003, F =
9.102) on the size of p62 aggregates. Moreover, there was a significant main effect of CilD
treatment (P < 0.0001, F = 49.1) and a significant main effect of genotype (P < 0.0001, F =

38.72) on size of p62 aggregates (Figure 4.2 C).

This set of data demonstrates a dynein-dependent susceptibility in Loa"®™ MEFs in which
mild treatment with CilD enhanced the number of p62 puncta significantly. In contrast,
the wild-type MEFs exhibited the p62 aggregates only upon treatment with a higher

concentration of dynein inhibitor.
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Figure 4.2
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Figure 4.2 Low concentration of dynein inhibitor elevates the number of p62
accumulation significantly in Loa™™ MEFs. (A) Wild-type and Loa™™ MEFs were
treated with dynein inhibitor (CilD, 30 and 50 uM). Immunostaining was performed
using anti-p62 antibody. The representative images are shown as maximum
projections of Z-stacks of confocal images. Images were taken at 63 X magnification.
The enlarged images are the boxed areas shown for better view of p62 puncta. Scale
bar, 50 um. (B) Data is presented as the mean + SEM; where N > 80 number of cells, N
= 3 biol