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Abstract

Spinal muscular atrophy (SMA) is a neuromuscular disorder caused by the
loss-of-function of the survival motor neuron (SMN) gene resulting in muscle
atrophy and weakness. There are currently 3 gene-based therapies (Spinraza®,
Zolgensma® and Evrysdi®) approved for the treatment of SMA. Although these
treatments lead to significant life-changing and life-saving improvements, they
have limitations.

Moreover, going beyond neuronal pathologies in SMA, developmental and
metabolic pathologies in many peripheral tissues have been found in both SMA
mouse models and patients. Our previous research has demonstrated that
prednisolone, a synthetic glucocorticoid (GC), has been found to alleviate the
disease SMA genotype phenotype in Smn”;SMN2 and Smn?®” SMA mice. To
identify commercially available drugs predicted to ameliorate peripheral
pathologies and possess similar effects to prednisolone via RNA sequencing.
Combined in silico analysis were used to identify commercially available drugs
predicted to restore the levels of differentially expressed genes in SMA muscle
and similar activity potential with prednisolone. This comprehensive in silico
approach identified strong pharmacological candidates, pioglitazone, melatonin,

and insulin.

Through combined in silico analyses, several target genes have been
predicted: Thbsl and Ppar-a, which could be regulated by pioglitazone; Per1,
Bcl2, Sirtl, and Ror- «, potentially corrected by melatonin; and IgfiR, Rb1, and
InsR, which may be regulated via insulin. First, we validated the abnormal
expression of these predicted targeted genes in symptomatic skeletal muscle
tissue in both SMA mouse models.

Subsequent research has stated the safety and pharmacological impact of
pioglitazone, melatonin and insulin on the C2C12s and LCHN-M2 cell line.
Importantly, melatonin has been observed to improve weight, lifespan, and RR
(righting reflex); pioglitazone has shown positive contributions to weight and
survival; and insulin has demonstrated beneficial effects on weight in Smn?®"
mouse models. Post-treatment of these candidates caused a change in expression
of all these genes compared to untreated counterparts both CNS and periphery.
Pioglitazone and melatonin show promise in addressing metabolic disorders by
potentially enhancing glucose uptake from circulation into skeletal muscle. They
may also shift metabolism towards increased ATP production by supporting



mitochondrial biogenesis and function.

The perspective results highlights the complexity of SMA and the potential
multifaceted approach required for effective treatment, underscoring the
importance of targeting not just the primary symptoms but also the broader
metabolic disturbances associated with the disease aiming to improve overall

patient outcomes and quality of life.



Acknowledgement

First and foremost, | want to express my deepest gratitude to my advisor,
Dr. Melissa Bowerman. Honestly, | might not have been able to complete my
Ph.D. with another supervisor. Not only is she an amazing scientist, but she has
also been a role model in many respects, guiding me and always prioritizing
making us, good researchers. She taught me wonderful things, 1 enjoyed doing
research with her, and she left a significant mark on one of the most important

parts of my life.

In my first year of the Ph.D., | had the opportunity to meet two fantastic
scientists, Joe Hoolachan and Emma R Sutton in the lab, who patiently taught me
many techniques and they become amazing friends. And my project colleague
Eve McCallion, she is wonderful, always complementing me. The calm presence
that soothed me when | panicked, and the fun girl I brainstormed with in the lab, |
will never forget you. Jess Cook, Yahya Al-Mozani, Ankush Dhoowooah, Maria
Susan Varughese, Juanita Koomson, the unsung heroes of the melatonin chapter,
learning and teaching with you have been incredible experiences. | sincerely thank
each of you, my colleagues, for your support throughout my Ph.D. journey.

A special thanks goes to my partner, Luke Bates, for everything he has
contributed to my life. His constant presence by my side, helping to find solutions
to every challenge, has been invaluable. He is my beloved, as dear to me as

family. I'm so grateful to have met him!

While writing my thesis, since English is my second language, | used the
Grammarly Al program to correct my grammatical errors. Additionally, | owe a
special thanks to the Turkish Educational Consultancy for sponsoring my doctoral

studies.

Vi



Table of Contents

FA o1 A o APPSR iv

ACKNOWIEAZEMENT ... ettt e et e e e e bte e e e et te e e e sbteeeeebtaeeesnteeaesans Vi

[y o) B 7= (U T PSP Xiv

[ o I | o1 [PPSR XX

(R o) AN o] o TNV - d o o T USRI XXi

1 INTRODUCTION ...ctititeiieeietetetstsesessietesessssssse s s st se s s s sese s s st ss s s sesessssesssssesesesanns 1

1.1 Spinal muscular atrophy (SIMA) ........ee et 2

1.1.1 CIlinical Profile 0F SMA........coi e 4

1.1.2 SMA MOUSE MOGEIS .....oeeiieiieiieiieite sttt bbb 6

1.1.3 SMN Has a HoUSEKEEPING ROIE .........oovveiiiieiece e 9

1.1.4 The SMN is Crucial for RNA metaboliSm. ........ccooeiiiiiiiiiiinieee e 9

1.1.5 Protein Translation and Related Proteostatic Mechanisms .............ccccveevivninivniieniennn. 11

1.2 Neuronal Pathologies in SIMA ..........ueii it 13

1.2.1 Structural and Functional Abnormalities in CNS..........ccoceviiiiiieiene e 13

NEUIrONS ANG ASEFOCYLES .....eeuveieieiieeie ettt et e st e st e e be st e steetesneesteeteannenreas 13

1.2.2 Cytoskeleton Related DEfECES.........ccoiiiiiiiieicieese e 15

1.2.3 ADOPEOSIS. ...ttt etttk bbbttt b bbbt 17

1.3 Skeletal Muscle Pathologies in SIMA ............oooi et e e 18

1.3.1 SIMA @NG MYOGENESIS ...ttt sttt sb e b bbbt nes 19

1.3.2 Metabolism and Contraction 0f SMA.........ccoii e 21
1.3.3 Muscle Weakness and Developmental Changes Occurred Prior to any Neuronal

D21 =0 PR 22

1.4 Neuromuscular JUNCEION (NIMJ) .....uiieiieeieeciee ettt eare e s 23

1.4.1 NMJ Pathology Of SMA. ...t 24

1.5 SMA Has a Non-Neuromuscular Multicellular Function .........cccecceevveeinieenieennnne. 26

1.5.1 Pancreatic Developmental Defects in SMA ..........cov i 26

1.5.2 Liver Developmental Defects in SMA ..o 27

1.5.3 Heart Developmental Defects iN SMA ..o 29

1.5.4 SMA Gastrointestinal DYSTUNCLION ............ccoviiiiiiiie e 30

1.6 M ELADOIISIM ...eiiiiiiiiee ettt sttt e sbe e e st e sabe e sbreesbaeenes 31

1.6.1 GluCOSE MELADOIISIMN ...ttt 31

1.6.2 Fatty ACid MetaboliSM ........ccoiiiiiiiiiie e 34

1.6.3 Metabolism and Circadian RNYthMS..........ccocoiiiiiiiiiic e 36

1.6.4 AmIN0 ACIA MetahOliSM ...c.veiuiiieieiiieic et esre e nnes 37

1.6.5 Mitochondrial DefeCts IN SIMA........cui e enes 38



171
1.7.2

19.1
19.2
1.9.3

211
212
2.1.3
214
2.15

221
2.2.2
2.2.3

2.3.1
2.3.2

24.1
24.2
24.3

3.2.1
3.2.2

1.7 Therapeutic Developments iN SIMA .........ooii e e 40

SMN-AePendent TREFAPIES .......cviviiiieie it 40
Smn-Independent Therapies in Clinical Trials ..., 45
1.8 (DTN T =T o 10 o oo 1Y o ¥ =R 47

1.9 AIM AN ODJECTIVE woeeceiiiieceeee ettt e st e e e stae e e s naaaeeeens 49
HYPOTNESIS. ...ttt 50
N OSSO R SRR 50
OB JECTIVES. ...ttt bbbt bbbt 50
2 GENERAL METHODS ...ootiiriuiieieteirinitsseetetetseesssssesessesesssssstesessessnssesesessssssssssesesesssnensans 51
2.1 IN VIVO @XPEIIMENT. . .uittiiiiiiiiiiiiititit bbb ababababababaaaesenseeasnees 52
ANIMALS L.t bbbt es 52
(C1=T 01011, o110 o F T TSR TP TP TR PROPOPRPR 52
Phenotypic Analysis on Live ANIMAS ..o 53
ANIMAT TISSUE HAPVEST ..ottt nree s e 54
IMMUNONISTOCREMISIIY ... 54
2.2 L1 ol = (o T=T 1 1 1= | Nt 56
O3 31 LTSS 56
O o | PSS PR 58
Deltoid Myoblasts Collected from Type Il SMA Patients ...........cccocvveniiinieniciennenn 59
2.3 F LT 1YL N 59
Lactate dehydrogenase (LDH)-GI0™ cytotoXiCity @Ssay ............coceeeereveverrrereisrinennn, 59
BrdU Cell proliferation @SSaY .........c.cooeriiiiiiiiieiesie e 60
2.4 MOIECUIAT ANAIYSES ..ottt e e et e e e ate e e s e abee e e e ara e e e enneeas 60
Tissue Lysis and RNA ISOIATION .......ocoiiiiiiiiiiciee e 60
Reverse TransCription (RT).....ccooeeiiie e 61
Quantitative PCR (GPCR) ....cuiiiiiiee sttt 61
ReSUIt OF IN-SIlICO ANAIYSIS......uviiiieiiie ettt e e e abee e e e abee e e eaneeas 64

N oY= 11 7 .Zo ] o V- PR 68
3.1 INEFOAUCTION ..ttt ettt et sbe e e st e e sabe e sbbeesabaeenes 68

3.2 V=31 o To e [ O O OO PO PP RUPRSTPPOTOPRRPRRIN 73

IN vitro pioglitazone treatMent .........cccoiiiiiie i 73
IN Vivo pioglitazone treatMent...........cooiiviiie i s 73
33 RESUIES ..ttt et s bt e et e e sba e e sab e e sabe e sabeesbeeenns 74

3.3.1 The mRNA expression of Thbsl and Ppar-a was upregulated in skeletal muscle of

symptomatic SMN-/-;SIMNZ MICE. .....ccuiiiiiiiiieieee e 74

viii



3.3.2 The mRNA expression of Thbsl was increased in skeletal muscle of symptomatic
SIMNZET IMHCR ...ttt ettt s st 75

3.3.3 The predicted targeted gene, PPAR-qa, was downregulated in Type 111 SMA deltoid
1010 o] F= TS TSR 73

3.3.4 The mRNA expression of predicted Thbsl gene was decreased in differentiated Smn-
KD C2C12S MOEL. ..ottt nreas 74

3.3.5 There was no significant change in pioglitazone targeted genes observed in the
atrophy-iNdUCEd D8 C2L2S. ......ooviiiieiiieieriieee et 75

3.3.6 Pioglitazone had dose- and differentiation state-dependent effects on the expression of
Thbsl and Ppar-a genes in C2CI2S. ....cccoeiiieieiieeiieiie s s ese e se e nne e 76

3.3.7 Pioglitazone had a toxicity on C2C12s but it caused a negative effect on proliferation
(0] 10924 @31 USSR 78

3.3.8 The treatment of the human muscle cell line with 50 uM pioglitazone induced an
increase in the level of THBSL MRNA. .....ooiiiiiee e 81

3.3.9 There was no negative impact of pioglitazone treatment on proliferation of LCHN-M2.

3.3.10 During a 24-hour treatment period, pioglitazone demonstrated no toxic impact on
either the proliferating or differentiating states of LCHN-M2 cells.........c...cccceruenneen. 83

3.3.11 Oral administration of pioglitazone has a positive effect on weight, survival and motor
fUNCEION 1N SMNZE MICE. ..ot 84

3.3.12 Oral administration of 12.5 mg/kg/day pioglitazone did not lead to any change of
hypoglycemia in both non-fasted Smn 22~ and Smn?®* mice .......ccoccvvevecvvecrecene. 89

3.3.13 Administering of pioglitazone orally led to an increase in the expression levels of
Ppar-a and Ppar-y in the triceps tissue of symptomatic Smn®®" SMA mice. ................ 90

3.3.14 The Ide expression had been increased followed by pioglitazone application in Smn?8"
L0 U IS0 a0 ] U PR 93

3.3.15 Pioglitazone had no impact on muscle atrophy marker gene expression. .................... 94

3.3.16 Pioglitazone induced enhancement of junctional adhesion molecule-A (Jam-A)
expression in triceps of mild SMA mouse MOdels. .........cccoovevvieiieiece e 95

3.3.17 Negative effect of pioglitazone on muscle fiber size was observed in symptomatic TA of
smn 2B/~ whereas showed opposite pattern in Smn 2B/ 96

3.3.18 12.5 mg/kg/day pioglitazone treatment upregulated Ppar-y expression in spinal cord of
11 RO 97

3.3.19 Following the application of pioglitazone, there was an upregulation of Pmaip-1 and
Fas mRNA levels in the spinal cord tissues of SmMnN?" Mice. .......ccccovvvvvveeveerirennnn. 100

3.3.20 Administration of pioglitazone did not change the number of a- motor neurons of
symptomatic spinal cord of Smn?®" and SMN?®™* ..o, 101

3.3.21 Orally treatment of Pioglitazone led to an upregulation of Thbsl expression level in
symptomatic liver tissue in SMNZE™* SMA MICE. .......cvvevivrereireereeeeee e 103

3.3.22 There was no change in lipid accumulation in liver of Smn?®" following pioglitazone
EFEATMENT. ...t b e e st e e e bb e e e e e e anrre s 105



3.3.23 Orally treatment of Pioglitazone downregulated of Thbs1 and Ppar-y mRNA level in
symptomatic WAT in both Smn?®- and Smn?2™* Mice.........ccocoveereeeieeseeees s 106

3.3.24 Orally treatment of 12.5 mg/kg/day Pioglitazone downregulated of Thbs1 and Ppar-y
mRNA level in symptomatic WAT (white adipose) tissue in both Smn 28" and Smn?®/*

SIMA IMICE. .ttt ettt s e s b e bt re e et e e e e st e sbeeteeneesreebeeneennees 108
3.4 DISCUSSION ittt ettt ettt e e e e et e e e e e e s et e e e e e e e s snnrrneeeeeeeeanan 110
I V= 1= o] o1 1 o TSRS 115
4.1 Ta] d oo [ BT o1 o] o W PRSP 115
4.2 V1= oY 3PP 120
A.2.1 TN VITEO. ittt bbbkt b ettt b e bbbt b e e 120
A.2.2  INVIVO ..ottt bbbttt b ettt bbb b et 120
4.3 RESUILS. .. ettt ettt e e et e e et e e e et e e e e e eabe e e e eabaeeeenareeas 121
4.3.1 There is an observed increase in the mRNA levels of Per-1, Bcl-2, and Sirt-1 in
skeletal muscle tissue symptomatic SMn”;SMN2 MICE. .....o.ovevrvrerireeeeeeeiseeeieienens 121
4.3.2 The expression levels of Per-1 and Bcl-2 mRNA are elevated in skeletal muscle of
SYMPLOMALIC SMNZE IMICE ...ttt 122
4.3.3 The predicted targeted gene, PER-1 level is decreased in Type Il SMA deltoid
MYOBIASTS. ...ttt bbb 123
4.3.4 Changes in the Expression Levels of Target Genes Are Independent of Smn Deficiency
IN C2C 128 MOUEL ....viviiiciiciieie ettt sttt 125
4.3.5 In D8 C212s, there was no change in the expression levels of melatonin- predicted
e o< 0T L= PRTPRTI 126
4.3.6 Melatonin's effects on the expression of predicted-targeted genes vary depending on
the dosage and the differentiation status of the cells in C2C12s. .........cccoccvveevvennee. 127
4.3.7 Melatonin has no negative effect on proliferation of C2C12s. ..........ccccovvviviviiennnn. 128

4.3.8 Melatonin shows no toxic effects on the proliferation or differentiation of C2C12 cells
over a 24-hour treatment PEIIOU..........cveiiiiiiieie e 129

4.3.9 Melatonin treatment increased the expression of PER1 in both myoblast and myotube
forms of LCHN-M2, while it only increased SIRT1 expression in the myoblast form of
LCHN-IM2. ottt se ettt e b e bt neene s 131

4.3.10 The highest dose of melatonin does not adversely affect myoblast proliferation of
LCHN-M2 over 24-hour treatMentS. ......ccoveveiieiieiesiesieese e 132

4.3.11 Melatonin does not exhibit toxic effects on LCHN-M2 human muscle cells in either
proliferated or differentiating stages over a 24-hour treatment duration. ................. 133

4.3.12 Oral administration of melatonin intake leads to an increase in both body weight and
SUPVIVal rate in SMNZE MICE. ....vvvieieceeeeee ettt 135

4.3.13 Oral administration of melatonin did not lead to any change of hypoglycaemia both
non-fasted Smn 28 and SMNZ2* MICE. .......cvviciceeeee e, 140

4.3.14 Melatonin administration led to an increase in the expression in transcriptomic- based
targeted genes (Perl, Sirt1, Bcl2 and Ror-a) the triceps tissue of symptomatic Smn?®"
mice. 140



4.3.15 Melatonin administration caused to an elevation in the level of atrophic marker genes
in the triceps of SMNZE MICE........ccovoiveveiececeec e 143

4.3.16 Following melatonin treatment, there was an enhancement in the size of muscle fibers
in symptomatic tibialis anterior from Smn?2" MOdels...........ccvvvvevvereeeeeeseeeeeeees 144

4.3.17 Melatonin application increased the expression of the CAT gene in the symptomatic
muscle tisSUes Of SMNZE MICE..........ceiveeceeeece e 145

4.3.18 Melatonin resulted in elevated expression of the diurnally regulated genes, Clock and
Per2, in the triceps tissue of symptomatic Smn 22~ SMA MiCe........cocovevrvrverrrerennnnnn, 147

4.3.19 Melatonin increased the expression of the Glut4 gene, which is responsible for glucose
transport, in symptomatic SMA mouse MUSCIE tISSUE. ........cevvevverieiiieiieie e 149

4.3.20 Daily gavage dosing of 50 mg/kg/day melatonin, there was an upregulation in the
expression of predicted target genes (Perl, Bcl2, and Ror-a) in the liver tissues of

SYMPLOMALIC SMN 2B/ MICE... ..ttt 151
4.3.21 There was a rise in the expression of diurnal genes, Clock and Per2 following
melatonin within the liver tissue of symptomatic Smn?®"mice...........cccccovvrrrrrnnnee. 153
4.3.22 Melatonin induced the expression of the CAT gene's mRNA in symptomatic SMA liver
EISSUBS. .ttt bbbttt kR bRttt b e b bRt ne et ens 155
4.3.23 Melatonin did not result in any change in lipid accumulation in the liver................. 156
4.3.24 Following the melatonin treatment, there was a decrease in the Perl gene expression
within the spinal cord tissues in symptomatic SMn?& ..........cccccooeeveieeeceseeceeee 158
4.3.25 The level of Pmaip-1 and Fas downregulated, following melatonin treatment in
SMN2B/= SMA MICE. <.ttt sttt e e saeeteeneesreeeeaneenneas 160
4.3.26 Melatonin treatment did not alter the count of alpha motor neurons................cccc..... 161
4.3.27 Melatonin led to an upregulation of the CAT antioxidant gene in the spinal cord tissues
of mice With symptomatic SIMA. ..........ooiii e 163
4.3.28 Administering melatonin did not alter the mRNA expression of core clock genes in the
spinal cord of a milder form of symptomatic SMA mouse model. .............ccccevennneee. 164
4.3.29 Melatonin resulted in increased expression levels of Perl, Sirtl, and Bcl2 in the
symptomatic white adipose tissue of. SMN?5" MICe. .........ccovvvveeveeeieeeeeee s 166
4.3.30 Melatonin may regulate circadian rhythms in the WAT of Smn?®"- mice through
inducing Clock and Per2 gene eXpreSSiON.........civeveeieieeiieiee e 168
4.3.31 Melatonin enhanced the defence against oxidative stress in the symptomatic WAT
tissue of mice with SMA by increasing the levels of both CAT and SOD.................... 170
4.3.32 Melatonin does not to be involved in mediating Glut4-induced glucose uptake in WAT
Of the SMA MOUSE MOTEL. .........oiiiiie s 171
4.3.33 Melatonin administration leads to the induction of browning in white adipose tissue in
the SMA MOUSE MOEL. ......oceeiieiiee e 172
4.3.34 In the Smn?8* mouse, a decrease in the expression of Per1 and Bcl2 genes within the
brown adipose tissue (BAT) is induced by melatonin treatment..............ccccceevvrirnnen. 174

4.3.35 Melatonin administration resulted in the decreased expression of Clock, Bmall, and
Per2 genes, potentially influencing the regulation of circadian rhythms in BAT of

Xi



ST e 11110 OO SR 176

4.3.36 The mRNA level of CAT mRNA has decreased in symptomatic BAT tissues in Smn2B/+
following melatonin apPliCALION. ..........ccoieiiiiiiice e, 178

4.3.37 Administering of melatonin reduced in mRNA level of Glut4 in the brown adipose
tissue of the symptomatic the Smn?®* mouse control group ...........cceveveveereeeeennnn. 179

4.3.38 Melatonin application downregulated the expression level of Ror-a in the symptomatic
panCcreas tisSSUES OF SMA MICE. .....uiiiie et ne e 181

4.3.39 Melatonin had no effect on the expression of diurnal genes in the pancreas tissues of
SIMA IMICE. .ttt ettt s e s b e bt re e et e e e e st e sbeeteeneesreebeeneennees 183

4.3.40 After administering melatonin, it was observed that there is no impact on the mRNA
expression of the Glut4-glucose transport gene in the symptomatic pancreas tissues of

SMN 2B SIMA MOUSE. ...ttt 185

4.3.41 Administering daily melatonin resulted in an upregulation of the CAT gene in the
symptomatic pancreas tissues of SMN 28 MICE. ......co.cvevvireiieseeee s 186
4.4 DISCUSSION Letiiiiiiiiiiiiieee e s ettt et e e s ettt et e e e s s s st bbeeeeeesessaaababeeeeesssssasnrenaaeeesssnnas 190
S 1Y e Yo [V o [ o IR 198
5.1 INSULIN et e et e e s te e s be e e saae e eaaeeesseeesnteeenseeesnreeen 198
5.2 V=1 1 3o o [P 201
5.2.1 In VItro INSUIIN TreatmeNt........ccooiieiieiieie e nee s 201
5.2.2 In VIVO INSUIIN TrEAIMENT........eiiiiieiieiieie ettt ee e nre s 201
5.3 RESUIES. ..ttt ettt e et e e s te e s te e e saae e ebe e e aeeesnteeereeesnnee s 202

5.3.1 The expression levels of Rb1 and InsR were observed to increase, whereas the mRNA

level of Igf1R was found to be downregulated.............cccooveviiieiiciccccece e 202

5.3.2 In the skeletal muscle of symptomatic Smn?®" mice, there was an elevation in the
MRNA TEVEI OF RDL. ... nneas 203

5.3.3 In Type Il SMA deltoid myoblasts, the insulin target genes, IGF1R and INSR, were

found to be significantly increased in eXPression. ........cccccveiveieeviecieseece e 204

5.3.4 The level of IgfiR increased in both DO Smn-KD-C2C12 and D7 Smn-KD- C2C12.205
5.3.5 Canonical atrophy did not result in alterations of Igf1R, Rb1 and InsR genes in C2C12

(01 | USRS 206
5.3.6 Upon administering 100nM insulin, an elevation in the expression of the Rb1 target
gene was NOLEd iN MYOTUDES. .........coeiiiiiiiieiee e 207
5.3.7 At the highest dosage insulin demonstrated neither a negative effect on proliferation
nor any toxic impact on the formation of myotubes and myoblasts. ..............c..cco.... 208
5.3.8 The application of insulin at concentrations of 1-10-100nm did not display any effect
on predicted insulin target genes in the DO and D7 LCHN-M2 cell line. .................. 211
5.3.9 Even at the highest dose, insulin did not adversely affect the growth of cells or cause
any toxicity in the formation of LCHN-M2 myotubes and myoblasts......................... 212

5.3.10 Increasing doses of subcutaneous insulin injections resulted in a body weight increase
AT Gl 1101 TR 214

Xii



6
7

5.4 Discussion .....
General Discussion

Reference..............

xiii



List of Figure

Figure 1.1 SMN1 and SMNZ2 expression in SMA patients and healthy control....................... 2
Figure 1. 2 SMN protein play a main role in RNA, protein and RNA homeostatic balance...12
Figure 2.1 C2C12s differentiation PrOCESS. ......cccveiveiiieieerieiieseesieeiesee e seesre e sree e ereanes 57
Figure 2.2 LCHN-M2 differentiation ProCess. ........ccoeoeieriiiiiniieieieie s 59

Figure 3.1 The heatmap generated from RNA-Seq data indicates that prednisolone re-
establishes the expression levels of a wide range of genes in the skeletal muscle of SMA

mice. Figure is adapted from (Hoolachan et al., 20230)..........cccccoveviiieiiiiieceee e 65

Figure 3. 1 Insilico analyses predicted that the expression of the genes Thbsl and Ppar-a was
increased in SMA skeletal muscle and could be downregulated by pioglitazone treatment. .. 68

Figure 3. 2 The mRNA expression of predicted Thbsl and Ppar-a gene increased in severe

(Smn”:SMN2) SMA mouse models compared to WT mouse models. ............ccceveeerrrennnn. 74

Figure 3. 3 The validation study is about predicted candidate genes by restored pioglitazone
treatment, Tsbhl and Ppar-a, in In-Vivo model. The mRNA expression of predicted Thbsl
and Ppar-a gene increased in milder form (Smn?®") of SMA mouse models compared to WT

INOUSE MOARIS. ..ottt e e e e e e e ettt e e e e e e e e et e e e e e e e eeeeeees 75

Figure 3. 4 The pioglitazone target gene, PPAR-a, significantly downregulated in Type 11
SMA deltoid MYODIASTS. .......couiiiiiiiieee e 73

Figure 3. 5 The mRNA expression of predicted Thbsl gene is decreased without Smn gene in
D7 SMN-KD C2C128 MOUEL. ....vvoiieieieee et 75

Figure 3. 6 Canonical atrophy does not lead to any changes in the level of pioglitazone
targeted genes in the serum-starvation-induced atrophy C2C12s. .........ccooceveniiineiinieeienen, 76

Figure 3. 7 After 200uM pioglitazone treatment, a decrease was observed in the predicted

candidate Thbs1 target gene in myoblasts. However, for the same target genes, there is an

increase in 50uM pioglitazone treatment on C2C12 MYOtUbES..........ccccvvevieiiievie e, 77
Figure 3. 8 Highest concentration of pioglitazone (200pM) has a negative effecton ............ 79
myoblast proliferation during 24H treatments, although it has no toxicity. ...........cc.ccecevennne. 79

Figure 3. 9 After 50uM pioglitazone treatment on myoblasts form of LCHN-M2, mRNA

Xiv



expression of THBSL target gene INCreased. .......c.coveveeieieeriesieseeseeeesee e see e see e snee e 81

Figure 3. 10 Highest concentration of pioglitazone has no negative effect on myoblast

proliferation during 24H treatMENTS..........eiieiiiieiieie et enes 82

Figure 3. 11 Treating both proliferating and differentiated LCHN-M2 cells with the highest

dose of pioglitazone (200uM) or an equivalent volume of the vehicle (DMSO) does not result

1R (o) [ | 2SS 83
Figure 3. 12 The effect of 12.5 mg/kg/day oral pioglitazone treatment............cc.cocvrveiveinennn. 88
in both SMN?B"- 34 SMINZBM* SIMIA MICE......coveivieeiceeee e 88

Figure 3. 13 Oral 12.5 mg/kg/day Pioglitazone treatment did not cause any significant change

in blood glucose level in symptomatic non-fasting both Smn?®" and Smn?&*. ....................... 90
Figure 3. 14 Orally treatment of 12.5 mg/kg/day Pioglitazone caused an upregulation of..... 92
Ppar-a and Ppar-y expression level in symptomatic triceps tissue in Smn?®- SMA mice. ...... 92

Figure 3. 15 Increases the activity of the Ide gene in the pioglitazone-affected triceps tissues

OF the SMNZE MOUSE MOUEL. .....eeeeeee et ee et e e e e e et e e et e e s e eeese e esereeseseeereeessrenes 93

Figure3. 16 12.5 mg/kg/day pioglitazone orally administration has no effect on the atrophic
phenotype of triceps of milder form SMA mouse MOdelS............ccoovrieiiierienienieeie e 95

Figure 3. 17 12.5 mg/kg/day pioglitazone application markedly increased the expression of

junctional adhesion molecule (JAM-) A gene in triceps of milder form SMA mouse models.

Figure 3. 18 Representative images of laminin-stained cross sections of TA muscles from P18

untreated and pioglitazone-treated (12.5 mg/kg/day through gavage) .........cccccecveveieeiivenenne. 97
Figure 3. 19 Orally treatment of 12.5 mg/kg/day Pioglitazone Causes...........cccecvevveveerirenenne. 99
upregulation of Ppar-y expression level in symptomatic spinal cord tisSue.............c.cceeevernnne. 99
IN SMNZEE SIMA MICE. ..ottt 99

Figure 3. 20 12.5 mg/kg/day pioglitazone orally administration had a neuroprotective effect

on spinal cord in milder form of SMA mouse, preventing apoptosIS. ........cccvevveerieeieeieeenne. 100

Figure 3. 21 The number of alpha motor neurons remained steady after 12.5mg/kg/day daily
pioglitazone treatment in symptomatic SC in both Smn 28"~ and Smn 2" mouse model. ..... 102

Figure 3. 22 Oral treatment of 12.5 mg/kg/day Pioglitazone lead an upregulation of Thbhsl 104

XV



expression level in symptomatic liver tissue in Smn?8* SMA MiCe. ......cocvvvevvivceeieeennen, 104

Figure 3. 23 The administration of pioglitazone at a dosage of 12.5 mg/kg/day does not appear
to have a mitigating effect on lipid accumulation in the liver. ..........cccoccoviinieiin e 106

Figure 3. 24 Orally treatment of 12.5 mg/kg/day Pioglitazone downregulated of Thbsl and
Ppar-y mRNA level in symptomatic WAT (white adipose) tissue in both Smn?®" and Smn?®/*
SIMA MICE. ettt b bbbt b bt bt s b et bbbt b et nes 107

Figure 4. 1 In silico analyses predicted that the expression of the genes Per-1, Bcl- 2, Sirt-1
and Ror-a genes was increased in SMA skeletal muscle and could be downregulated by

MEIALONIN TFEAIMENT. ...ttt ettt e e e e e e e e e et e e e e e e e e e eeeeeeeeeeaeaeens 116

Figure 4. 2 The mRNA expression of predicted Per-1, Bcl-2, and Sirt-1 gene increased in
severe (Smn”;SMN2) SMA mouse Models COMPATEd ..........c..cvveveveerrrreeeeesserseereseesenens 121

TO W T IMOUSE MOUEIS. ..ottt e e e e e ee e e et e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeneeneees 121

Figure 4. 3 The validation research focuses on examining genes hypothesized to respond to
melatonin treatment. In Smn?®" mice, there was a noticeable elevation in the mRNA
expression levels of the anticipated genes, Per-1 and Bcl-2, in comparison to wild-type (WT)
MOUSE MOUEIS. ...ttt ettt e sbeestesneesreeneeereesteenteaneenreas 123

Figure 4. 4 The pioglitazone target gene, PER-1, significantly downregulated in Type IlI
SMA deltoid MYODIASES.........ccviiiiiece et 124

Figure 4. 5 The mRNA expression changes of Per-1 and Bcl-2 in C2C12 cells are state-
dependent and do not rely on SmMN defiCIENCY. ......covvvieiieiiiiee e 125

Figure 4. 6 The expression levels of genes targeted by melatonin does not associate with
AtrOPNY INC2C L2 CEIIS.....ooieee ettt 126

Figure 4. 7 The application of 1mM melatonin has downregulated the Perl gene level in both
myoblast and MYOTUDE FOIMS. .......c.oiiiiiie s 128

Figure 4. 8 The highest dose of melatonin does not negatively impact myoblast proliferation

oVver 24-hour treatmMent PEFTOUS. .......ovie it 129

Figure 4. 9 Treatment with the highest dose of melatonin and a comparable volume of vehicle
shows no toxicity in both proliferating and differentiated C2C12s cells..........cccccvvvvervenenne. 130

Figure 4. 10 Treatment with melatonin elevated PER1 gene expression in muscle cells across

both myoblast and myotube stages, but the enhancement of SIRT1 expression was special to

XVi



LTI ) Y70] o] TS S o =TSSR 131

Figure 4. 11 The highest dose of melatonin and its vehicle do not adversely affect myoblast

growth OVer 24-NOUK trEATMENTS. ........oiiiieeie ettt nee e 132

Figure 4. 12 Administering the maximum dosage of melatonin or an equal volume of the
vehicle to LCHN-M2 cells, whether in a proliferating or differentiated state, does not lead to
TOXIC BTTECES. 1.ttt bbb 133

Figure 4. 13 The effect of 50 mg/kg/day oral melatonin treatment in both Smn?28/- ad Smp?28/*
SIMIA MICE. et b b bbbt bbb e bbbt bbbt 139

Figure 4. 14 Oral 50 mg/kg/day Melatonin treatment did not cause any significant change in

blood glucose level in symptomatic non-fasting both Smn?®"and Smn?®". .........c..c.co........ 140

Figure 4. 15 Orally treatment of 50 mg/kg/day Melatonin causes an upregulation of all
predicted targeted gene expressions level in symptomatic triceps tissue in Smn?8- SMA mice.

Figure 4. 16 50 mg/kg/day melatonin orally administration cause an increase in the atrophic

phenotype of triceps of milder form SMA mouse MOdelS............ccoovvererieiierienieseereee e 144

Figure 4. 17 Representative images of laminin-stained cross sections of TA muscles from P18

untreated and melatonin-treated (50 mg/kg/day through gavage) ...........cccccveveeieieenieciennen, 145

Figure 4. 18 Treatment of 50 mg/kg/day of melatonin orally increases the expression of the

mitochondrial-antioxidant gene, Cat, in P18 SMA triceps muscle tissues in Smn?®, ........ 146

Figure 4. 19 Oral administration of melatonin at a dose of 50 mg/kg/day leads to an increase
in the expression of the Clock and Per2 genes in the triceps of milder form SMA mouse
MOUEIS. ..t ettt b e bbbttt b b e e e e 148

Figure 4. 20 Treatment of 50 mg/kg/day of melatonin orally increases the expression of the
Glut4-glucose transport gene in P18 SMA triceps muscle tissues in Smn 28 ...................... 149

Figure 4. 21 Application 50 mg/kg/day of melatonin leads to an increase in the predicted

target gene levels of Perl, Bcl2, and Ror-alpha in symptomatic liver tissue in Smn?®" mice.

Figure 4. 22 50 mg/kg/day pioglitazone orally administration induced the mRNA level of

Clock and Per2 genes in liver of milder form of symptomatic SMA mouse. ...........cc.ccue.e.. 154

Figure 4. 23 The administration of 50 mg/kg/day melatonin increased the ............c.c.ccoeve. 155



expression of the antioxidant CAT gene in symptomatic SMA liver tiSSues. ........c...ccccueue.. 155

Figure 4. 24 The daily-gavage administration of 50 mg/kg/day melatonin at does not lead to
reduce effect on lipid accumulation in the HVET ..o 157

Figure 4. 25 After daily oral administration of melatonin at a dose of 50 mg/kg/day, the
expression level of the Perl gene is downregulated in symptomatic spinal cord tissues in both

the SMNZB aNd SIMNZBY MOGEIS. ......ceeeeeee e e et et e e ee e e e et e e e s e e s e eeerereesereeereeesarens 160

Figure 4. 26 Melatonin might have a neuroprotective effect on spinal cord in milder form of
SMA mouse, Preventing aPOPLOSIS. .......coiiiiieieieriente ettt 161

Figure 4. 27 The number of alpha motor neurons remain steady after 50 mg/kg/day daily

melatonin treatment in symptomatic SC in both Smn 22" and Smn 22* mouse model.......... 162

Figure 4. 28 The administration of 50 mg/kg/day melatonin increased the expression of the
antioxidant CAT gene, in symptomatic SMA spinal cord tiSSUES. ........c.ccovvvervrrvrrieeriesiinnenns 163

Figure 4. 29 Administering melatonin does not alter the mMRNA expression of core clock

genes in the spinal cord of a milder form of symptomatic SMA mouse model..................... 165

Figure 4. 30 Melatonin-induced increase in the expression of anticipated target genes,
specifically Perl, Sirtl, and Bcl2, has been observed in the symptomatic white adipose tissue

OF SN NG, oo e et e e e et e e et e e e s e et e e e et e e e s e e s e e e er e e s et eeer e e, 167

Figure 4. 31 Administering melatonin at a dose of 50 mg/kg/day could potentially modulate
the circadian rhythms in the white adipose tissue of Smn?®"- mice by enhancing the expression
OF ClOCK @NT PEI2 GENES. ....cuiieieieteite ettt bbb 169

Figure 4. 32 The administration of 50 mg/kg/day melatonin increased the expression of the
antioxidant CAT&SOD gene, in symptomatic SMA WAT .........coceiieiiiie e 170

Figure 4. 33 Treatment of 50 mg/kg/day of melatonin does not regulate Glut-4- induced
glucose uptake to WAT in SMA MouUSe MOCEL. .......ccoriiiiiiiiiiieieee e 171

Figure 4. 34 The administration of melatonin induces the browning of WAT...................... 172
Figure 4. 35 In the Smn2B/+ SMA mice, melatonin treatment leads to reduced expression 175
of the Perl and BCI2 genes in BAT . ... 175
Figure 4. 36 Melatonin treatment led to a reduction in the levels of Clock, Bmall, and...... 177

Per2 gene expression, which may affect the circadian rhythm control in the BAT of Smn2B/-

Xviii



DThEC . et et ettt et e et e e ettt e e e e e e e e ——eeeeeeeeeee——eeeeeeeaa e e ———teeaeeteaaee———aaaeeaaaaaa—_ 177

Figure 4. 37 Following melatonin treatment, there was a reduction in the mRNA levels of
CAT N BAT N SMNB s 178

Figure 4. 38 Treatment with 50 mg/kg/day of melatonin decreases glucose uptake from the

bloodstream into BAT via the Glut-4 transporter in the Smn 2/ mouse model. .................. 179
Figure 4. 39 Melatonin application downregulates the expression level of Ror-a................ 182
in the symptomatic pancreas tisSues 0f SMA MICE. ......cccoiiiiriiiiiiiice e 182
Figure 4. 40 Melatonin has no therapeutic effect on the expression of diurnal genes........... 184
in the pancreas tisSUeS Of SIMA MICE. ....c.iiiiiice e 184

Figure 4. 41 Following melatonin application, there is no effect on the mRNA level of the

Glut4-glucose transport gene in symptomatic pancreas tiSSUES. .........ccooererererereseereeieennes 185

Figure 4. 42 The treatment with melatonin at a daily rate of 50 mg/kg has been found to
enhance the expression of the CAT gene, which acts as a hydrogen peroxide scavenger in

mitochondria, specifically in the symptomatic pancreas of Smn?&" mice. ..........ccccocvvevrnnee. 187

Figure 5. 1 In silico analyses predicted that the expression of the genes Igf1R, Rb1 and InsR
were increased in SMA skeletal muscle and could be downregulated by insulin treatment. 198

Figure 5. 2 In a severe SMA mouse model, it was noted that the expression levels of Rb1 and

InsR increased, while the mRNA level of Igf1R exhibited a decrease. ..........ccccocevvevivennnne. 202

Figure 5. 3 The mRNA expression of predicted Rb1 gene increased in milder form Smn?8" of

SMA mouse models compared to WT mouse MOdelS...........ccovveeiiereiieieere e 203
Figure 5. 4 The insulin target gene, IGF1R and INSR, significantly upregulated ................ 205
in Type I SMA deltoid MYObIaSES. .........ccoveiiiiiiecce e 205

Figure 5. 5 The mRNA expression of predicted Igf1R gene is increased in both Smn- KD
proliferating and differentiated C2C12S MOdEL .......cccoevveiieiiiei e 206

Figure 5. 6 Canonical atrophy does not lead to any changes in the level of insulin targeted

genes in the serum-starvation-induced atrophy C2C12S. ........ccoceevieviiiiiie i 207

Figure 5. 7 Following 100nM insulin treatment, an upregulation was observed in the predicted
candidate Rb1 target gene in MYOTUDES. ........ooiiiiiiiiiieie e 208

Figure 5. 8 At its maximum dosage, insulin does not exhibit any adverse effects on the growth

Xix



of cells or any toxic effects on the myotubes and myoblasts C2C12s. ........c.cccceeervervieennnnn 209

Figure 5. 9 Insulin applied at 1-10-100nm concentrations shows no therapeutic effects on the
target genes within the DO and D7 LCHN-M2 cell line. ........ccocoveviiiiiiiiieee e 211

Figure 5. 10 When administered at its highest dose, insulin neither hampers the growth..... 213

of cells nor leads to any toxic effects in the creation of LCHN-M2 myotubes and myoblasts.

................................................................................................................................................ 213
Figure 5. 11 Elevating the doses of subcutaneous insulin injections leads to a rise.............. 216
in body Weight in SMN 2B/- MICE. ....ooiiiiii e 216

XX



List of Tables

Table 1. 1 Clinical types of spinal muscular atrophy (SMA). ......cccoiiieiicieceeee e 5
Table 2. 1 Genotyping Primer SEAUENCES .....ccvveveeeerreerearesteesseeseesseesseessesseesseasesseesseessesssesses 53
Table 2. 2 Primers used for quantitative real-time PCR...........ccocooiiiiiiiieeeee, 62
Table 2. 3 Human primers used for quantitative real-time PCR..........c.cccoeiiiiiininiccee, 63

Table 1. 2 Illustrations of muscle-centric gene ontology (GO) terms linked with differentially

expressed genes (DEGS) IN SIMA MICE.......coviiiiieieee e 66
Table 1. 3 Grouping of drug examples predicted to have similarity with ............ccccccoevvennen. 66

Table 3. 1 The overall of pioglitazone results were about validation and in-vitro models...... 84

Table 3. 2 12.5 mg/kg/day Pioglitazone is the most optimal treatment way ..............cccccuenee. 86
Table 3. 3 Pioglitazone has a tissue-specific effect in Smn?®’~ SMA MicCe.........coovvvevrvenns 109
Table 4. 1 Summary of validation of in silico data and in vitro studies...........ccccccccervenrnne. 134

Table 4. 2 Administering 50 mg/kg/day of Melatonin via daily gavage is the most effective

treatment MELNOU. ........ccoiiii e 136
Table 4. 3 Summary of melatonin effect on P18 SMA skeletal muscle in Smn 28-............... 150
Table 4. 4 Summary of melatonin effect on P18 SMA liver in Smn 28" ......c.cocovvvivvievnnns 158
Table 4. 5 Summary of melatonin effect on P18 SMA spinal cord in Smn28- ... 166
Table 4. 6 Summary of melatonin effect on P18 SMA WAT in Smn 22" ..o 173
Table 4. 7 Summary of melatonin effect on P18 SMA BAT in Smn 28" 180
Table 4. 8 Summary of melatonin effect on P18 SMA pancreas in Smn 28" ... 187
Table 5.1 Summary of insulin effect on SMA MOodel..........ccooovviieiiiiii e 210

Table 5.2 Administering 0.2U via subcutaneous injection is the most effective treatment

XXi



List of Abbreviations

a-C1q anti-C1q antibody

AA Amino Acid

AAG al-Acid Glycoprotein

AAV Adeno-Associated Virus

AAV8 Adeno-Associated Virus serotype 8
AAV9 Adeno-Associated Viral Vector serotype 9
AAV9-P53shRNA AAV9 and a short hairpin RNA
ACC1 Acetyl-CoA Carboxylase 1

ACC2 Acetyl-CoA Carboxylase 2

Acetyl-CoA Acetyl-coenzyme A

Ach Acetylcholine

ACTH adrenocorticotropic hormone

AD Alzheimer’s Disease

AF Actin Filaments

AK15KO Adipose tissue KLF15 Knockout

ALK?7 Activin receptor-like kinase 7



ALS Amyotrophic lateral sclerosis

AMPK AMP-activated protein kinase

ANOVA Analysis of Variance

ANS Autonomic Nervous System

AR Androgen Receptor

Arp213 Actin Related Protein

ARX-2 Actin-related protein 2

ASO Antisense Oligonucleotide

ATP Adenosine Triphosphate

Bac Bacterial Artificial Chromosome

BAT Brown Adipose Tissue

BBB Blood Brain Barrier

BCAA Branched Chain Amino Acid

Bcl2 B-cell lymphoma-2 (BCL-2)

BMP-9/10 Bone Morphogenetic Protein 9

Bota Botulinum neurotoxin type A

BrdU Bromodeoxyuridine

xXiii



C. elegans Caenorhabditis elegans

C1g Complement Component 1q.

C2C12 immortalized mouse myoblast cell line

C3 Complement Component 3

CDKS5 Cyclin dependent kinase 5

CHP1 Calcineurin Like EF-Hand protein 1

CMT Charcot-Marie-Tooth disease

CNC Cancer stem cells

CNS Central Nervous System

CORO1C Coronin-1C

COX Cytochrome ¢ Oxidase

CS Cushing’s Syndrome

CSF Cerebrospinal Fluid

CYP4 Cytochrome P450 4

DO Day 0 (zero)

D2 Day 2

D7 Day 7



DamID Dam methylase identification

DD Density Differentiation

Ddit4 DNA-damage-inducible transcript 4

Dex Dexamethasone

DMD Duchenne Muscular Dystrophy

DNA Deoxyribonucleic acid

DRG Dorsal Root Ganglia

ECM Extracellular Matrix

EFAD Essential Fatty Acid Deficiency

ER Endoplasmic reticulum.

ERK Extracellular Signal-Regulated Kinase

ESE Exon Splicing Enhancer

ESS Exon Splicing Silencer

F-Actin Actin Filaments

FADH?2 Flavin adenine dinucleotide

FBS Foetal Bovine Serum

FL Full-Length

XXV



Fn14 Fibroblast Growth Factor-inducible 14

FoXO Forkhead Box O

G-Actin Globular Actin

GAN Giant Axonal Neuropathy

GAPDH Glyceraldehyde 3-Phospphate Dehydrogenase

GATA Guanine Adenosine Thymidine Adenosine

GATA4 GATA-binding protein 4

GC Glucocorticoid

GDF-11 Growth Differentiation Factor 11

GDNF Glial Cell-Derived Neurotrophic Factor

GFAP Glial Fibrillary Protein

GLUT4 Glucose Transporter Type 4

GRE Glucocorticoid Elements

GUA Guanabenz

HB9 Homeobox Gene 9

HEK Human Embryonic Kidney

hESC human Embryonic Stem Cells



HD Huntington’s Disease

HFMS Hammersmith Functional Motor Scale

HIFs Hypoxia-Inducible Factors

hnRNPs heterogenous nuclear Ribonucleoproteins

HPA Hypothalamic-Pituitary-Adrenal axis

HSC Hematopoietic Stem Cells

IBAL lonized calcium Binding Adapter molecule 1

IDT Integrated DNA Technologies

IGF1 Insulin-like Growth Factor

IGF1R Insulin-like growth factor 1 receptor

IkB Inhibitory kB proteins

IKK IkB kinase complex

InsR Insulin Receptor

IPSC induced Pluripotent Stem Cells

IT Intrathecal administration

JAK Janus Kinase

JNK3 ¢c-Jun NH2-Terminal Kinase

XXVii



KEGG Kyoto Encyclopedia of Genes and Genomes

KLF15 Krippel-like Factor 15

KO Knock Out

LAL Levator Auris Longus muscle

LAMAZ2 Laminin alpha 2

LDH Lactate Dehydrogenase

M-KIf15KO Mice KLF15 Knock Out

MAG Myelin-Associated Glycoprotein

MAP Mitogen-Activated Protein

MAPK Mitogen-Activated Protein Kinase

MBP Myelin Basic Protein

MEF2 Myocyte Enhancer Factor 2

MG Medial Gastrocnemius

MHC Myosin Heavy Chain

MLCLF-CRE Myosin Like Chain 1F-CRE

MN Motor Neuron

MND Motor Neuron Disease



MRF Myogenic Regulatory Factors

MS Multiple Sclerosis

MT Microtubules

Myf5 Myogenic Factor 5

MyoD Myoblast Determination protein 1

MyoG Myogenin

nAChR Nicotinic Acetylcholine Receptor

NADH Nicotinamide Adenine Dinucleotide + Hydrogen

NAFLD Non-Alcoholic Fatty Liver Disease

NCALD Neurocalcin Delta

NF Neurofilaments

NFH Neurofilaments Heavy

NF-kB Nuclear Factor k enhancer binding protein

NFL Neurofilaments Light

NFM Neurofilaments Medium

NG2 Neuron Glial antigen 2

NMJ Neuromuscular Junction

XXiX



NRC31 Nuclear Receptor Subfamily 3 Group C member 1

NRF Nuclear Respiratory Factor

ob/ob Obese mouse

OPC Oligodendrocyte Precursor Cell

P21 Cell-Cycle Dependent Kinase Inhibitor 1

P53 Tumor protein

PAX3 Myogenic precursor

p-CREB Phosphorylated- Camp Response Element-Binding protein

PD Parkinson’s Disease

Perl Period Circadian Regulator 1

Per2 Period Circadian Regulator 2

PFT Pifithrin-a

PGC-1a Peroxisome Proliferator-activated receptor Gamma Coactivator

PGK1 Phosphoglycerate Kinase 1

PIK3R3 Phospoinositide-3-kinase regulatory subunit 3

PLS3 Plastin 3

PolR2J RNA Polymerase Il, Subunit J



Ppar-a Peroxisome Proliferator Activated Receptor Alpha

PPMA Post-Polio Muscular Atrophy

PPARd Peroxisome Proliferator-Activated Receptor d

PR Progesterone Receptor

gPCR quantitative Polymerase Chain Reaction

RA Retinoic Acid

RB1 RB Transcriptional Corepressor 1

RBA Relative Binding Affinity

RBP RNA-Binding Proteins

RHS Revised Hammersmith Scale

RNA Ribonucleic Acid

RNAIi RNA interference

RNA-Seq RNA sequencing

ROCK Rho-kinase

ROS Reactive Oxygen Species

ROR-a RAR-Related Orphan Receptor A, Paralog A

MRNA Messenger RNA

XXXi



NRF Nuclear Respiratory Factor

OPC Oligodendrocyte Precursor Cell

PNS Peripheral Nervous System

SAGE Serial analysis of gene expression

SCAAV9 Self-Complementary AAV9

SD Standard Deviation

shRNA Short Hairpin RNA

SK-N-SH Human neuroblastoma cell line

Sm Smith Core

SMA Spinal Muscular Atrophy

SMN Survival Motor Neuron

snRNA small nuclear RNA

snRNP small nuclear Ribonucleic Protein

SIRT1 Sirtuin 1

SPI Serratus Posterior Inferior muscle

SPN1 Snurportin-1

STAT Signal Transducer Activator of Transcription



STAT3 Signal Transducer Activator of Transcription 3

STRING Search Tool for the Retrieval of Interacting Gene/Protein

STZ Streptozotocin

TA Tibialis Anterior

TAD Transactivation Domain

TFAM Mitochondrial Transcription Factor A

TFEL Transcription Factor Screening

TGFb Transforming Growth Factor b

THBS1 Thrombospondin 1

TNBC Triple-Negative Breast Cancer

TRAF6 TNF receptor associated factor 6

TSA Trichostatin A

TUNEL Transferase dUTP Nick End Labelling

TWEAK Tumor Necrosis Factor-like Weak Inducer of Apoptosis

UBA1 Ubiquitin-Activating enzyme

UCP1 Uncoupling Protein 1

UPR Unfolded Protein Response

XXXiii



UPS Ubiquitin-Proteasome System

U-SnRNP Uridine-rich snRNPs

WAT White Adipose Tissue

WT Wild Type

WWP1 WW domain containing E3 ubiquitin ligase

XL-SMA X-linked SMA



1 INTRODUCTION



1.1 Spinal muscular atrophy (SMA)

Spinal muscular atrophy (SMA) is an autosomal recessive monogenic
neuromuscular disease. Its pathological hallmark is the loss of alpha motor neurons
in the spinal cord, progressive muscle weakness and proximal atrophy (Kolb and
Kissel, 2011; Baker et al., 2021). SMA arises due to the almost absence of the
ubiquitous survival motor neuron (SMN) protein in both the central nervous system
(CNS) and the periphery (Chan et al., 2003). It is the second most common
autosomal recessive disorder after cystic fibrosis, with an incidence ranging from
1/6000 to 1/10000 and a carrier frequency of 1/40 to 1/50 (Kolb and Kissel, 2015).

Molecular Genetics of SMA. The majority of SMA patients (approximately 90-
94%) exhibit homozygous deletions in either exon 7 and 8 or exon 7 exclusively
within the SMIN1 gene on chromosome 5913 (Crawford, 1996) (Ogino and Wilson,
2004 (Lefebvre et al., 1995)). On the telomeric 5q13 chromosome, there are two
copies of the SMN gene: one is the telomeric form, spanning 27 kb in length and
composed of 9 exons (SMN1), and the other is the centromeric form known as
SMN2 (Burglen et al., 1996)(Vitte et al., 2007).
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Figure 1.1 SMN1 and SMN2 expression in SMA patients and healthy control




a. In SMA patients, while the deletion of exon 7 in the SMN1 gene prevents the
production of full-length SMN (FL-SMN) protein, a C=» T transition in the SMN2 gene
allows for the production of approximately 10% of the full-length SMN protein. b. In
healthy individuals, while the SMN1 gene expresses 100% functional SMN protein, the
SMN2 gene produces 10% functional SMN protein and 90% non-functional SMN protein.
¢. The quantity of SMNZ2 copies directly influences the level of FL-SMN protein
production, making SMA a disorder dependent on specific dosage.

These two genes share an almost identical sequence and produce
identical proteins (Hahnen et al., 1997; Lorson and Androphy, 1998) (Lorson et al.,
1999) (Hahnen et al., 1997). Nonetheless, SMN2 distinguishes itself from SMN1 by
only five nucleotide differences (Parsons (Lefebvre et al., 1995, p. 4; McAndrew et
al., 1997; Parsons et al., 1998). et al., 1998;(McAndrew et al., 1997) Simic, 2008).

Despite the remarkable similarity (99%) between the SMN1 and SMN2
genes, a critical cytosine (C) to thymine (T) transition (C—T) in the 6th position
of the 7th exon of the SMN2 gene leads to the formation of an exonic splicing
silencer (ESS) sequence by disrupting the exonic splice enhancer (ESE) sequence
(Soloviov et al., 2010; Soloviov, Hryschenko, and Livshits, 2013). Consequently,
this transition inhibits the binding of serine (S) and arginine (R) amino acid-rich
SR proteins to the ESE sequences, causing heteronuclear ribonucleoproteins
(hnRNPs) to bind to the newly formed ESS sequences (Burglen et al., 1996;
Monani et al., 1999a). This C to T transition disrupts RNA splicing during post-
transcriptional processes (Monani et al., 1999b). As a result, exon 7 is omitted in
approximately 90% of transcripts produced by the SMN2 gene, leading to the
generation of a truncated, non-oligomerized and unstable SMN protein, referred to
as SMNA7 SMA mouse model (DiDonato et al., 2001).

Although SMN2 can synthesize around 10% of fully functional full-length
(FL) transcripts containing exon 7, this quantity is insufficient to prevent motor
neuron loss (Wirth, 2000) (figure 1.1.a). The number of copies of the SMN2 gene
varies among individuals and it is well-established that the levels of FL SMN
protein increase in proportion to the number of these gene copies (Wirth et al.,
1999). The more copies of SMN2 there are, the greater the production of FL-SMN
protein and so SMA appears SMA appears as a dosage-specific disorder (figure
1.1.b).



1.1.1 Clinical Profile of SMA

Clinically, SMA is classified into five types (Types 0-1V), taking into
account the disease's severity, age of onset, lifespan and motor functions (Pearn,
1980; D’Amico et al., 2011) (Table 1.1). Type O represents the most severe and
least common form, with a life expectancy of approximately 6 months due to
respiratory failure at birth (Dubowitz, 1999) (Table 1.1). Type | SMA, also known
as Werdnig-Hoffman disease, is the most prevalent type, with a typical life
expectancy of up to 2 years. These individuals display severe hypotonia,
symmetrical flaccid paralysis and a complete inability to control head movements.
Furthermore, they require external support to sit (Salort-Campana and Quijano-
Roy, 2020) (Table 1.1). In contrast, Type Il is classified as intermediate (Flunt et
al., 2009).

Patients can sit independently without assistance, and some can stand with
the aid of leg braces, but none can walk without support. Additionally, fine
tremors with finger extension or gripping motions are frequently observed (Lunn
and Wang, 2008) (Table 1.1). Type 11l SMA is considered one of the less severe
manifestations of the condition and its symptoms typically become apparent after
18 months. These patients may display some clinical variability. Initially,
individuals with Type 111 SMA can walk without needing assistance, but as they
grow older, many of them often find it necessary to rely on a wheelchair for
mobility (Lunn and Wang, 2008) (Table 1.1).

Conversely, Type IV SMA, which is the mildest form of the disease, is
relatively rare. Symptoms typically arise in adulthood, often in one's thirties, and

the disease progresses slowly over time (Baker et al., 2021).



Table 1. 1 Clinical types of spinal muscular atrophy (SMA).

Severity of SMA |Age of Onset Motor function Life Span SMN2 Copy
Number
Type 0 Prenatal - None achieved Stillborn to < | variable
6 months
(Congenital SMA - Respiratory failure at
birth
Prenatal-onset
SMA) - Neonatal hypotonia
Type | 0-6 months - No Head control < 2 years Around 2-3 SMN2
gene copies;
(Werdnig-Hoffman - Sitting with support (Calucho et al.,
disease) 2018; Hadara.,
- Hypotonia, 2002)
symmetrical flaccid
paralysis
Type Il 6-18 months |- Sitting but cannot stand | Adulthood Around 3 SMN2
gene copies
(Dubowitz disease) - Proximal muscle (Calucho et al.,
weakness 2018; Hadara.,
2002)
- Postural tremor of
fingers
Type Il > 18 months |- Able to stand and walk | Normal Around 3-4 SMN2
gene copies
(Kugelberg- - Loss of motor skills (Calucho et al.,
Welander disease) 2018; Hadara.,
- Postural tremor of 2002)
fingers
Type IV Adulthood |- Walk independently Normal Around 4 or

(Adult Late-onset
SMA)

- Proximal muscle
weakness

more SMN2 copies
(Muller-Felber et
al., 2020)




1.1.2 SMA Mouse Models

Mice are frequently chosen as model organisms for scientific research for
several key reasons. First and foremost, they share a high degree of anatomical
and physiological similarity with humans (Perlman, 2016). This includes having
tissues that function similarly to human tissues such as the heart, liver, and
muscles (Vandenbon and Nakai, 2010; Why are mice considered excellent models
for humans? (The Jackson Laboratory, 2023). Building on this, mice also rank
just behind humans in terms of the depth of our understanding of their genetic

makeup, boasting a wealth of available data (Justice and Dhillon, 2016).

Further strengthening the case for using mice as models, a comparative
analysis between mouse and human genomes reveals additional similarities. For
example, chromatin domains, which are critical to gene regulation, and ortholog
genes have been found to be developmentally stable and conserved in both
species (Bryda, 2013).

Diving deeper into genetic similarities, mice possess a homolog of the
human SMN1 gene, which is crucial for understanding conditions like Spinal
Muscular Atrophy SMA (Hsieh-Li et al., 2000). Mice are capable of synthesizing
the full length of the SMN protein, which closely mimics the human version
(Bebee, Dominguez and Chandler, 2012). In a detailed comparison, it was found
that the nucleotides in exon 7 of this gene are 81% similar between the two
species. Similarly, the amino acid sequences of the SMN proteins share a 75%
similarity (DiDonato et al., 1997).

Deletion of the Smn1 gene in mice has been shown to be embryonically
lethal, similar to its effects in humans. To capture the clinical phenotypic
diversity created by the human SMN2 gene, various transgenic mouse models

have been developed (Monani et al., 2000).

Smn 7-; SMN2 (Taiwanese mouse model)

Understanding that a complete lack of the Smn gene (Smn™) is embryonically
lethal has led researchers to explore ways to partially compensate for this
deficiency (Schrank et al., 1997). Building on this, a new SMA mouse model was
developed. This model features a null Smn background, with two copies of the
human SMN2 BAC transgene but each allele contains two copies of the SMN2

gene (Hsieh-Li et al., 2000). This configuration enables the model to produce



approximately 15% of the full-length SMN protein, which is sufficient to prevent
lethality. However, it still results in a limited lifespan, with the subjects typically
dying within the first week after birth. This configuration allows the model to
produce about 15% of the full-length SMN protein. These mice have a limited
lifespan, typically ranging from 10 to 14 days (Hsieh-Li et al., 2000; Monani,
2005). In this modelling, the investigation of the role of the SMN protein in

developmental progression is potentially hindered by short lifespan.

SMNA7 SMA mouse model

It emerged from a crossbreeding strategy where transgenic mice expressing
the SMNA7 protein were bred with the Smn”"; SMN2 background (Le et al., 2005).
This model extends the lifespan to up to 14 days, even in cases showing severe
phenotypic characteristics (Le et al., 2005). This approach resulted in a new SMA
mouse model, providing a more extended period for studying the disease's
progression and potential therapeutic interventions.

+/-

Smn

The Smn *" mouse model consists of heterozygous mice that have a
reduced level of SMN protein, yet do not display a pronounced SMA phenotype
(Jablonka et al., 2000). In other words, this suggests that despite the slight
alterations in motor neuron characteristics, these changes do not significantly
impact the overall longevity of the mice (Jablonka et al., 2000).

Smn 2B/2B

Delving into its molecular genetics reveals that the model possesses a
mutation in the exonic splice enhancer sequence, which is influenced by the tra2-
beta splicing factor, as noted by DiDonato et al. (2001) and Hammond et al.
(2010). This specific mutation impedes the inclusion of exon 7. Although this
mutation decreases the synthesis of full- length SMN (FL-SMN), it still allows for
limited production of FL-SMN protein (Le et al., 2005a). With the thought that
exon 7 could be a pathological factor, the Smn™:SMN2;SMNA7 mice has been
merged with the deleted exon-7 (Le et al., 2005). Moving on to the lifespan of
these SMNA7 mice, it is notably extended to an average 13.3 days. Importantly,
the extended lifespan of the SMNA7 mouse model provides a valuable window for
studying severe pathologies, overcoming a limitation commonly encountered in
Smn 7-; SMN2 mice (Le et al., 2005).



The limitations of the existing severe mouse models, which have short
lifespans, have hindered in-depth research into the long-term pathological effects
of Spinal Muscular Atrophy (SMA). Furthermore, these models failed to replicate
the phenotypes of patients with milder SMA types, such as Type Il, Ill, and IV. To
address these shortcomings, researchers developed a milder SMA mouse model

known as Smn?®" (Bowerman et al., 2012).

In the development of the Smn?®" mouse model, a crossbreeding strategy
was employed involving the Smn 2222 mouse line and Smn*". This breeding
approach led to the creation of a less severe variant of the model, known as
Smn?®" (Bowerman et al., 2012). This process, which resulted in a milder form of
the disease phenotype, has been thoroughly detailed in the study by Bowerman et
al. This model traces back to the original Smn?®22 mouse line. Delving into its
molecular genetics reveals that the model possesses a mutation in the exonic
splice enhancer sequence, which is influenced by the tra2-beta splicing factor, as
noted by DiDonato et al. (2001) and Hammond et al. (2010). This specific
mutation impedes the inclusion of exon 7. The development of the model under
discussion, known as Smn *-, was achieved through the interbreeding of mice
with one disrupted allele of the Smn gene, as documented by Jablonka et al.
(2000) and Roy et al. (1995). This Smn *-, model was further refined by
crossbreeding with the Smn?®22 mouse line, leading to the emergence of a milder

Smn?®" variant, a process detailed by Bowerman et al (2012).

Notably, the Smn?®" mice have a lifespan extending from 21 to 30 days,
and they begin to display SMA-like symptoms around day 10 (Bowerman et al.,
2012). The heterogeneity in human SMA phenotypes has been successfully
replicated in mouse models, leading to the development of various strains with
varying degrees of severity, including severe and milder forms. These diverse
mouse models, each exhibiting a distinct phenotype, have facilitated a detailed
examination of SMA pathogenesis with a focus on how severity impacts the

disease's progression.



1.1.3 SMN Has a Housekeeping Role

The SMN protein is traditionally regarded as a component of the cell's
"housekeeping™ system. It is expressed ubiquitously in all tissues (Paushkin et al.,
2002) and enables the maintenance of the homeostatic environment of the whole
cell and tissue (Coovert et al., 1997). The SMN protein plays a role in various
housekeeping functions, including small nuclear ribonucleoprotein assembly
(SnRNP), spliceosome regulation, ubiquitination and mitochondrial homeostasis,
contributing to overall cellular integrity (D et al., 2010) (Bachand et al., 2002).

1.1.4 The SMN is Crucial for RNA metabolism.

The SMN protein plays a fundamental role in the biogenesis of
ribonucleoproteins (SNRNPs) and forms the essential building blocks of

spliceosomes, where pre-mRNA splicing occurs (Kolb et al., 2007).

The SMN protein is integral to the biogenesis of SnRNP, playing a critical
role in the functioning of the spliceosome. Its specific localization and preserved

structure are essential aspects as highlighted by Bertrandy et al., 1999.

SnNRNPs are vital for the maturation of pre-mRNAs, removing introns within
the spliceosome structure (Gubitz, Feng and Dreyfuss, 2004). The primary role of
the SMN protein in SnRNP biogenesis involves mounting Sm proteins onto

snRNPs in the cytoplasm (Pellizzoni et al., 2002).

To examine this process step-by-step, in the cytoplasm, seven Sm proteins are
initially bound to the chloride conductance regulatory protein (pICIn) (Pellizzoni,
2007). This binding process is facilitated by the protein arginine
methyltransferases PRMT5 complex and PRMT7, which methylate the SM
proteins, enabling their attachment to the SMN complex, which comprises SMN,
Gemins2-8, and unrip (Liu et al., 1997). Pre-snRNPs are transcribed in the
nucleus and are then transported to the cytoplasm. This transportation is mediated
by a complex involving the phosphorylated adaptor for RNA export (PHAX),
Cap-binding complex (CBC), exportin (Xpol) and the ras-related nuclear protein
GTP (Ran) (Pellizzoni, 2007). The SMN complex then positions the Sm proteins
onto the snRNA (Ogawa et al., 2009). The m7G cap of the SnRNA is
hypermethylated by trimethyl-guanosine synthetase 1 (TGS), enabling the SMN

complex, along with the snRNA, to bind snurportin and importin (Narayanan et



al., 2002). This facilitates the transport of the SMN complex, now equipped with
an assembled snRNP, back into the nucleus. Once in the nucleus, the SMN
complex and snRNPs localize to the Cajal bodies, where the SnRNPs undergo
further maturation (Carvalho et al., 1999). Depending on the cell type and
developmental stage, SMN can be found as a separate entity adjacent to the Cajal
bodies (Carvalho et al., 1999).

Furthermore, the SMN protein is revealed to be an essential component in
pre- mRNA splicing, both structurally and functionally, which is governed by two
highly conserved regions (Lorson and Androphy, 1998). One of these conserved
regions, exon 2, interacts with SIP1 (Gemin2), and this complex plays a pivotal
role in the biogenesis of SnRNPs, facilitating their transport to the nucleus
through snRNP methylation (Fischer et al., 1997). Another conserved region on
the SMN protein is located at its C- terminus, housing a tyrosine-glycine-rich
motif and a self-oligomerization domain (Plessel et al., 1997; Young et al., 2000)
(Plessel, Luhrmann, and Kastner, 1997) (Young et al., 2000). This particular
region of the SMN protein acts as a scaffold for sSnRNPs assembly, allowing the
formation of a ring-like structure around the SMN protein and facilitating SnRNP
assembly (Kambach et al., 1999; Massenet et al., 2002) (Kambach et al., 1999)
(Massenet et al., 2002).

The hypothesis that Smn depletion can lead to insufficient sShRNP formation
and consequently cause defects in mMRNA processing is supported by various
studies. To investigate this hypothesis, the metabolism of SnRNPs in the spinal
cords of SMA mouse models with varying phenotypic severities was studied. The
findings demonstrate that in the spinal cords of SMA mice, there is a proportional
decrease in both the expression of Gemin proteins and the activity of SnRNP
assembly, correlating with the severity of the disease (Gabanella et al., 2007). In
parallel studies, research has demonstrated that lowering SMN protein levels in
HeL a cells to those seen in SMA patients, leads to a disruption in the assembly of
spliceosomal uridine-rich small nuclear ribonucleoproteins (U snRNPs) U
snRNPs. When the reduction in SMN was less severe, zebrafish embryos
exhibited severe degeneration of motor axons, akin to what is seen in SMA. These
findings indicate that the degeneration of motor neurons in SMA is directly linked

to the compromised production of U snRNPs (Winkler et al., 2005).
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Considering the role played by snRNPs in the spliceosome, questions have
been raised about the potential disruption of splicing in SMA disease. This
hypothesis is supported by observations of prevalent splicing defects in both pre-
symptomatic SMA mice (Baumer et al., 2009) and fibroblasts from SMA patients
(Zhang et al., 2008). The presence of these defects in different models and stages
of SMA highlights the critical impact of SnRNP function on the splicing process,
further emphasizing its importance in the pathology of SMA.

The SMN protein, in addition to its functions in SnRNP assembly and mRNA
splicing, also interacts with RNA helicase A and RNA polymerase 11, which are
related to the transcription machinery (Pellizzoni et al., 2001). The SMN protein
actively interacts with small nucleolar ribonucleoproteins (snoRNPS) such as
GARL1. This interaction results in the accumulation of sSnoRNPs outside the
nucleolus, which are responsible for the processing of ribosomal RNAs (rRNAS)
(Girard et al., 1992; Tyc and Steitz, 1989).as identified in the research by

Pellizzoni, Baccon, et al., in 2001.

The primary role of the SMN protein in RNA metabolism has been
emphasized through its involvement in various stages of this process. This
highlights the function of the SMN protein as essential across different tissue types
and independent of time. The ubiquity and consistency of SMN's role in RNA
metabolism underscore its fundamental importance in cellular processes,

regardless of the specific context or timing within the organism.

1.1.5 Protein Translation and Related Proteostatic Mechanisms

Protein degradation plays an equally vital role in maintaining homeostatic
balance as protein synthesis, as demonstrated by Kwon et al. (2011). One of the
crucial systems responsible for protein degradation is the ubiquitin proteasome
system (UPS), wherein ubiquitin-like modifier activating enzyme 1 (UBA1)
serves as a key enzyme (Abera et al. 2016). UBA1 activates ubiquitin, facilitating
the degradation of specific proteins by introducing them to the 26S proteasome
complex (Abera et al., 2016). Notably, this Ubal-based ubiquitin-proteasome
pathway can be impaired in cases of SMN protein deficiency (Balak et al. 2017).
The reduction in Ubal enzyme levels observed in the SMA zebrafish model,
along with the subsequent improvement in the SMA phenotype upon systemic

administration of self-complementary adeno-associated virus (AAV)-
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UBAL1 to zebrafish, underscores the widespread influence of the SMN protein on

ubiquitin homeostasis (Powis et al., 2016).

Once again, the SMN1 gene's inherent housekeeping effect on the ubiquitin
proteasome pathway becomes apparent, this time through its interaction with the
NF-kp pathway (Kim and Choi,2017). NF-kp resides within the nucleus and
initiates pro- inflammatory signaling (Sriskantharajah and Ley, 2010). Its
activation relies on the phosphorylation of IKK-y, a subunit, by the E3 ubiquitin
ligase known as TRAF6. The TRAF6-induced-phosphorylated- IKK-y inhibits the
proteasomal pathway (Shifera, 2010). In this context, SMN functions as a natural
homeostatic protector by inhibiting TRAF®6, thereby preserving the integrity of
the proteasomal pathway (Kim and Choi, 2017).

The broad-ranging influence of the SMN gene on protein metabolism,
encompassing various tissue types, once again underscores the universal

functionality of SMN protein.
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Figure 1. 2 SMN protein play a main role in RNA, protein and RNA
homeostatic balance.
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1.2 Neuronal Pathologies in SMA

Loss of alpha motor neurons is one of the hallmarks of SMA disease
(Battaglia et al., 1997). Even if SMN is a housekeeping gene, why motor neurons
are most vulnerable to the lack of the SMN protein, has been one of the key
questions in research. In general, it was determined that SMN loss caused
developmental and functional defects in the CNS, involving axonal
developmental defects, cytoskeleton components and apoptosis (McWhorter,
Monani, Arthur H. M. Burghes, et al., 2003).

1.2.1 Structural and Functional Abnormalities in CNS

Neurons and Astrocytes
In studies conducted using the zebrafish SMA model, researchers observed

a decrease in axon length and abnormal branching in axons before the onset of
alpha motor neuron death. This observation led to the hypothesis that the SMN-
dependent axonal defects might be contributing to the loss of motor neurons
(McWhorter, Monani, Arthur H.M. Burghes, et al., 2003).

To emphasize the genetic relationship between the SMN protein and axon
formation, it is important to note that exon 3 of the SMN gene is specifically
responsible for axonogenesis and its transcript is referred to as a-SMN (Setola et
al., 2007). A-Smn is predominantly expressed in the white matter of the spinal
cord and actively participates in the formation of ventral roots (Setola et al.,
2007). When we examine the localization of SMN in relation to axons, it is
evident that SMN protein is found in axons, axonal branches, growth cones (the
areas of axonal growth), and branch points (van Bergeijk et al., 2007). However, it
is noteworthy that SMN proteins are particularly concentrated in the growth cone,
indicating that Smn serves as a prominent marker for growth cones (Fan and
Simard, 2002).

The substantial impact of SMN protein in the central nervous system,
primarily localized and expressed in axons and growth cones, becomes evident
when considering its role in axon development and other axon components. The
deletion of Smn gene in the PC12 cell line, originating from sympatho-adrenal
phaeochromocytoma, serves as an effective model to study neuronal
differentiation with nerve growth factor (Greene and Tischler, 1976). In

connection with the SMN protein deficiency, the longest neurites in PC12 cells
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were morphometrically measured. Observations indicated that the lack of
SMN could cause a reduction in neurite lengths. Furthermore, these abnormalities
were corrected upon the re-addition of SMN, suggesting that SMN protein plays a
role in neurite outgrowth in axons (van Bergeijk et al., 2007). In a parallel study
using the same cell line, it was observed that the absence of SMN protein led to
neurite swelling and neurogenesis defects. This finding suggests abnormalities in
the cytoskeleton and irregularities in axonal transport (Bowerman, Shafey, and
Kothary, 2007). Furthermore, reintroducing the Smn gene corrected these
phenotypes (Bowerman, Shafey, and Kothary, 2007). Consequently, the reversal
of the pathology upon Smn gene reintroduction implies that this axon-skeleton

pathology in neurons is specifically associated with SMN deficiency.

Astrocytes typically serve supportive roles in the central nervous system,
including supplying nutrients, releasing trophic factors and recycling
neurotransmitters, all of which are essential for neuronal maintenance and

homeostasis (Siracusa, Fusco, and Cuzzocrea, 2019).

To investigate its association with SMA disease, SMN was selectively
introduced into astrocytes in the SMNA7 mouse model (Rindt et al., 2015). Upon
the restoration of astrocytic SMN, it played a role in maintaining the well-being of
lumbar motor neurons without increasing their numbers (Rindt et al., 2015). One
possible explanation for this positive effect is linked to glial cell line-derived
neurotrophic factor (GDNF). Normally, astrocytes secrete GDNF, which promotes
the development and proliferation of neuronal cells by preventing apoptosis
(Patitucci and Ebert, 2016).

However, in the case of SMN deletion, GDNF production is impaired and
might be associated with neuronal defects in SMA (McGivern et al., 2013). On
the other hand, one of the factors contributing to neuronal maintenance and
homeostasis is monocyte chemotactic proteinl (MCP1), which has previously
been shown to support neuron growth under stress conditions (Stowe et al.,

2012). It has been observed that the expression of MCP1 decreases in astrocytes
derived from SMA induced pluripotent stem cells (iPSCs)iPSCs (Martin et al.,
2017) Furthermore, to determine whether the effect of MCPL1 is directly on motor
neurons and, if so, to illustrate the nature of its influence. For this purpose,
recombinant MCP1 was administered to cultured neurons. This administration
was found to positively regulate neuronal growth, as evidenced in the research the

administration of recombinant MCP1 has been shown to positively
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regulate neuronal growth (Martin et al., 2017). Therefore, alterations in the level
of MCP1 secreted by astrocytes are dependent on SMN related to SMA pathology.

levels.

The impacts of astrocytes and astrocytes secreted chemokines on neuronal
integrity and survival occurs through neurotrophic factors and MCP1. What's
intriguing is that the effects of these factors are dependent on SMN. The
mechanisms that affect both astrocytes and neurons are associated with SMA
pathology.

1.2.2 Cytoskeleton Related Defects

When examining the structural interaction of the SMN protein, it has been
observed that the SMN protein interacts with Gemin2 at a rate of 40% and with
Gemina3 at a rate of 48% within neuronal granules, facilitating the formation of
snRNP complexes before the bounding of the Sm proteins (Zhang et al., 2006).
This complex of SMN and Gemin proteins is present as granules and is
transported bidirectionally along the cytoskeleton to reach both dendrites and the
growth cone, with their movement being dependent on the cytoskeleton (Zhang et
al., 2003).

In the cytoskeleton-dependent neuronal network, communication between
neurons occurs through synapses. The branched structure of axons is essential for
facilitating the assembly of synapses. Additionally, F-actin plays a crucial role in
initiating the formation of axon arbors, which in turn leads to the development of
filopodia. A study conducted on F-actin in primary mouse motor cells revealed
that a - actin significantly influences filopodia dynamics, while p-actin is primarily
involved in growth cone formation (Moradi et al., 2017). Given its widespread
functionality, all forms of actin, which are components of the cytoskeleton, play
fundamental roles in processes such as synaptogenesis, axon elongation, and

innervation of the neuromuscular plate (Chia et al., 2014).

Regarding the interaction of the CNS components mentioned above with
the SMN protein, it was observed that the deletion of Smn gene in the PC12 cell
line, originating from sympatho-adrenal phaeochromocytoma, serve as an
effective model to study neuronal differentiation with nerve growth factor (Greene
and Tischler, 1976). In connection with the SMN protein deficiency, the longest
neurites in PC12 cells were morphometrically measured. Observations indicated
that the lack of SMN could cause a reduction in neurite lengths and a change in the
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ratio. Furthermore, these abnormalities were corrected upon the re-
addition of SMN, suggesting that SMN protein plays a role in neurite outgrowth

and influences actin dynamics in axons (van Bergeijk et al., 2007).

In a parallel study using the same cell line, it was observed that the
absence of SMN protein led to neurite swelling and neurogenesis defects. This
finding suggests abnormalities in the cytoskeleton and irregularities in axonal
transport (Bowerman, Shafey, and Kothary, 2007). Furthermore, reintroducing
the Smn gene corrected these phenotypes (Bowerman, Shafey, and Kothary,
2007). Consequently, the reversal of the pathology upon Smn gene reintroduction
implies that this axon-skeleton pathology in neurons is specifically associated
with SMN deficiency.

Profilin, which co-localizes with the SMN protein and regulates actin
dynamics by directly binding to actin, has an expressed isoform known as
profilin2a in neuronal cells (Giesemann et al., 1999). It has been discovered that
the expression of profilin lla increases in Smn- knockdown (KD) KD-PC12 cells
(Bowerman, Shafey, and Kothary, 2007). Moreover, profilin's impact on the
axonal cytoskeleton stability is mediated through the Rho-Rock pathway, which
inhibits neuronal outgrowth and reduces neuronal differentiation (Da Silva et al.,
2003).(Bowerman, Shafey, and Kothary, 2007). As a result of its inhibition of
Rho-Rock pathway-dependent profilin activity by Y-27632 treatment,
ameliorates regulation is observed in the neuronal integrity, and differentiation
profile and survival in Smn?8" (Bowerman et al., 2010). The effect of profilin Ila
on SMA pathology is also potentially associated to the phosphorylation

modification of profilin serine residues (Walter et al., 2020).

Plastin-3 is an actin-binding protein that plays a role in stabilizing the actin
cytoskeleton of nerve cells, important for the development and function of the
nervous system (Wolff et al., 2021). Its protective effect on neuronal cells has been
confirmed in severe SMA mouse models and Smn-KD zebrafish models (Oprea et
al., 2008). When examined more closely, it has been found that Plastin-3 protein
co-localizes with the SMN and F-actin proteins in both axons and growth cones
(Oprea et al., 2008). In the SMNA7 mouse model, the overexpression of Plastin-3
has been shown to rescue the phenotypic defects associated with axonal

elongation and outgrowth development (Alrafiah et al., 2018).

In detail, the specific type of mMRNA being transported along the axons (-
actin), RNA-binding heterogeneous nuclear ribonucleoprotein (hnRNP) and SMN
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proteins interact to regulate the cytoskeleton and support the formation of
neuronal connections (Jablonka et al., 2007). Furthermore, when primary motor
neurons were isolated from Smn”"; SMN2 SMA mice, it was found that there were
reduced levels of B-actin mMRNA in the distal axonal region and growth cones,
accompanied by a decrease in axonal length (Rossoll et al., 2003). To conduct a
more detailed examination of damage in the growth cone, researchers investigated
the frequency of calcium transitions in the pre- synaptic active zone, which

revealed a decrease in excitability (Jablonka et al., 2007).

The direct interaction between SMN protein and cytoskeletal structures,
including their modifications, which play crucial roles in various CNS functions
such as the transport of necessary signals-BE SPECIFIC and the formation of
synapses- INCOMPLETE. The paramount importance of the SMN protein in both
the developmental and functional aspects of the central nervous system has

become evident.

1.2.3 Apoptosis

The gene responsible for neuronal apoptosis, known as (neuronal apoptosis
inhibitor protein) NAIP, is situated on chromosome 5, in close proximity to the
SMN1 gene location (Roy et al., 1995). Notably, NAIP is mutated in nearly half of
SMA patients (Roy et al., 1995). Consequently, it has been hypothesized that the
apoptosis mechanism contributes to neuronal loss in SMA.

When SMN2 copy numbers and NAIP gene expression were jointly
evaluated in 42 SMA patients, NAIP deletions were predominantly detected in
Type | patients (Watihayati et al., 2009). In simpler terms, SMA patients with the
fewest SMNZ2 copies also exhibited NAIP mutations (Watihayati et al., 2009).
Therefore, it is suggested that NAIP may exacerbate the disease in conjunction

with the reduced number of SMN2 copies.

Furthermore, there was an increase in motor neuron death in Smn-KD
NSC-34 neuron cells, which was linked to elevated caspase-3 activity, a key
player in the process of apoptosis (Parker et al., 2008). In parallel, in iPSCs of
SMA patients, the activity of apoptosis-promoting enzymes caspase 3 and caspase
8 increased, resulting in apoptosis to motor neurons. However, this damage could
be mitigated by blocking apoptosis by addition of either a Fas blocking antibody,

which is ligand of caspase-8, or a caspase-3 inhibitor (Sareen et al., 2012).
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Another protein involved in apoptosis is Bcl2-xL, an anti-apoptotic
member of the Bcl2 family that inhibits pro-apoptotic components (Siddiqui,
Ahad, and Ahsan, 2015). The neuroprotective effect of Bcl-xL has been validated
in primary neuron cultures from ALS rats (embryonic day 15) (Garrity-Moses et
al., 2005). In the crossed SMA/Bcl-xL mouse model, the number and size of
neurons increased as well as prolonging their life span by decreasing apoptotic
activity (Tsai et al., 2008).

1.3 Skeletal Muscle Pathologies in SMA

Muscle atrophy, weakness, and aberrant expression of muscle-specific
proteins are hallmarks of SMA pathology (Nicole et al., 2003). The fact that these
developmental and functional defects in muscles are observed early, even before
CNS abnormalities (J. Boyer et al., 2013), suggests that they may be primary
contributing factors in the pathology of SMA.

Transcriptomic analyses conducted in three distinct atrophy models
(denervation, immobilization, and hindlimb suspension in rats) led to the
identification of muscle ring finger 1 (MuRF1) and muscle atrophy f-box
(MAFbx) as prominent ubiquitin ligases associated with atrophy (Bodine et al.,
2001). To further investigate the functions of these ligases in vivo, studies
involving mouse models with deleted MuRF1 and MAFbx genes were conducted,
and intriguing findings emerged.

Specifically, mice lacking these genes did not develop an atrophy phenotype
(Bodine et al., 2001). In a subsequent study, were targeted for knockdown in the
SMNA7 mouse model (lyer et al., 2014). On the other hand, it was observed that
the deletion of the MuRF1 gene resulted in a shortened lifespan for in in the
SMNA7 mouse model this model (lyer et al., 2014). Conversely, the knockdown
of MAFbx had no significant impact on weight and lifespan but did lead to an
increase in muscle fibers in the same mouse model (lyer et al., 2014). These
results suggest that the deletion of these ligases alone may not be sufficient to
reverse atrophy in the context of SMA. Furthermore, it raises the possibility that
another gene, involved in the upregulation of these ligases, could potentially

contribute to the atrophy observed in SMA cases.
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1.3.1 SMA and Myogenesis

Myogenesis is the process of muscle tissue formation during embryonic
development (Bentzinger et al., 2012; Davis et al., 1987). This process is
carefully orchestrated from myotomes (embryonic progenitors) to development
of myofibers (mature muscle cells) (Zammit, 2017). This complex process
involves several key factors, including Pax proteins and myogenic regulatory
factors (MRFs) such as myogenin, MyoD, Myf5 and MRF4, each playing distinct
roles (Zammit, 2017).

To better understand the sequential stages and the factors that influence
them, let's break myogenic progression down. The initial stage involves the
conversion of somatic mesoderm into nucleated myotomes, driven by the
expression of Pax3 and Pax7 (Hasty et al., 1993). As we progress to subsequent
stages, the roles of Pax3 and Pax7 are taken over by MyoD and Myf5, leading to
the formation of myoblasts (precursor cells/proliferation phase)
(Mastroyiannopoulos et al., 2012). Differentiation begins when myogenin and
MRF4 come into play, resulting in the formation of myocytes. The myocytes are
single-nucleus, slender muscle cells, characterized by their inclination towards
differentiation and fusion within muscle tissues (Jang, 2013). MyoD and myogenin
facilitate the fusion of myocytes transforming them into multi-nucleated primary
myofibers, which, in turn, express critical proteins like myosin heavy chain and
muscle creatine kinase essential for muscle development (Schiaffino et al., 2015).
The final stage of myogenesis involves the maturation of myotubes into mature
myofibers. It's worth noting that myogenin plays a pivotal role not only in
determining the size and number of myofibers but also in the ongoing

development of myotubes (Ganassi et al., 2018).

To gain a comprehensive understanding of the interplay between muscle
tissue and the SMN protein, researchers have employed a model involving Smn-
KD C2C12 cells, a mouse muscle cell line, with varying degrees of Smn
knockdown intensity (Shafey, C6té, and Kothary, 2005). This investigation
revealed that as Smn depletion increased in C2C12 cells, there was a notable
decrease in proliferation, the emergence of abnormal myotubes and impairments
in myoblast fusion (Shafey, C6té, and Kothary, 2005). These findings
unequivocally establish a direct and substantial correlation between Smn loss and
muscle defects. Furthermore, to substantiate the connection between the SMN
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protein and skeletal muscle, observations from an SMA drosophila models are
noteworthy. This model displayed severe atrophic phenotypes such as the

inability to fly and jump (Rajendra et al., 2007).

Expanding on muscle development defects of SMA in molecular level,
the satellite cell, a pivotal stem cell population within muscle tissue, is commonly
assessed through PAX7 quantification. Remarkably, research has indicated a
substantial increase in PAX7 expression, particularly in atrophic regions during
the postnatal phase in prenatal samples of SMA Type | patient, which implies a
delay in muscle maturation (Martinez-Hernandez et al., 2014). Confirming these
findings through histochemistry analyses, it was noted that the levels of PAX3
and Ki67, recognized both as myogenic markers and precursors, exhibited an
increase; while the expression of MYOD and MYHIE decreased in SMA Type |
patients (Hellbach et al., 2018). In the context of these factors, it has been shown
in the primary myoblasts of Smn?®" mice that the expression of Pax7, MyoD,
MyoG and MHC is significantly reduced comparing controls (Boyer et al., 2014).
This research underscores that the myogenic program is delayed in the context of
SMA.

In an examination conducted on Smn?8" and Smn”";SMN2 SMA mouse
models, a reduction in myogenin was observed alongside a similar decrease in
myosin heavy chain, a late marker of myogenic differentiation. These
observations suggest the presence of defects in myotube fusion potential and
differentiation processes (Boyer et al., 2014). Furthermore, an increase in
immature myofibers was detected in the skeletal muscles of SMA mouse models
(Boyer et al., 2014). In a parallel study, using a primary muscle cell line derived
from the SMNA7 SMA mouse model, it was revealed that the deficiency of Smn
led to decreased expression of talin, a focal adhesion protein crucial for myoblast
fusion. Consequently, myotubes were unable to become polynucleated and

transform into myofibers (Bricceno et al., 2014).

In conclusion, a reduction in SMN protein levels has been linked to delays
in muscle maturation and impairment myoblast fusion by following abnormalities

in the expression of muscle-specific factors.

20



1.3.2 Metabolism and Contraction of SMA

When exploring the complexities of muscle structure, we encounter the
sarcomere, the fundamental unit responsible for muscle contraction (Riddle et al.,
1997).

Within the sarcomere, there are bands rich in actin and myosin, as well as
structures known as Z-discs that regulate the coordination of sarcomeres and the
organization of actin bands (Clark et al., 2002). Notably, in the context of the
SMN protein, it is found co-localizing with a-actin at these Z-discs in both SMA
Drosophila and SMA mouse myofibrils (Da Silva et al., 2003; Rajendra et al.,
2007; Walker et al., 2008). Furthermore, the direct interaction of SMN with other
sarcomeric proteins like titin and profilin2, as detailed in the cytoskeleton section,
defines SMN as a sarcomeric protein itself (Sharma et al., 2005; Berciano et al.,
2020). A critical finding is the distinctive localization of the SMN protein in the
sarcomeres between skeletal myofibers of SMA Type | patients and those of
healthy individuals. In control groups, SMN protein localizes to titin-positive M-
bands and actin-positive I-bands. However, in Type | SMA skeletal muscle fibers,
its localization shifts to Z-discs (Berciano et al., 2020). These observations
suggest that the reduced and altered distribution of SMN protein can impact the
sarcomeric architecture, potentially leading to the disruption of myofibrils found

in SMA muscle independently of neurogenic myopathy (Berciano et al., 2020).

Turning our attention to the structure of quadriceps in individuals with
SMA Type | compared to control muscles; firstly, there's an abundance of fast
myosin chains in SMA, while slow myosin chains are less prevalent (Biral et al.,
1989). This structural change can impact muscle strength and endurance.
Typically, slow myosin chains are found in fibers that are necessary for
endurance, possessing the capacity for prolonged contraction. Slow-to-fast fibre-
type transitions can lead to muscles tiring more quickly during sustained activities
(Putman et al., 2004). Additionally, there's an intriguing structural distinction
concerning the proteins desmin and vimentin, which usually decrease as muscles
mature (Sarnat, 1992). However, in SMA postnatal muscle fibers, these proteins
maintain their levels (Le Verche et al., 2017).

Moving to muscle contraction initiation, it's crucial to emphasize the roles
of the Ryr1 receptor, which releases calcium ions, and its counterpart, Sercal,
responsible for calcium uptake in the sarcomere. In Smn?®"- and Smn”;SMN2

SMA mouse models, there is a delay in the transition from neonatal to adult
21



isoforms of proteins vital for proper muscle contractions, including ryanodine
receptors and sodium channels. Thus, factors like Ryrl and Sercal, might
contribute to muscle weakness in SMA due to developmental delays (Boyer et al.,
2013).

Let's delve into the realm of muscle catabolism. Two pivotal pathways
govern this process: the calcium-dependent calpain system and the ubiquitin
proteasome system (explain in the UPS) (Nury, Doucet, and Coux, 2007).
Importantly, Smn plays a crucial role in regulating proteolysis within catabolic
muscle metabolism, primarily through calpain cleavage (Walker et al., 2008). The
calpain-proteolysis system contributes to the degradation of proteins at Z-discs,
including the SMN protein. Consequently, inhibiting calpain-mediated protein
degradation emerges as a critical therapeutic target for SMA muscle development
(Walker et al., 2008).

In summary, the SMN protein not only contributes to muscle structure by
localizing in the functional unit of muscle, sarcomeres, but also plays a vital role

in muscle contraction particularly in the regulation of proteolysis.

1.3.3 Muscle Weakness and Developmental Changes Occurred Prior to any Neuronal
Damage

As a well-known, SMA is a neuromuscular disease. In the field of
research on this disease, frequently asked questions revolve around what kind of
relationship exists between muscles and nerves? Are they interdependent, or do
they act dependently of each other? If they are interdependent, which
component's pathology influences the other? For addressing this question, the
most suitable model area is the neuromuscular junction (NMJ), which is a
fundamental structure in the human body where a motor neuron communicates

with a muscle fiber, enabling muscle contraction.

Intriguingly, the pivotal role of muscle tissue in the pathophysiology of
SMA was initially unveiled through a nerve-muscle co-culture analysis, which
involved both SMA patients and a healthy control group back in 1995 (Braun et
al., 1995). This enlightening study demonstrated that when satellite cells from
SMA patients were incorporated into the culture, it resulted in damaged
innervated muscle fibers. In stark contrast, when muscle tissues from the control
group were utilized, the NMJ area exhibited a healthy pattern (Braun et al., 1995).
Consequently, these findings spurred discussions regarding whether muscle

degeneration or motor neuron degeneration serves as the primary driver of the



disease phenotype. Further shedding light on this debate, investigations involving
pre-symptomatic Smn?®" and Smn”;SMN2 SMA mouse models revealed that
muscle weakness and alterations in the expression of muscle-specific contraction
proteins occurred even before clinical signs manifested, and prior to any
observable neuronal damage (Boyer et al., 2013). This prompted a focused
examination into the direct role and potential impact of SMN deficiency within

muscle tissue, one of the peripheral tissues affected by SMA.

In a MyoD-iCre-Smn SMA mouse model, the SMN protein was selectively
deleted within muscle tissues while being retained in spinal cord neurons (Kim et
al., 2020). This experiment resulted in the observation of morphological
abnormalities in muscle fibers, muscle weakness, impaired muscle function,
disruption of the post- synaptic compartment and abnormalities in NMJ
morphology—associated with chronic myopathy. Significantly, the reintroduction
of SMN protein into the muscle led to the amelioration of these symptoms. In
conclusion, it becomes evident that SMN protein deficiency within muscle tissue
exerts a direct, independent, and profound influence on the emergence of the SMA

phenotype (Kim et al., 2020a).

These collective findings underscore the central role of muscle tissue

as a primary target for SMA therapy.

1.4 Neuromuscular junction (NMJ)

The NMJ is a specialized synapse that facilitates the transmission of
chemical signals from the nerve terminal to skeletal muscle using the

acetylcholine neurotransmitter (Creazzo and Sohal, 1983).

Within the NMJ, three key areas exist: the nerve terminal, synaptic cleft
and motor endplate. When the motor neuron undergoes depolarization, voltage-
gated calcium channels open. This allows calcium ions to enter, facilitating the
interaction of synaptic vesicles with the active zone. Consequently, acetylcholine
neurotransmitters are released into the synaptic cleft. Acetylcholine binds to the
alpha subunit of ligand- gated channels on the muscle membrane, resulting in the
opening of sodium and potassium voltage-gated channels (Liu et al., 2008). These
channels permit the entry of sodium ions into the motor endplate area. The
increased influx of sodium ions depolarizes the muscle and generates an endplate

potential, which serves as the stimulus for muscle contraction (Liu et al., 2008).
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A more detailed examination of the skeletal muscles interacting with
motor neurons has been conducted. Two different types of skeletal muscles play a
role in this synaptic formation. One is called Fast Synapsing — FaSyn (developing
within 1 day) and the other is referred to as Delayed Synapsing — DeSyn
(developing within several days) in young adult mice (Pun et al., 2002). These
two different muscles exhibit varying sensitivity to synaptic stability.
Furthermore, their dependence on the agrin protein, released from motor neurons
and responsible for inducing acetylcholine receptors differentiation in myotubes,
differs (Pun et al., 2002).

As a result, it is evident that skeletal muscles independently initiate the
formation of acetylcholine receptors in NMJ formation, and their responses to
motor neuron stimuli vary depending on the type of skeletal muscle, contributing
a decisive step to NMJ formation (Pun et al., 2002)

1.4.1 NMJ Pathology of SMA

To investigate the direct and clear impact of the SMN protein on NMJ
formation and maturation, NMJ-like structures were created using iPSC cells
derived from SMA patients. Consequently, it was shown that these SMA iPSC-
derived myoblasts had fewer and smaller clusters of AChRs compared to controls
(Yoshida et al., 2015). This study has demonstrated a direct pathophysiological
relationship between SMN protein and defects in AChR clustering.

Early indicators of SMA pathology are evident at NMJ. Notably, the
accumulation of neurofilament (NF) at the endplate serves as an early biomarker,
becoming noticeable in the SMNA7 SMA mouse model as early as the first post-
natal day (Dale et al., 2011). Upon microscopic examination of NMJ units, a
reduced density of synaptic vesicles is apparent in presynaptic terminal of SMNA7
SMA mouse model comparing to control littermates (Kong et al., 2009). There's
also a delay in acetylcholine molecules reaching their corresponding acetylcholine
receptors, which is linked to an imbalance expression of acetylcholine receptor
subunits. These neurotransmitter-related disruptions hinder the effective
stimulation required for muscle depolarization, which is crucial for muscle

contraction (Kong et al., 2009). Another
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factor related to distributed stimulation can be muscle fibre type (Murray et al.,
2008). In the SmnA7 SMA mouse model that fast-twitch myofibers (FaSyn) are
more susceptible to nerve connection loss (denervation) compared to slow-twitch
fibers (DeSyn) (Murray et al., 2008). Interestingly, the SMN”;SMN2 SMA
mouse model exhibited both post-synaptic endplate shrinkage and pre-synaptic
nerve terminal loss, which occurred independently of each other (Murray et al.,
2008). This implies that the post-synaptic changes observed at motor endplates
may be part of a more complex pathology that isn't directly a result of pre-
synaptic pathology or could even be independent of pre-synaptic issues
altogether (Murray et al., 2008).

Studies using primary muscle cells from SMA patients have uncovered
myotube fusion defects and differentiation abnormalities, which intriguingly, were
linked to a decrease in acetylcholine receptors (AChRs) (Arnold et al., 2004). In
the context of postsynaptic development, Z+ agrin, an extracellular matrix protein
that aids in the formation and activation of AChR vesicles, has been found to play
a significant role in this pathology (Krdger and Pfister, 2009). This was
demonstrated in severe and SMNA7 SMA mouse models, where Z+ agrin's
expression levels were notably reduced (Zhang et al., 2013). Offering a glimmer
of hope, therapeutic interventions that increase agrin expression have shown
promise in enhancing postsynaptic differentiation and improving NMJ defects,
particularly in Smn?®- SMA mice (Kaifer et al., 2020). Further expanding on the
role of agrin, its regulation through the MuSK receptor tyrosine kinase pathways
is of significant importance (Glass and Yancopoulos, 1997). This aspect is
especially relevant as SMNA7 SMA mouse models treated with a MuSK agonist
antibody have shown improvements in both innervation and synaptic efficacy, as
well as an increase in myofiber numbers (Feng et al., 2021). Thus, within the
broader framework of NMJ pathology, both agrin and MuSK are emerging as key
factors in its potential improvement. Further emphasizing NMJ dysfunction in
SMA, a clinical study involving SMA Type Il and type 111 patients showed
repetitive and decremental nerve stimulation compared to control subjects,
indicating further impairment of the NMJ (Wadman et al., 2012).

By focusing on these various aspects and models, we can gain a
more comprehensive understanding of the complex pathology of SMA,

especially as it pertains to NMJ dysfunction.
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1.5 SMA Has a Non-Neuromuscular Multicellular Function

Beyond the widely recognized symptoms of muscle atrophy and alpha
motor neuron loss in SMA, emerging research is shedding light on a broader
scope of issues. These include defects in non-neuromuscular tissues resulting
from SMN protein depletion (Poirier et al., 2018). Recent studies in SMA models
have demonstrated that SMN protein deficiency leads to developmental issues in
various peripheral tissues such as the pancreas (Bowerman et al., 2012), liver
(Deguise et al., 2019), adipose tissue (Watson et al., 2021), heart (Palladino et al.,
2011) and Gl (Sintusek et al., 2016).

To differentiate the effects on the central nervous system (CNS) from
those outside of it in SMA, research on SMA mouse models has involved
comparing systemic SMN restoration through subcutaneous administration of
gene therapy, an antisense oligonucleotide (ASO) that modifies SMNZ2 pre-
MRNA, with CNS-specific SMN restoration achieved by intracerebroventricular
ASO administration (Aartsma-Rus, 2017; Passini et al., 2011). Notably, the results
showed that subcutaneous SMN administration was significantly more effective,

leading to a remarkable 25-fold increase in lifespan (Hua et al., 2011).

This body of research underscores the importance of targeting not just the
CNS but also peripheral tissues for effective SMN therapy.

1.5.1 Pancreatic Developmental Defects in SMA

One notable example is the pancreas, a key organ involved in regulating
energy balance and glucose homeostasis. In the regulation of glucose metabolism
and control of blood sugar levels, the pancreas plays a central role, executing its
metabolic and endocrine regulatory functions through its alpha and beta islet
cells. Beta islets, by secreting insulin, lower blood sugar levels, while alpha islets
release glucagon, a hormone that raises blood sugar, thus creating metabolic
balance (Hopcroft, Mason and Scott, 1985).

To delve into the pancreatic changes, immunohistochemical analyses were
conducted on the pancreas of the Smn 22~ SMA mouse model. These studies
specifically assessed the composition and ratio of glucagon-releasing alpha islets
to insulin- producing beta islets. The results indicated that SMA mice exhibit a

decreased number of beta islets and an increased number of alpha islets
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(Bowerman et al., 2012). Notably, these findings were corroborated in
human SMA patients, where a similar imbalance between insulin-producing beta

islets and glucagon-producing alpha islets was observed (Bowerman et al., 2012).

To further explore whether these pancreatic changes are directly related to
the SMN protein, another study re-examined the pancreas in Smn*"- mouse
models, which are devoid of an overt SMA phenotype, (Bowerman et al., 2014).
This subsequent investigation revealed an abnormal composition of both
glucagon-producing alpha cells and insulin-releasing a- cells (Bowerman et al.,
2014).

Collectively, these studies indicate that the observed pancreatic
abnormalities in SMA might develop independent of canonical SMA pathology.
Yet, the potential absence of the SMN1 gene is speculated to make tissues more
susceptible to developmental abnormalities, thereby adding another layer of

complexity to the disease pathology.

1.5.2 Liver Developmental Defects in SMA

Low levels of SMN protein leads to various systemic pathologies,

including those affecting the liver.

In adult human tissue, the liver expresses higher levels of SMN protein
compared to some tissues including spinal cord (D. D. Coovert et al., 1997).
Research on a mouse model with liver-specific deletion of the Smn gene has
provided significant insights into the pathology of the liver in SMA. This
particular model demonstrated notable features such as massive iron overload in
the liver and late embryonic lethality, suggesting that the absence of SMN protein
impairs the liver's regenerative capacity, leading to liver atrophy (Vitte et al.,
2004).Morphologically, when examining the development of the liver in P9
Taiwanese (Smn™~x Smn~"; SMN29"9) SMA mice, morphological analyses
revealed a relative reduction in liver size and a considerably darker colour, which
is sign of developmentally immature and congested with blood (Szunyogova et
al., 2016). The Smn?2~ mice exhibited abnormal features such as paleness,
indicative of increased lipid content, which precedes denervation (Deguise et al.,
2019). Crucially, in the Smn?2~ mouse model, highlights the significant role of
the SMN protein in the pathology of SMA, particularly in relation to

dyslipidemia and fatty liver diseases (Deguise et al., 2019). These conditions are
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particularly noteworthy in pediatric patients. Indeed, liver steatosis has
been observed in 37.5% of cases (Schwimmer et al., 2006), and a phenotype
indicative of lipid accumulation has been exhibited in 13% of cases (Pacifico et
al., 2010), underscoring the increased vulnerability of SMA patients to these liver
conditions. Collectively, the evidence of iron and lipid accumulation, along with
abnormal morphological indicators, points to a developmental impairment in the

liver associated with SMA.

Insulin Growth Factor Binding Protein, Acid Labile Subunit (IGFALS) is
primarily produced by the liver. It forms a complex with Insulin-like Growth
Factor 1 (IGF1) and Insulin-like Growth Factor Binding Protein 3 (IGFBP3),
enhancing the stability and biological life of IGF1 in circulation. A significant
reduction in Igfals mRNA was observed in the liver of both P1 and P5 Taiwanese
SMA mice; furthermore, ASO administration rescued Igfals expression, resulting
in phenotypic improvement (Hua et al., 2011). Additionally, in Type | SMA
patients, the IGF1 receptor and its underlying signaling pathway are disrupted
(Millino et al., 2009a). Therefore, the deficiency of IGF1, a potent neurotrophic
growth factor, has been suggested to contribute to SMA pathogenesis.

Building upon these findings, research on the Taiwanese SMA mouse
model focused on the liver's role in erythropoietin and thrombopoietin production
during fetal development. These studies revealed that, as an indication of failed
liver development in SMA, platelets in these mice aggregate into circulating clot-
like accumulations. Additionally, erythropoiesis—the formation of red blood
cells—is prolonged, leading to congestion in the liver sinusoids due to the
accumulation of erythrocyte precursor cells. This abnormal erythropoiesis alters
both the composition and function of blood in the Smn™~;Smn~"";SMN2'9"9

mouse model's liver (Szunyogova et al., 2016).

The research underscores the critical role of the SMN protein in liver
health, with its deficiency in SMA leading to serious liver pathologies, including
atrophy, iron overload, and impaired function. Studies in SMA mouse models
reveal liver pathologies such as non-alcoholic fatty liver disease and disrupted

erythropoiesis due to SMN protein absence.

28



1.5.3 Heart Developmental Defects in SMA

In the study of SMA and its impact on cardiovascular health, evidence
from both clinical cases and animal models has deepened our understanding of

the disease's multi-systemic nature.

Animal models offer crucial insights into the cardiovascular effects of
SMA, revealing a range of heart-related issues that manifest before neurological
symptoms. For example, severe SMA mouse models showed early onset of
cardiac fibrosis, even before neuronal damage could be observed (Shababi et al.,
2010). Building on this, subsequent studies using electrocardiogram analysis
further discovered signs of cardiac arrhythmia and cardiomyopathy in these
models (Heier et al., 2010).

An analysis of pediatric SMA patients, comprising of 37 cases of Type |
and 6 of Type I, revealed that 37% experienced right heart ventricular
enlargement due to pulmonary hypertension (Distefano et al., 1994).
Concurrently, another study examining SMA patients aged between 10 and 79,
found myocardial thickening, angina pectoris, and diastolic symptoms following

ECG and echocardiographic examinations (Finsterer and Stollberger, 1999).

To elucidate the ambiguous relationship between SMA and heart diseases,
a case study categorized 65 SMA patients based on their SMN2 copy numbers.
Intriguingly, cardiac arterial ventricular septal damage was most frequent in
patients with just a single SMN2 transcript, linking SMN gene mutation directly to
heart malformations (Rudnik-Schoneborn et al., 2008). Furthermore, congenital
heart conditions specific to SMA Type I, such as hypoplastic left heart, were
observed (Menke et al., 2008).

In summary, both clinical and pre-clinical studies underline the necessity
to consider the cardiovascular system when examining SMA pathology. These
findings add another dimension to the understanding of SMA's multi-systemic
impact, highlighting the need for treatment approaches that extend beyond

targeting the neuromuscular system alone.



1.5.4 SMA Gastrointestinal Dysfunction

According to the 2007 Consensus Statement for Standard of Care in SMA,
the initial step in investigating gastrointestinal (Gl) defects in SMA patients
involves documenting issues such as gastroesophageal reflux and delayed gastric
emptying (Wang et al., 2007). This is particularly relevant given that the enteric
nervous system, a component of the autonomic nervous system, plays a crucial
role in regulating GI functions. The GI system, like the spinal cord, is rich in
neurons (Furness, 2000). Additionally, the sedentary lifestyle that many SMA

patients lead can exacerbate digestive problems (Yeung and Di Lorenzo, 2012).

Building on this, research using Smn-KD mouse models has shown that
the loss of Smn gene contributes to various Gl issues. These include constipation,
decreased colonic motility and delayed gastric emptying, all of which occur due to
impaired communication between enteric neurons and smooth muscle cells
without actual neuron death (Gombash et al., 2015). Notably, treatments involving
systemic application of antisense oligonucleotides led to an improvement in Gl
symptoms. This further supports the notion that GI dysfunction in SMA is linked
to Smn deficiency, emphasizing the need for therapies that go beyond targeting
the central CNS for effective treatment (Sintusek et al., 2016).

Another study by Sintusek et al. found a 65-75% reduction in intestinal
blood vessels due to SMN loss. This led to the hypothesis that Gl issues could
also be a secondary consequence of reduced vascularization, which is linked to

low Smn levels (Sintusek et al., 2016).

Moreover, a 2018 study connected intestinal damage with systemic
inflammation in an SMA mouse model. Through flow cytometric analysis, it was
found that elevated levels of pro-cytokines in the intestine triggered inflammation
in the bloodstream and liver (Wan et al., 2018).

Research indicates that SMN protein deficiency in SMA leads to
gastrointestinal issues due to impaired neuron-muscle communication,
exacerbated by patients' sedentary lifestyles. Further studies link these Gl
dysfunctions to reduced vascularization and systemic inflammation. These
insights underscore the need for holistic SMA treatments addressing both central

nervous system and gastrointestinal complications.
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1.6 Metabolism

As detailed above, it's evident that many peripheral tissues selectively
exhibit sensitivity to the SMN protein. The developmental and maintenance
defects observed in peripheral organs can easily reflect metabolism, leading to the
possibility of multi- metabolic disorders occurring in SMA, either in related or nor
related to each other. In addition, several studies have shown that reduced SMN
protein levels completely associated with certain metabolic processes, including
those related to glucose (Bowerman et al., 2012), fatty acid metabolism (Deguise
etal., 2021), and circadian rhythms (Lisa M Walter et al., 2018).

These findings suggest a more extensive impact of SMA on overall body
physiology and raise questions about whether these effects are organ-specific or
occur homogeneously throughout the body.

1.6.1 Glucose metabolism

The pancreas, muscle and liver are the primary peripheral organs
responsible for regulating blood glucose levels. The pancreas plays its part by
hormonally controlling glucose through the secretion of glucagon and insulin
(Nakrani et al., 2023).

Meanwhile, muscle tissue metabolically manages glucose, absorbing up to 80% of
it from circulation (Berger et al., 1979). Insulin resistance often arises from muscle
tissue losing sensitivity to insulin produced by the pancreas (Minokoshi et al.,
2012).

Gluconeogenesis, the process of forming glucose from non-carbohydrate
sources, is complemented by the liver's ability to store excess glucose as glycogen
(Han et al., 2016). In this context, the pancreas (explained in ’Pancreatic
Developmental Defects in SMA ** section), skeletal muscle and liver serve as
pivotal regulators of glucose metabolism circulation. Moreover, adipose tissue can
involve indirectly to keep balance in bioenergy due to metabolic crosstalk
(Deguise et al., 2021a).

In discussing human cases, a notable example is a 29-year-old male patient
with Type Il SMA, who was diagnosed with diabetes. This diagnosis was based
on elevated blood glucose levels and the presence of beta-hydroxybutyrate and
acetone as urinary ketones. The presence of these ketones is indicative of the

absence of glucose in tissues, leading to the body using lipids to produce energy



instead of glucose (LaMarca et al., 2013). Further, insulin resistance and urinary
ketones were found in 50% of obese pediatric patients with Type Il SMA (Davis
et al., 2015). Despite having normal glucose levels, 15 out of 35 SMA patients
across Types I-111 displayed hyperleptinemia, a marker of insulin resistance
(Kolbel et al., 2017). In SMA patients, the observed diabetic and glucose

2B mouse model

resistance symptoms have been studied in detail using the Smn
(Bowerman et al., 2012). This was done by administering an intraperitoneal (IP)
glucose tolerance test, which involves an excessive glucose load, to fasting
Smn?®"- mice. The results of this test revealed that fasting Smn?®" mice had higher
blood glucose levels compared to controls, indicating that glucose remained in
circulation and was not utilized by the tissues (Bowerman et al., 2012). However,
the measurement of fasting blood glucose in SMA Type | patients has not been
appropriate due to the pathology of the disease, which includes severely

diminished lean body mass and energy reserves (Bowerman et al., 2012).

Thus, various biochemical markers have indicated that glucose metabolism
issues are indeed prevalent in SMA patients. These findings highlight the
importance of monitoring and managing glucose metabolism in SMA,

emphasizing the disease's systemic nature beyond neuromuscular symptoms.

Muscle
In cellular energy production, glucose is the primary fuel and is converted into

ATP and NADH through a process known as glycolysis. However, when glucose
metabolism is compromised—often due to certain medical conditions—the body
can adapt by using alternative substrates like glycerol lactate, and pyruvate to keep
the energy production going (Nakrani, Wineland, and Anjum, 2023). Essentially,
the body has a fallback mechanism for energy production when glucose is in short

supply under glucose metabolism defects.

Transitioning to the specific context of SMA, muscle tissue normally has the
capacity to engage in gluconeogenesis using stored biomolecules when blood
glucose is unavailable (Jacobsen et al., 1995; @rngreen et al., 2003). However, the
muscle atrophy associated with SMA restricts this ability, leading to reduced
gluconeogenesis. This decline may further impair glucose metabolism in SMA
patients, potentially causing hypoglycaemia. Supporting this, hypoglycaemia
observed in Types | and 11 SMA patients has been linked to a deficiency in
gluconeogenesis (Bowerman et al., 2012a).

Conversely, another hypothesis suggests that muscle tissue, which normally 2



utilizes about 80% of circulating glucose (da Silva Rosa et al., 2020), may use less due to
reduced muscle mass resulting from atrophy. This could lead to increased levels of glucose in
circulation, manifesting as hyperglycaemia. Therefore, the complex balance between
gluconeogenesis and glucose uptake from circulation due to muscle atrophy in SMA needs to
be thoroughly investigated to determine which aspect is more dominant. In the case of SMA,
the reduced muscle mass may lead to fewer insulin receptors, resulting in less efficient use of
circulating glucose depending on the insulin-unsensitive receptors on the skeletal muscle
(Turcotte and Fisher, 2008).

Liver

Under normal physiological conditions, when blood glucose levels drop, the
body releases glucagon, a hormone that primarily targets the liver. In the liver,
glucagon binds to its receptors, activating the cCAMP/p-CREB pathway. This leads
to increased glucose synthesis in the liver and its release into the bloodstream, thus
working to elevate the lowered blood glucose levels (Ramnanan et al., 2011). This
process has been investigated in a Smn*~ mouse model for better understanding
SMA pathology. To assess liver responsiveness to glucagon, researchers measured
the levels of phosphorylated-cAMP response element-binding protein (p-CREB),
a crucial component in promoting of liver glucagon signaling (Bowerman et al.,
2014).

Interestingly, heightened p-CREB levels were noted in the livers of these
Smn*" mice (Bowerman et al., 2014). This increase in p-CREB activity implies
that hepatic gluconeogenesis is activated, leading to heightened glucose
production in the liver.

While the precise underlying mechanisms are still being elucidated, it
appears that this increased glucagon sensitivity and subsequent p-CREB activation
may be associated with decreased glucose clearance, thus maintaining elevated
glucose levels in the bloodstream (Bowerman et al., 2014).

Adipose Tissue

All three types of fat cells—white, beige, and brown—~have the shared
characteristic of releasing substances, potentially including exosomes, that
influence glucose regulation in remote tissues. However, it is worth noting that
brown and beige fat cells are proactive in absorbing glucose when stimulated by
beta-adrenergic signaling and insulin and they also play a role in increasing energy

expenditure (Czech, 2020).
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In the context of SMA, it has been proposed that the excessive
hyperglucagonemia observed leads to the induction of phosphorylated CREB (p-
CREB) activation, which is believed to break down lipids in WAT and
subsequently convert them into fatty acids in the liver (Deguise et al., 2021b).
Moreover, in the Smn®”27;SMN2*"* mouse model, an increase in the levels of
lipogenic genes in WAT has been observed. Interestingly, this effect can be
reversed with exercise (Houdebine et al., 2019a). Another a plausible reason for
the disruption of metabolism in adipose tissue, which may interact with glucose
metabolism through metabolic crosstalk along the pancreas-liver axis, is the
observed disruption of circadian rhythm in WAT in the Smn?®- SMA mouse
models (Walter, Koch, et al., 2018).

Taking all these into account, it can be hypothesized that due to the SMN
protein loss, hyperglucagonemia -induced dysregulation of lipogenesis and

circadian genes occurs in WAT tissue.

1.6.2 Fatty Acid Metabolism

Fatty acids serve multiple functions within cells, acting both as sources of
energy and as structural components (Wakil and Abu-Elheiga, 2009). They are
produced from acetyl-CoA through a complex metabolic process. This begins
with the conversion of glucose to pyruvate via glycolysis, which is subsequently
funneled into the mitochondria for the Krebs cycle, a process pivotal for

generating ATP and other energy molecules (Mao et al., 2006).

In the context of SMA, mouse models have provided deeper insights into
fatty acid metabolism, enabling the identification of abnormalities in a

comprehensive manner. In the Smn?®- mouse model, researchers first noticed a

NAFLD phenotype manifesting before any loss of neurons (Deguise et al., 2019).

Significant regulatory changes were identified, including a striking 25-fold
increase in triglyceride levels, along with increases in low-density lipoprotein
(LDL), very low-density lipoprotein (VLDL), and total cholesterol, which are
considered risk factors for hyperlipidaemia and accumulation. Conversely, there
was a decrease in high-density lipoprotein (HDL), which is associated with clear
cholesterol and preventing accumulation (Deguise et al., 2019). In the muscle
tissues of these SMA mice, there was also a noticeable reduction in fatty acid
oxidation (Deguise et al., 2019). These abnormalities were confirmed across
multiple mouse models, indicating shifts in nine lipid metabolism-specific genes

(Deguise et al., 2019). Importantly, these metabolic defects were observed not

34



just in the liver, but also in muscle, white adipose tissue and the circulatory

system.

This focus on lipid metabolism is also supported by findings in SMA
patients. One landmark study detected dicarboxylic aciduria, an abnormal
condition indicating disrupted lipid metabolism, in the blood tests of SMA
patients (Kelley and Sladky,1986). Another study among paediatric SMA patients
found elevated levels of esterified carnitine, essential for fatty acid transport into
mitochondria (Tein et al., 1995).

Extending the clinical picture, a detailed study on dyslipidaemia in 72
SMA patients revealed similar trends. Specifically, the paediatric prevalence of
LDL was found to be twice the normal rate in their serum (Dathan-Stumpf et al.,
2016; Ford et al., 2009). Furthermore, 37% of these patients had at least one
indicator of dyslipidaemia, and 20% had at least two (Li et al., 2010). Studies
focusing on childhood and adolescent SMA patients have highlighted not just
glucose metabolism abnormalities but also a high prevalence of dyslipidaemia,
with some patients even exhibiting both hepatic steatosis and glucose metabolism
defects (Djordjevic et al., 2021).

Building on this basis, research has shown a link between lipid
accumulation in the liver, increased insulin resistance, suggesting an intricate
interplay between lipid and glucose metabolism (Mao et al., 2006). In the Smn?8"
mouse model, it has been identified that there is an overload of fatty acids coming
from the periphery to liver (Deguise et al., 2021b). The causes of this overload
fatty acid accumulation could be hyperglucagonemia, breakdown of adipose
tissue, and decreased demand from muscle tissue. As a result, there is an
accumulation of triglycerides (TG) in the liver, increased oxidative stress,
impaired insulin resistance (lowered ability to phosphorylate protein kinase B
(Akt)). Moreover, mitochondrial dysfunction and signs of overload in the
mitochondria are evidenced by an increase in beta-oxidation, as indicated by
elevated levels of reactive ROS and CYP4A, but a decrease in CPT1 (Deguise et
al., 2021b).

In summary, the intricate relationship between lipid metabolism and SMA
is increasingly clear, highlighting the need for focused metabolic management in

all peripheral metabolism for SMA treatment strategies.
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1.6.3 Metabolism and Circadian Rhythms

Rhythmicity is an evolutionary trait that is conserved across a broad
spectrum of living organisms, from the simplest to the most complex. This
rhythmicity operates under the control of a molecular clock situated in the
suprachiasmatic nuclei (SCN) of the brain (Mayeuf-Louchart, Staels, and Duez,
2015). The molecular clock serves a critical function in the regulation of various
physiological processes, including metabolism and energy balance (Dibner,
Schibler, and Albrecht, 2010). Recent research has extended our understanding of
this system by revealing that, in addition to the central molecular clock in the
SCN, each peripheral tissue also has its own self- sustained circadian rhythms.
Interestingly, these peripheral clocks have been found to influence each other's
rhythmic patterns as well (Yoo et al., 2004).

This rhythmic coordination is controlled by clock genes, specifically
CLOCK and BMALL1. These transcription factors bind to promoter regions of
genes essential for circadian rhythm such as Cry and Per (Menet, Pescatore, and
Rosbash, 2014).Importantly, there is a feedback loop between these master
regulators and Cry and Per genes, which can inhibit CLOCK and BMAL1 when
overexpressed (Ye et al., 2014). The light-dark cycle orchestrates a rhythm in all
physiological processes across various peripheral tissues such as the liver, muscle
and pancreas. Specifically, the transcription factor KIf15, which maintains
metabolic homeostasis in muscle tissues and other peripheral tissues on a diurnal
basis, can be considered a biomarker for muscle metabolic and pathological
conditions. Observations of diurnal-dependent dysregulation of this factor in
SMA mouse models, and the subsequent improvement of SMA mouse phenotypes
through the modulation of KIf15 pathway via GCs, underscore the importance of
circadian rhythms and diurnally expressed genes in the pathogenesis of SMA
(Lisa M. Walter et al., 2018). To gain a clearer understanding of the relationship
between SMA and circadian metabolism, studies have been conducted on Smn?8-
SMA mice. These studies found that the Smn gene displays a diurnal pattern in
both central and peripheral tissues (Lisa M. Walter et al., 2018). Moreover, it was
observed that controlled light (CL) treatment alleviated the SMA mouse
phenotype.
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In human SMA patients, it's clear that the functioning of peripheral tissues
under circadian control is compromised. For instance, sleep patterns are disrupted,
whereby children with SMA have been found to suffer from nocturnal hypoxemia
and hypercapnia (Bersanini et al., 2012). Moreover, SMA Type | patients exhibit
extended sleep delays and higher apnea/hypopnea indices (Verrillo et al., 2014).

In conclusion, there's compelling evidence that circadian rhythms play a
multifaceted role in the physiology and pathology of SMA. These rhythms not
only modulate metabolic processes in affected tissues but may also worsen
conditions through a loss of the Smn gene, thus underscoring the complexity of
SMA and the potential therapeutic avenues that might stem from better

understanding these rhythmic patterns.

1.6.4 Amino Acid Metabolism

Branched-Chain Amino Acids (BCAAs), specifically leucine, isoleucine,
and valine, are recognized as crucial building blocks for muscle tissue structure
(Harper, Miller, and Block, 1984). Initial research on wild-type mouse models
indicates that BCAA supplementation can enhance muscle endurance and prolong
lifespan by stimulating mitochondrial biogenesis via the activation of the Sirtl
gene (D'Antona et al., 2010). Importantly, BCAA-dependent mitochondrial
biogenesis indirectly supports ATP production, especially in tissues with high

energy demands like muscle.

When considering the specific challenges faced by SMA patients,
hypoglycaemia is a common issue, as discussed in our earlier section on glucose
metabolism. This low blood sugar condition forces the body to utilize amino acids
for energy, adding further stress to already weakened muscle tissue (Bruce et al.,
1995). Supplementing with BCAASs can mitigate this stress by providing an
external source of essential amino acids. In both mouse and human models,
BCAAs have been found to enhance mitochondrial biogenesis in skeletal and
cardiac muscles. Additionally, they play a role in preventing oxidative damage
and boosting physical endurance, particularly in middle-aged mice (D’ Antona et
al., 2010; Valerio et al., 2011). Based on the these effect of BCAAS on skeletal
muscle, administering BCAAs at a dosage of 1.5 mg/kg/day starting from the pre-
symptomatic stage (P5) of Smn~";SMN2. Thus, BCAAs lead to significant
improvements in both overall weight and lifespan of the mice (Lisa M. Walter et
al., 2018). This underlines the potential restorative impact of amino acid

metabolism improvement on the SMA phenotype. Promising preliminary results
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to have also been documented in children with SMA Type | who were
transitioned to a BCAA-based amino acids diet. Importantly, improvements were
noted in symptoms like respiratory difficulties and constipation, ameliorating
smooth muscle (O’Connor et al., 2023). Looking ahead, further research should
aim to identify the specific molecular pathways that could be positively impacted
by BCAA supplementation. Such exploratory work could involve utilizing

various SMA mouse models for deeper insights.

1.6.5 Mitochondrial Defects in SMA

In SMA, energy regulation is a key issue. Both CNS motor neurons and
peripheral skeletal muscles require a high level of energy for proper function.
Moreover, evidence of energy-related damage in various peripheral tissues
suggests a pathological link between SMA and energy metabolism. One could
reasonably speculate that these issues stem from mitochondrial defects, as

mitochondria are the primary centers for energy production (James et al., 2021).

Previously, the prevailing thought was that the SMN protein had no
location in mitochondria (Acsadi et al., 2009a). Contrary to this traditional view,
recent research presents a different perspective. Investigations utilizing the C.
elegans model for SMA have demonstrated that SMN indeed localizes to
mitochondria. This localization is observed in two distinct contexts: transiently
under specific cellular conditions and developmental stages, and consistently in
proximity to mitochondrial membranes (Schultz et al., 2017; Pagliardini et al.,
2000). Furthermore, in the SMNA7 SMA mouse model, mitochondrial
morphological abnormalities were observed in motor neuron, including
mitochondrial fragmentation, reduced mitochondrial length and mitochondrial
swelling (edema) (Miller et al., 2016).

To better elucidate the functional alterations caused by SMA in
mitochondria, it's essential to first understand how mitochondria normally operate
in energy production. The mitochondria, known as the cell's powerhouse, follow
these key steps in their energy-generating process: 1) Electrons are transferred
from the electron carriers produced during glycolysis and the Krebs cycle to the
electron transport chain (ETC), situated in the mitochondrion's inner membrane
(Alberts et al., 2002). 2) Due to the energy derived from these electrons, protons
are transported to the outer part of the inner membrane. This movement of
electrons plays a critical role in generating a proton gradient across the membrane

(Jonckheere et al., 2012) 3) The established proton gradient then activates the
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enzyme ATP synthase. This activation leads to the production of ATP, the cell's
primary energy currency. The presence and uptake of oxygen is essential for the
last step of ATP synthesis (Bertram et al., 2006).

In further investigations, in order to clarify whether there is a specific
relationship between mitochondrial defects and SMN protein, the Smn-KD NSC-
34 cell line was used. These studies revealed that SMN deletion results in
increased free radical (ROS) production, leading to mitochondrial oxidative
damage (Acsadi et al., 2009). Additionally, there was a noted decrease in
mitochondrial membrane potential, which can prevent proton gradient.
Additionally, mismatch between energy production (due to reduced mitochondrial
ATP synthesis) and energy demand has been observed (Acsadi et al., 2009).
Additionally, there was a notable decrease in the basal respiration of smn
morphant zebrafish, as evidenced by reductions in oxygen consumption rate
(OCR) A and proton leak (Boyd et al., 2017). Parallel with, reduced oxygen
uptake, which in muscle of SMA patients’ muscles during exercise is linked to a
mitochondrial-based muscle function disorder (Montes et al., 2021). Research on
SMA has consistently revealed a pattern of mitochondrial dysfunction.
Specifically, studies have identified a reduction in mitochondrial capacity within
the spinal cord, which correlates with diminished energy supply (Kirches et al.,
1998). This aligns with other research that has reported a significant decrease in
mitochondrial DNA levels and compromised activities in the respiratory chain—
both in the spinal cord and muscle biopsies from SMA patients (Berger et al.,
2003; Ripolone et al., 2015).

In terms of molecular pathway, it' is worth noting the role of peroxisome
proliferator-activated receptor gamma coactivator 1-o (PGCla). Studies in post-
necrotic mdx mouse skeletal muscle have shown that the upregulation of PGCla
not only augments mitochondrial biomass and calcium ion usability but also
enhances the electron transport system (Godin et al., 2012). In symptomatic
Smn?®" mice, a decrease in PGC1-a levels in muscle tissues has been observed,
emphasizing its potential significance as a therapeutic target in mitochondrial in
skeletal muscle (Ng, Mikhail and Ljubicic, 2019). Shifting the focus slightly,
recent studies have also identified alternative therapeutic strategies. A specific
research project found reduced levels of PGK1, a glycolytic enzyme that plays a
role in glycolysis, which is linked to the ETC of mitochondria, in the heart
muscles and CNS of zebrafish affected by SMA. This opens up the possibility that

enhancing PGK1 levels could serve as another mitochondria- targeted treatment
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for SMA (Boyd et al., 2017).

The clue of another molecular mechanisms is HuD-mediated transport of
mitofusin 2 (Mfn2) transporting in mitochondria (James et al., 2021). HuD is an
RNA- binding protein that directly interacts with SMN in hypomorphic Smn
knockdown MN- 1 cell line (Hubers et al., 2011). Besides its role in mRNA
transport, the new role of HuD has been defined on mitochondrial dynamics by
promoting mitochondrial fusion via Mfn2 (Hong et al., 2020). Mfn2, a protein
located on the outer mitochondrial membrane (OMM)), is crucial for mitochondrial
fusion, particularly in mouse pancreatic B-cells (Hao le et al., 2017; James et al.,
2021). The detailed investigation of HuD- mediated Mfn2 pathways and their
effects on mitochondria in SMA models is important for future studies.

The emerging role of molecular pathways and the potential of novel
therapeutic targets underscore the criticality of mitochondrial health in SMA's

progression, paving the way for future research and treatment strategies.
1.7 Therapeutic Developments in SMA

There are three gene-based therapies for SMA treatment: nusinersen,
onasemnogene, and risdiplam. These treatments are life-changing and life-saving.
They achieve this goal either by delivering the SMN1 gene or by regulating the
SMN2 splicing mechanism. However, these treatments come with disadvantages
such as high costs, which limit access for everyone, and reduced therapeutic

benefits for older SMA patients.

1.7.1 Smn-dependent Therapies

Nusinersen (Spinraza®)
In 2016, Spinraza made history as the first FDA-approved antisense

oligonucleotide for treating children and adults with SMA (Ottesen, 2017). Its

primary objective in SMA treatment is to correct the splicing mechanism of SMN2
by promoting the inclusion of exon 7 into the pre-mRNA transcript, facilitating the

production of a functional and stable SMN protein.

Delving into the mechanics of this process, Spinraza accomplishes this
correction by targeting the intronic splicing silencer region (ISS-NI) within exon 7
(BORA et al., 2018). It binds to exon 7, preventing the interaction of hnRNP
A1/A2, negative splicing regulators, with this region (Singh et al., 2006). Another



crucial aspect of this mechanism involves the activation of the 5' splice region of
exon 7 through TIAI, located downstream of ISS-NI (Singh et al., 2015).

In pre-clinical studies, Spinraza has demonstrated excellent tolerance and
served as a potent and effective splice-mediated agent, resulting in increased SMN
protein levels in model organisms such as transgenic mouse lines and non-human
primates (Rigo et al., 2014). In two severe SMA mouse models, CNS-targeted
ASO therapy was observed to promote exon 7 exclusion in SMN2 transcripts.
Consequently, higher levels of full-length SMN (FL-SMN) have led to
enhancements in muscle and NMJ structures, including larger myofiber sizes,
increased motor neuron counts and observed innervated & normal of motor end
plates, suggesting that the improvements at these junctions were consistently
upheld throughout the observed period. These structural improvements in both
muscle and NMJs have translated into functional enhancements, including
improved muscle strength and coordination (Berciano et al., 2020; Passini et al.,
2011).

Furthermore, during phase 1 studies of Spinraza, involving 28 individuals,
the focus was on establishing the safety and efficacy profile of the drug. These
studies provided insights into nusinersen's concentration in the blood, along with
its corresponding effectiveness and toxicity profiles through pharmacokinetic and
pharmacodynamic analyses (Chiriboga et al., 2016). The phase 1 results were
consistent with pre-clinical data, affirming that the ASO is well-tolerated and a
safe drug (Chiriboga et al., 2016).

In open-label clinical studies involving Type Il and Type 11l SMA patients
aged 2 to 14 years, varying concentrations of nusinersen showed a dose-dependent
positive effect and the drug was well-tolerated (Chiriboga et al., 2016). During the
phase 2 trials, it was observed that 25 children with SMA were able to sit with
support and even walk, providing a glimmer of hope for improved quality of life
(De Vivo et al., 2019)

Intrathecal the phase 3 study, which administered nusinersen intrathecally
to infants with SMA,, is demonstrated remarkable improvements in motor
functions and an extension of life expectancy (Finkel et al., 2017). On the other
hand, Spinraza underwent randomized testing in approximately 121 SMA patients
with an average age of around 7 months (Commissioner, 2020). These trials
unveiled significant enhancements of motor functions in SMA patients, enabling

them to achieve milestones like holding their heads up, sitting, crawling, standing a1



and walking. However, it is worth noting that a side effect observed during clinical trials was upper
respiratory tract infections (De Vivo et al., 2019). The reduced effectiveness of therapy in older SMA
patients  underscores the critical importance of the therapeutic window in SMA disease. To put it
simply, Spinraza treatment is most effective in the early stages when nerve damage remains potentially
reversible (Neil and Bisaccia, 2019). Yet another challenge is that Spinraza cannot penetrate the blood-
brain barrier when administered systemically (Mercuri et al., 2018).
Consequently, it must be administered intrathecally, limiting its reach to the central
nervous system and potentially overlooking peripheral tissue damage in SMA treatment.
While this intrathecal delivery method proves effective within the central nervous system,
it can be uncomfortable, invasive and carries an increased risk of inflammation (Wurster and

Ludolph, 2018). Furthermore, its high-cost places it out of reach for a significant portion of the
population (Wurster and Ludolph, 2018).

Onasemnogene Abeparvovec (Zolgensma®)

The blood-brain barrier, which poses a significant challenge in treating
neurodegenerative diseases like SMA, has prompted the use of viral vectors to
overcome this hurdle. Employing the AAV9 viral vector, the SMN1 gene can be
delivered intravenously, enabling it to reach both the CNS and various peripheral
tissues (Foust et al., 2009).

The mechanism of this therapy involves the reintroduction of the SMN1
gene, responsible for producing FL-SMN protein, using self-complementary
adeno-associated viruses. This approach ensures targeted protein expression and
distribution, both within the CNS and beyond. Clinical studies have confirmed that
intravenous administration of SMN1-AAV9 provides sufficient rescue for the

disease (Meyer et al., 2015). This gene therapy received FDA approval in 2019.

When assessing the efficacy of recombinant adeno-associated viruses
(rAAV), including sSAAV and dsAAV, a notable challenge arises in converting
the single- stranded genome into a double-helix structure during transduction, a
critical step for accommodating the necessary nucleotides. To tackle this issue,
researchers have turned to self-complementary genomes containing inverted
repeat sequences. These self- complementary genomes fold during transduction,
eliminating the need for DNA synthesis and base pairing, as seen in the gene
therapy known as onasemnogene abeparvovec (McCarty, 2008).

In pre-clinical studies involving the SMNA7 mouse model, the re-

establishment of the SMN1 gene using the scCAAV9 vector significantly extended
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average lifespans, from just 13 days to as long as 199 days. This approach not
only prevented motor neuron death but also halted weight loss, demonstrating its
potential effectiveness (Dominguez et al., 2011). Furthermore, this treatment
prevented the death of neurons and astrocytes while increasing SMN protein
levels in peripheral tissues like muscle and liver (Dominguez et al., 2011).

Moving into clinical trials, the administration of gene therapy to 33 SMA
Type | patients resulted in the observation of extended lifespans and
improvements in muscle physiology milestones (Mendell et al., 2017) ('STR1VE
EU Trial Results - SMAUK', 2023). Following this therapy, SMA patients,
irrespective of their genetic mutations, gained the ability to stand and walk
independently.

Turning the attention to the limitations of this treatment, its side effects
arise due to the viral vector used and manifest immunologically. Firstly, it is
important to note that the required viral vector dosage is a limiting factor in this
therapy. This is because administering the necessary gene therapy dose beyond the
age of 12 months in SMA patients may raise concerns related to increased body
mass and potential toxicity (‘'Results Published from STRONG Trial - SMAUK’,
2023). Another noteworthy effect is related to the liver. During clinical trials,
researchers observed an immunological response and hepatotoxicity linked to the
virus capsid carrier. To address this hepatotoxicity, co-administration with
prednisolone has been recommended (Chand et al., 2021). Furthermore, it's worth
highlighting that the cost of a single course of onasemnogene abeparvovec
treatment has been recorded at 19.9 million euros, establishing it as the most
expensive drug approved by The National Institute for Health and Care Excellence
(NICE) (Nuijten, 2021).

Risdiplam (Evrysdi ©, Roche)
Risdiplam, the first FDA-approved compound offering oral bioavailability
for SMA patients aged 2 months and older (Dhillon, 2020), functions by

promoting exon 7 inclusion in SMN2 transcripts during splicing, thus facilitating
the production of functional SMN protein (Dhillon, 2020).

This splicing alteration is achieved through three distinct molecular

pathways. Firstly, Risdiplam binds to the AG-rich region in exon7 of pre-mRNA

SMNZ2, inducing a conformational change that creates new functional

surfaces for regulatory splicing factors, namely FUBP1/KHSPR, to bind and
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ultimately promoting exon 7 inclusion (Wang, Schultz, and Johnson, 2018).
Secondly, Risdiplam interacts with the AG-richregion, causing the translocation
of hnRNP G and ensuring exon 7 involvement during splicing (Sivaramakrishnan
etal., 2017). Lastly, it has been proposed that Risdiplam enhances splicing by
restoring the conformation of exon 7's 5' splice site, facilitating accessibility of
the U1:C zinc finger and strengthening intron 7-exon 7 connections (Campagne
etal., 2019).

In motor neurons derived from SMA patient-derived fibroblasts and SMA
Type I-iPSCs, Risdiplam administration promotes exon 7 incorporation into
SMN2 pre- mRNA, resulting in increased levels of functional SMN protein (Ratni
etal., 2018).
Even in a severe mouse model, a low dose of 1 mg/kg body weight of Risdiplam
administered intraperitoneally robustly enhances SMN protein levels in both the
CNS and the periphery (Ratni et al., 2018). Similarly, oral administration of
Risdiplam to SMA mouse models significantly increases SMN levels in the
periphery (Poirier et al., 2018). In the SMNA7 mouse model, dose-dependent
administration of Risdiplam leads to improvements in NMJ pathology and
increased muscle fiber size (Ratni et al., 2018).

Remarkably, 41% of 21 infant SMA patients treated with Risdiplam
gained the ability to sit without support, with 81% of them living without the
need for a ventilator after a year of use (FDA Press Release, 2020). Clinical
studies involving 180 late-onset SMA patients aged 2 to 25 years demonstrated
enhanced motor neuroactivity (MDA Conference Abstract, 2023). Notably, the
JEWELFISH clinical studies showed that among 45 SMA patients who had
previously taken Risdiplam for up to 28.9 months, no adverse effects leading to
drug withdrawal were observed, highlighting the safety and tolerability of
Risdiplam (MDA Conference Abstract, 2023). As a result, the FDA approved
Risdiplam in 2020 (FDA Press Release, 2020).

Despite side effects such as mouth ulcers, joint pain (arthralgia), and
diarrhea (Singh, Ottesen, and Singh, 2020), Risdiplam stands as an effective
candidate for SMA treatment due to its excellent tolerability, absence of immune

responses, oral bioavailability and systemic non-invasive effects.
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1.7.2 Smn-Independent Therapies in Clinical Trials

In the treatment of SMA, alongside gene therapies, complementary
strategies are necessary to alleviate or correct both the long-term and out-scope
of CNS pathologies of the disease. Another reason for this approach is the
ineligibility of patients with less severe forms of SMA, such as Type Ill and 1V,
for gene therapy, and the presence of candidates with a heterogeneous
background that can meet these diverse needs. The text emphasizes the need for a
comprehensive approach in SMA treatment that includes both SMN-dependent
and SMN-independent strategies, encompassing the central nervous system and

the periphery.

Apitegromab (SRK-015)
Myostatin, a member of the TGFB family of growth factors, plays a role in

negatively regulating muscle mass by inhibiting satellite cell activity in skeletal
muscle (McPherron, Lawler, and Lee, 1997). Inhibiting myostatin has proven
successful in increasing muscle mass across various models (Mosher et al., 2007;
Schuelke et al., 2004a). Consequently, myostatin inhibition has emerged as a
therapeutic target for numerous muscle-related diseases (Lee and McPherron,
2001; Schuelke et al., 2004).

In an SMA mouse model, inhibiting myostatin with follistatin led to
improvements in motor function, muscle strength and a 30% increase in life
expectancy (Rose et al., 2009). Interestingly, significant changes were observed in
motor neurons as well (Rose et al., 2009), indicating that myostatin inhibition is
an effective SMN- independent strategy for treating both peripheral and CNS-

related aspects of the disease.

However, there is a significant drawback to myostatin inhibition approach.
It involves blocking the ActRIIB receptor, which is the receptor for myostatin,
with higher affinity to prevent myostatin from binding and triggering the signal
cascade (Mendell et al., 2015). This can lead to various side effects because many
other growth factors rely on the ActRIIB receptor for signaling (Campbell et al.,
2017). Furthermore, the lack of specificity in how this compound targets
myostatin is another concern. Due to the high degree of similarity within the TGF
family, especially with GDF11, it may lead to unspecific interactions and binding
with other growth factors (Lee et al., 2005).
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In an effort to address the issue of nonspecific side effects, the SRK-015
molecule was developed by targeting the enzyme involved in the transformation
of pro- myostatin into mature, active myostatin (Pirruccello-Straub et al., 2018).
As a result, Apitegramab specifically binds to the pro-myostatin form rather than
the mature form of myostatin, making it a selective inhibitor of myostatin
(Welsh et al., 2021a). Since the pro-domain of myostatin exhibits low similarity
to the TGF family, high-specificity antibodies could be produced (Welsh et al.,
2021) and the SMNA7 SMA mouse (Kimberly K. Long et al., 2019). These
studies demonstrated an increase in muscle mass and strength following
treatment with Apitegramab. In preparation for clinical trials involving SMA
patients, comprehensive pre-clinical assessments, including the evaluation of
pharmacokinetics, pharmacodynamics and toxicity profiles, were performed in
cynomolgus monkeys and adult juvenile rats (Welsh et al., 2021b). Results from
acute and chronic toxicity analyses, involving a 300 mg/kg/week 1V treatment of
Apitegramab over 4 weeks and 26 weeks, respectively, indicated that this
compound did not exhibit toxic effects and was well-tolerated (Welsh et al.,
2021b).

Moving forward, phase 1 studies were conducted in healthy adults using
a double-blind, placebo-controlled approach (Barrett et al., 2021). The trial
included 58 patients. Over a 12-month treatment period, all patients received
apitegromab every four weeks. Notably, 59% of patients showed an increase in
HFMSE scores, with 39% achieving a significant 10-point improvement from
their baseline, indicating enhanced motor function (SRK-015 - Therapy for
Spinal Muscular Atrophy (SMA), 2023).
Apitegramab, has appeared as a novel high-affinity anti-pro-Myostatin
monoclonal antibody for treating spinal muscular atrophy SMA.

Moreover, the outcomes of the TOPAZ clinical trial have influenced the
design of the upcoming SAPPHIRE trial. This trial will explore apitegromab in
non- ambulatory patients with Type Il and 111 SMA and is expected to conclude in
december 2024 (Clinicaltrials.gov NTC05156320).

GYM329 (RO7204239)
GYM329 is a novel anti-myostatin antibody aimed at promoting skeletal

muscle development and strength (Muramatsu et al., 2021). The distinct difference
of this compound, GYM329, lies in its ability to specifically bind to the latent
form of myostatin, thereby inhibiting its activation. Additionally, through
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"sweeping antibody technology,” GYM329 effectively reduces or "sweeps away" myostatin
in both muscle and plasma (Muramatsu et al., 2021). Currently, the MANATEE study, a
global Phase 2/3 trial, is assessing the combined use of GYM329 with risdiplam in ambulant
children aged 2-10 years with SMA (‘Update on Genentech/Roche Initiation of MANATEE
Clinical Study - Cure SMA’, December 2023).

Reldesemtiv- (CK-2127107)
Reldesemtiv (CK-2127107) being another promising compound currently

undergoing clinical trials. This compound serves as a fast-skeletal muscle
troponin activator (FSTA), designed to strengthen muscle contractions and
combat muscle weakness fatigue (Gomes, Potter, and Szczesna-Cordary, 2002).
Its functional impact on muscle contractions is achieved through its binding to the
fast skeletal troponin complex, rendering this complex more sensitive to calcium
(Freund, 1983). In the wake of a phase 1 study, it was revealed that CK-107 not
only enhances muscle response to nerve stimulation but, notably, it exhibits
greater potency than tirasemtiv, achieving the same effect at a lower
concentration (Andrews et al., 2018). During phase 2 trials of Reldesemtiv
conducted with SMA patients of Types Il, 111, and 1V, assessments included the 6-
minute walking test and maximum expiratory pressure, evaluating the
compound's impact on muscle function. These evaluations were complemented
by an analysis of pharmacokinetic and toxicity data. In addition to the
compound's excellent tolerability, significant improvements were observed in

both skeletal and posterior muscles compared to placebos (Rudnicki et al., 2021).

Collectively, both pre-clinical and clinical data affirm that targeting
skeletal muscle represents a crucial and effective approach in correcting SMA
pathology, reaffirming the importance of skeletal muscle-focused therapies for

neuromuscular diseases like SMA.
1.8 Drug repurposing

Drug repurposing, also known as drug repositioning, involves identifying
new clinical applications for drugs beyond their original medical indications. This
approach explores the potential of drugs or compounds, including those that are
approved, withdrawn, archived, or in clinical phase studies, to target different

diseases (Fetro and Scherman, 2020).

De novo drug development is a costly, risky, and time-consuming process,
with an average cost of 2-3 billion US dollars and a duration of 13-15 years.

Moreover, the discovery of toxic effects or the ineffectiveness of compounds 47



developed through this method often leads to low approval rates. In fact,
only 10% of compounds in Phase I clinical trials receive approval, while the
majority are deemed ineffective or fail due to adverse reactions (Fetro and
Scherman, 2020). Furthermore, the cost advantage of drug repositioning becomes
evident when pre-clinical and clinical phases I and Il are skipped, and the costs of

phase Il trials are comparable to de novo drug development (Pushpakom et al.,

2019). Overall, the drug repositioning approach can reduce costs (Nosengo, 2016).

Repositioning drugs offers several advantages over de novo drug development,
such as significant time and cost savings, and a higher likelihood of success.
These drugs have already been discovered, synthesized, optimized for
physicochemical properties, formulated, and undergone phase 1 testing, providing
valuable insights into their safety and efficacy profiles. As a result, drug
repositioning is increasingly used for both common diseases like cancer,
hypertension, and asthma, as well as rare conditions like SMA, leading to the

approval of drugs for new indications (Talevi, 2018).

Various computational methodologies, including transcriptomics,
molecular docking or Al, can be employed individually or in combination to
systematically analyses extensive datasets, providing valuable insights for drug

repurposing hypotheses.

SMA treatments, though promising, encounter various limitations (Gidaro
and Servais, 2019). To overcome these disadvantages, the drug repurposing
approach has emerged as an effective strategy. Additionally, ensuring equitable
access to treatments for all SMA patients is crucial. Addressing the issues of cost

and accessibility is a vital step towards achieving this objective.
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1.9 Aim and Obijective

Gene therapies are indeed life-changing and life-saving, but they also come
with limitations. The high cost of these therapies can pose accessibility
challenges for many individuals. Additionally, the observed reduction in
therapeutic benefits among older SMA patients highlights the importance of
combination therapies that can complement gene-based treatments. Moreover, to
achieve the optimal therapeutic outcome, it's crucial to develop combination
treatments that address both the CNS and the peripheral system. This necessity
arises from the fact that SMA's pathophysiology involves the SMN protein,
which is expressed throughout the body, extending beyond just the
neuromuscular system; it serves as a fundamental protein. In other words,
numerous non-neuronal tissues are also selectively vulnerable to reduced SMN
protein. Considering the wide-ranging pathophysiology of SMA, which involves
the SMN protein in various body systems, treatments must target both
developmental and functional aspects of peripheral systems for comprehensive
disease management, especially addressing the multisystemic nature of SMA
(Bowerman et al., 2017). It is essential and urgent to develop alternative
therapeutic approaches that specifically target muscle and metabolic functions in
SMA. Some of which occur prior to any sign of ND and/or some of them cause
extra stress on survival and motor neuron maintenance (J. G. Boyer et al., 2013).
The fastest and most successful approach to finding alternative treatments is drug
repurposing, which reduces bench-to-bedside time and lowers costs. For this aim
we perform transcriptomic analysis, which is one of the drug repurposing
methods. To explore the genes expressed differently in the symptomatic skeletal
muscle of SMA, we conducted RNA-Seq analysis on the triceps muscle of Smn -
;SMN2 SMA mice and compared the results with those from their healthy
siblings. The DeSeq?2 analysis revealed 3,056 genes that were differentially
expressed in the SMA mice compared to their untreated peers (Hoolachan et al.,
2023a).

Shifting the lens to our transcriptomic research on prednisolone. Since we
previously showed that prednisolone, a synthetic glucocorticoid (GC), enhances
survival and increases weight pattern in severe Smn’;SMN2 and Smn?®" SMA
mice (Lisa M. Walter et al., 2018). However, limitation of prolonged use of
prednisolone is causing myopathy. Therefore, our aim was to identify the
molecular pathways that are affected by prednisolone, with the goal of finding
alternative therapeutics that can mimic the short-term effects of prednisolone.
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1.9.1 Hypothesis

My hypothesis is that: combining bioinformatic and drug repurposing
approaches to identify an alternative therapeutic that mimics prednisolone activity
to develop muscle and metabolism targeted therapies for SMA.

1.9.2 Aim

Investigating the therapeutic potential of targeted candidates in molecular,
immunohistochemical, and functional terms in both CNS and non-CNS tissues in
In Vivo and In Vitro SMA models

1.9.3 Objectives

1- Validate predicted candidate reporter genes for targeted candidates in
SMA patient myoblasts, severe Smn”;SMN2 and milder Smn?®"- SMA mice

2- Evaluate the pharmacological activities of targeted candidates in both
myoblasts and myotubes form of mouse muscle cells (C2C12s) and human
muscle cell line (LCHNM2)

3- Assess therapeutic potential of targeted candidates in SMA animals.

3.1 ldentify the genes and pathways modulated by targeted candidates in
skeletal muscle, spinal cord, liver, white adipose tissue (WAT), brown

adipose tissue (BAT) and pancreas of Smn?®- SMA mice.

3.2 Evaluate the histopathological impact of targeted candidates in the
spinal cord and skeletal muscle of Smn?®- SMA mice.

3.3 Examine the effects of targeted candidates on survival, weight,

and motor function in Smn?8"- SMA mice.
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2 GENERAL METHODS
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2.1

In Vivo experiment

2.1.1 Animals

We bred Smn 2228 mice from Charles River with Smn *mice from
Jackson Labs in our animal facility to produce two types of offspring: Smn 28"

mice with Spinal Muscular Atrophy (SMA) and Smn?®* healthy littermates.
We originally sourced these mice from two breeding lines:

The Smn 25/28 line, which was initially developed by Professor Rashmi
Kothary at the University of Ottawa. This line was then transferred to Dr. Lyndsay
Murray at the University of Edinburgh, followed by Professor Matthew Wood at

the University of Oxford, and finally sent to Charles River for rederivation.

The Smn *" line, identified by stock number 007963, which was obtained

from Jackson Labs.

We conducted all experiments involving live animals in the Biomedical
Sciences Unit (BSU). Before beginning these experiments, we received the
necessary approvals from Keele University's ethics committee and the UK Home
Office. We operated under project license P99AB3B95 and personal license
182908187, in compliance with the UK's Animals Scientific Procedures Act of
1986.

2.1.2 Genotyping

To determine the genotypes of Smn*~ and Smn 22" mice, we collected ear
clips and extracted DNA using the PCRBIO Rapid Extraction PCR Kit from
PCR Biosystems. We then prepared a master mix for the PCR reaction, which
consisted of 2x PCRBIO Taq Red Mix (containing PCRBIO Taq DNA
Polymerase, 6mM MgCI2, and 2mM dNTPs) and PCR-grade water. To this
master mix, we added primers specifically designed for each genotype at a

concentration of 500nM, as detailed in the table 2.1.

The PCR protocol for identifying Smn*"- and Smn 2®- genotypes included
these steps: The reaction started with an initial 5-minute denaturation at 94°C.
This was followed by 10 cycles of 20 seconds at 94°C, 15 seconds at 65°C (with
a 0.5°C decrease in temperature per cycle), and 10 seconds at 68°C. An
additional 28 cycles included 15 seconds at 94°C, 15 seconds at 60°C, and 10

seconds at 72°C. The process ended with a 3-minute extension at 72°C, also
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using a Techne thermocycler.

Table 2. 1 Genotyping primer sequences

Genotype Forward Primer Reverse Primer Size
base

(Allele) (
pair)

SMN GAA CTA GAA GAC AGG TGG AG | GTC TGT CCT AGC TTC | 308

Deletion CTCACT G

Mutant KO

Single primer

pair

(Smn-)

Gel electrophoresis

To analyze the genotypes, we visualized the PCR products for each mouse
using gel electrophoresis, specifically with a 10,000X concentration of Gel Red
from BIOTIUM. We ran a 1.5% agarose gel at 100 V for 70 minutes on a
NanoPac-300p electrophoresis system from Clever Science. After the run, we
determined the band sizes and the corresponding genotypes by examining the gel

on a ChemiDoc MP Imaging System from BioRad.

2.1.3 Phenotypic Analysis on Live Animals

We conducted daily phenotype analyses by monitoring two key metrics for
each mouse: body weight and righting reflex times (capped at a maximum of 30
seconds). If a mouse's weight dropped to less than 80% of its peak body weight,
this indicated that the animal had reached a humane endpoint. In such cases, we
followed the culling procedures outlined in Schedule 1 and the Home Office
Project License (P99AB3B95). In addition to weight monitoring, we assessed the
mice's muscle strength and motor function through the righting reflex test. This

test measures the time it takes for a mouse, when placed on its back, to turn over
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and stand on all four paws again (Hatzipetros et al., 2015). If we observed
hindlimb paralysis or immobility in any mouse, we followed the same culling
procedures specified in Schedule 1 and the Home Office Project License
(P99AB3B95).

2.1.4 Animal Tissue Harvest

We conducted tissue harvesting on P18 or when the SMA mouse models
showed symptoms, specifically between 12 PM and 1 PM. Initially, we
performed immediate exsanguination to collect blood and measured its glucose
level. Following this, we collected various tissues: the triceps muscle, sections of

the cervical and thoracic spinal cord, liver, pancreas, and white adipose tissue.

2.1.5 Immunohistochemistry

Laminin Staining

For tissue preparation, we harvested all tibialis anterior (TA) skeletal
muscles and fixed them in 4% paraformaldehyde (PFA) overnight. The next day,
we replaced the PFA with a 30% sucrose solution. Once the tissues had sunk to
the bottom of their tubes, we embedded them in molds filled with a poly freeze
solution that also contained 30% sucrose. These samples were then flash-frozen in
liquid nitrogen. We used a cryostat machine to cut the frozen samples into 13 pm

thick sections.

The slides were then treated with pre-cooled acetone for five minutes,
followed by another 30-minute drying phase. To minimize tissue loss, we outlined
the tissue area with a PAP PEN. Next, we enhanced the tissue's permeability by
incubating the slides in 0.1% Triton-X for 10 minutes at room temperature. We
then moved to the blocking stage where the slides were kept at room temperature
in a blocking solution (containing 0.3% Triton-X, 10% FBS, and 5% BSA) for
two hours. Post-blocking, the slides were incubated with rat anti-laminin primary
antibody overnight at 4°C. The following day, we washed the slides thrice in PBS
and treated them with Goat-anti-rat 1gG 488 secondary antibody for one hour at
room temperature. After a final series of PBS washes, we added fluoro-shield
with DAPI and affixed a coverslip.

For imaging, we took three photographs of each sample using a
fluorescence microscope equipped with a 10x ocular lens. We adjusted light
intensity and exposure time for each image to optimize clarity. These images were

then saved in the 'tiff' format. In terms of analysis, we used Fiji software to
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examine myofiber size in the stained sections.

Qil-red-O Analysis
For tissue preparation, we initially shock-froze the harvested liver tissues

from SMA mice and stored them at -80°C. During the preparation phase, these
tissues were placed in cryo-molds and filled with a polyfreeze solution that
contained 30% glucose. They were then frozen again using liquid nitrogen. Using
a cryostat machine, we cut the tissue sections to a thickness of 10 um. For staining
procedure, they were then briefly rinsed with deionized water (ddH2O). The slides
were subsequently incubated in 60% iso-propanol for 2 minutes before treating
them with a 0.5% Oil Red O solution for 15 minutes. Following this staining step,
we again incubated the slides in 60% iso- propanol for 2 more minutes and then
washed them with ddH20 for 3 minutes. Finally, the slides were mounted using
aqueous mounting media containing DAPI. For imaging, 5 photos are taken for
each sample with a light microscope (Nikon DS-U2) using a 10x ocular. For each

image, the same light intensity and exposure time were maintained.

Nissl spinal cord staining

First, all harvested spinal cord (SC) tissues were fixed in a 4%
paraformaldehyde (PFA) solution overnight. The following day, the PFA solution
was replaced with a 30% sucrose solution. Afterward, the tissues were positioned
in molds filled with a polyfreeze solution that also contained 30% sucrose. These
were then rapidly frozen using liquid nitrogen. Sections of the spinal cords were
cut to a thickness of 20 um using a cryostat machine. Upon completing the tissue
preparation, outlined with PAP PEN to prevent tissue loss. To rehydrate, the
samples were soaked in phosphate-buffered saline (PBS) for 40 minutes. The
tissues then underwent a permeabilization step in a 0.1% Triton X solution for 10
minutes. Following three washes in PBS, each lasting 2 minutes, the slides were
incubated with Neurotrace 500/525 green, fluorescent Nissl primary antibody
(diluted 1:500 in PBS) at room temperature for one hour. After three additional
10-minute washes in PBS, the slides were treated with DAPI and covered with
coverslips. They were then briefly stored at - 20°C prior to imaging. For the
imaging phase, five photographs were taken for each spinal cord sample using a
fluorescence microscope. The light intensity and exposure time were individually
optimized for each image to capture the most accurate and detailed results. The
analysis is conducted in the ventral horn region, which is located between the

central canal and the ventral horn. The motor neurons, which are large and -



prominent structures, are the main focus within this area. Using the Fiji software,
motor neurons are individually counted in each horn area. For each animal, five
photographs are taken. The average of these photographs is then used to derive

the results for each mouse.

2.2 InVitro Experiment

All cell culture experiments were carried out under Class 2 Biological
Safety Cabinet (NUAIRETM).

2.2.1 C2C12s

Murine cell lines were used, C2C12s (Yaffe and Saxel, 1977)
(ATCC,USA) , which is a murine myoblast cell line originally generated from a
thigh muscle of a C3H mouse, the cell line was maintained in growth media,
which consisted of high glucose (4.5 g/L) and L-glutamine (0.6 g/L) Dulbecco’s
Modified Eagle’s Media (DMEM) (Lonza), 10% foetal bovine serum (FBS)
(Gibco) and 1% Penicillin-Streptomycin (10,000 U/ml) (Lonza). The cells were
cultured at 37°C with 5% CO2 (Heracell 150i CO2 incubator, ThermoScientific).
During passaging, the cell-coated flask, the growth media of which was removed,
was washed with PBS (Lonza) and then incubated in the 37°C and 5% CO2
incubator for 5 minutes with TrpLE-Express Enzyme (Gibco). The detached
C2C12s are centrifuged at 500 RMP for 2 minutes to ensure that the cells are
collected.

C2C12 cells are managed in two distinct phases: Proliferation and
Differentiation. In the proliferation phase, cells are maintained at 60-65%
confluency by changing the growth media every two days and are suitable for
drug treatment or lysis at a density.

In the differentiation phase, cells at 50-60% density are shifted to a
differentiation medium comprising high glucose (4.5% g/2) and L-glutamine (0.6
g/L) DMEM, HS horse serum (HS) (Gibco), 1% Penicillin -Streptomycin (10,000
U/ml) and 0.1% insulin (1 pg/ml) (Sigma).This medium is refreshed every two
days up to day 7, with drug treatments typically occurring on day 6 to observe

myotube formation on day 7.
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Figure 2.1 C2C12s differentiation process.

a. represents the proliferation, namely the myoblast phase, while b.
represents the differentiated myotube phase. As their morphologies differentiate,

they elongate and thin out, forming a slender, elongated structure.

Transfection
To investigate the effects of Smn gene suppression, we used 10 uM Smn-

small interfering RNA (siRNA) (also known as miRNASmn1.13.1, IDT). As a
negative control, we used a scrambled siRNA (#51-01-19-08 , IDT) designed for
non-specific suppression. Both the Smn and scrambled siRNAs were prepared as
lipofectamine complexes using the Lipofectamine® RNAIMAX Reagent from
Life Technologies, in accordance with the manufacturer's guidelines. For
experiments involving proliferating C2C12 myoblasts with reduced Smn levels
(Smn-KD), the cells were treated with transfection reagents for a 48-hour period.
On the other hand, for differentiated C2C12 cells, the transfection was repeated

every three days, continuing through the 8th day.

Serum-starvation-induced atrophy model

When cells are serum-starved, they experience nutrient and growth factor
deprivation, which mimics the conditions that can lead to muscle atrophy in living
organisms. This state triggers a range of cellular processes that are similar to those
occurring during muscle wasting conditions in humans, such as those seen in

cachexia, sarcopenia, or after prolonged periods of inactivity or bed rest.

For the atrophy protocol, we adapted the methodology from a study by Si
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Lei, published in 2019 (Lei et al., 2019). We followed the differentiation protocol
up to day 6. On the 6th day, C2C12 cells were subjected to a serum-free medium
containing high glucose (4.5 g/L) and L-glutamine (0.6 g/L), along with 1%
Penicillin-Streptomycin (10,000 U/ml), for a 24-hour period.

2.2.2 LCHN-M2

LHCN-M2 are a line of human skeletal myoblasts derived from satellite
cells from the pectoralis major muscle of a 41-year-old Caucasian male heart
transplant donor (Zhu et al., 2007). They are immortalized with lox-hygro-
hTERT ("LH"), and Cdk4-neo ("CN") (Zhu et al., 2007).

Gelatinized culture dish protocol
0.1% gelatin solution (ATCC) was dispensed into T-75 flasks (Fisher

Sci.) under a Class 2 Biological Safety Cabinet (NUAIRE™). The coated dishes

were incubated at 37°C for a minimum of 3 hours. Following incubation, excess

gelatin was removed, and the dishes were dried for 30 minutes under a laminar
flow hood. The dishes were then sterilized with UV light for 30 minutes. The
LCHN-M2 cells were cultivated in a growth medium that has been previously
validated by the HudsonAlpha/Caltech ENCODE group, as per their 2011
protocol (LHCNM2_Wold_protocol.pdf'). This growth medium is a carefully
formulated mixture that includes high concentrations of glucose (4.5 g/L) and L-
glutamine (0.6 g/L) in Dulbecco’s Modified Eagle’s Media (DMEM) from
Lonza. The media is further enriched with 15% foetal bovine serum (FBS)
provided by Gibco, along with a 0.02M hepes buffer by Lonza. Additionally,
several other supplements such as 0.03 pg/mL zinc sulphate, 1.4 pg/mL vitamin
B12, 0.055 pg/mL dexamethasone (all from Sigma-Aldrich), 2.5ng/mL
recombinant hepatocyte growth factor, and 10 ng/mL FGF-2/ basic FGF protein-
human recombinant (both from Merck) were included. The media also contained

60 pg/mL Penicillin-Streptomycin (10,000 U/mL) procured from Lonza.

When the focus shifted to the myogenesis differentiation of LCHN-M2
cells, the growth medium was replaced by a differentiation medium, marking this
changeover as 'Day Zero'. This differentiation medium is also based on DMEM
(Lonza) with high levels of glucose (4.5 g/L) and L-glutamine (0.6 g/L). It
includes a 0.02M hepes buffer (Lonza), 0.03 pg/mL zinc sulphate, 1.4 pg/mL
vitamin B12, 10 pg/mL insulin, 100 pg/mL apo-transferrin (all from Sigma-
Aldrich), and 60 u/mL of streptomycin- penicillin (Lonza). This medium was

refreshed every two days up until the seventh day. If any specific treatment was o



planned, it was administered on Day 6, facilitating the study of drug-affected
myotube formation in LCHN-M2 cells on Day 7.
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Figure 2.2 LCHN-M2 differentiation process.
a. represents the proliferation, namely the myoblast phase, while b.

represents the differentiated myotube phase. As their structures evolve, they

become longer and narrower, developing into a slim, extended form.

2.2.3 Deltoid Myablasts Collected from Type 11l SMA Patients
Myoblasts are precursor muscle cells that are involved in the growth and
repair of skeletal muscle tissue. The deltoid myoblasts specifically come from the
deltoid muscle, which is located in the shoulder. The deltoid muscle, located in the
shoulder, is relatively easy to access compared to other muscles. This makes the
collection of myoblasts less invasive and more practical for both researchers and
patients. Biopsies from the deltoid muscle can often be performed with minimal

discomfort and risk.
2.3 Assays
2.3.1 Lactate dehydrogenase (LDH)-Glo™ cytotoxicity assay

Cells in either the proliferative or differentiative state were treated with the
maximum concentration of the target molecule or an equivalent volume of vehicle
for time intervals of 24. Media devoid of cells served as the blank control. Wells
containing live cells without any treatment acted as the positive control, while
those with cell death induced by Triton X100 served as the negative control.
Subsequently the medium was extracted and diluted in a storage buffer composed
of 200 mM Tris HCL, 10% glycerol, 1% BSA, and PBS. Assays were conducted
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receiving 50 pL of LDH detection reagent and an equal volume of sample medium
(1:1 ratio). Luminescence was measured after a 60-minute incubation using a

GloMax Explorer from Promega.

2.3.2 BrdU Cell proliferation assay

To assess the impact of the maximum concentration of the compound and a
corresponding volume of the vehicle on cell proliferation, the 5-Bromo-2-
deoxyuridine (BrdU) colorimetric system from Merck was employed. Cells were
plated with the highest concentration of the drug and an equivalent volume of
vehicle for one day during their proliferation phase. A culture medium without
cells served as the blank control, while cells without BrdU labeling acted as the
positive control. Cells were then subjected to BrdU labeling, followed by
exposure to a fluorescently-labeled anti-BrdU antibody. Absorbance levels of
BrdU were subsequently recorded at dual wavelengths of 450-600 nm using a

GloMax Explorer from Promega.

2.4 Molecular Analyses
2.4.1 Tissue Lysis and RNA isolation
In C2C12 cells was added with 350 pl of a 1:100 dilution of B-
mercaptoethanol (Sigma)/RLT solution and incubated at room temperature. RNA
isolation from the resulting cell lysates was carried out using the ISOLATE II

RNA Mini Kit (Bioline) according to the manufacturer's instructions.

For LCHN-M2 cells, trizol (SLS) was initially added to the first well,
followed by a 5-minute incubation at room temperature. The lysate-trizol mixture
was transferred to a second well from the same biological group, and the process
was repeated until samples from four wells were pooled. RNA isolation proceeded
based on the trizol- plus-columns protocol from Bioline.

Mouse tissues such as spinal cord, triceps, liver, and pancreas were
homogenized by adding 350 ul of a 1:100 dilution of B-mercaptoethanol/RLT
solution along with a 7 mm stainless steel ball (Qiagen). For white adipose tissue,
Qiazol (Qiagen) was used instead. Mechanical lysis of these tissues was
performed for 2 minutes at 60 oscillations/second using the Tissuelyser LT
(Qiagen), followed by centrifugation at >10,000 RCF (MSE Sanyo Hawk 15/05)
for 1 minute. RNA isolation was then conducted using the ISOLATE Il RNA

Mini Kit (Bioline). For triceps specifically, a mixture of Proteinase K and RNase-
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free water (1:60 ratio) was added and incubated at 55°C for 10 minutes, followed
by centrifugation at 10,000 g for 3 minutes. RNA isolation began with the

supernatant phase.

All samples underwent purity and concentration assessments using a

NanoDrop ND 1000 spectrophotometer (Thermo Scientific).
2.4.2 Reverse Transcription (RT)

To synthesize DNA from RNA, reverse transcription (RT) takes place
with the enzyme reverse transcriptase. For this reaction, RNA is put into PCR
tubes with a maximum concentration of 1000 ng and an exact volume of 15 pl.
Then, cDNA mix (mix anchored oligo(dT), random hexamers, 15 mM MgCI2, 5
mM dNTPs) was prepared in a 4-fold ratio and reverse transcriptase enzyme in a
1-fold ratio, in 5 pl volume per sample (PCR Biosystems). RT reaction is run on
the Prime thermal cycler (Techne). Finally, cDNA samples were diluted 1:5 with
80 pl RNAse-free water.

2.4.3 Quantitative PCR (gPCR)

The initial product for gPCR per reaction was prepared by adding 200ng
cDNA, 1x PCR-BIO Sygreen Blue Mix Hi-ROX (PCR Biosystems), 500nM
forward, 500nM reverse primers, and finally up to 50ul RNAse-free water. The
gPCR reactions were performed in the StepOnePlusTM Real-Time PCR System
(ThermoFisher Scientific) with the following programme: initial denaturation at
950C for 2 minutes followed by 40 cycles of 950C for 5 seconds and 600C for 30
seconds and ending with melt curve stage of 950C for 15 seconds, 600C for 1
minute and 950C for 15 seconds. The gPCR data was analysed using the StepOne
Software v2.3 (ThermoFisher Scientific) with relative gene expression quantified
using the Pfaffl method 673 with PolJ (murine) and POL2RA (human)
housekeeping genes (Table 2.4-5). Primer efficiency for the Pfaffl method was
calculated using LinRegPCR V11.0.



Table 2. 2 Primers used for quantitative real-time PCR.

Mouse | Forward (5’ —3°) Reverse(5” - 37)

lgflr AGGAGTGTCCATCAGGCTTCA CTCGCCGGATGTTAATAAGCA
Rbl GTGTAAATTCTGCTGCAAAT GGTCCAAATGTCGGTCTCTC

Insr TTCATTCAGGAAGACCTTCGA AGGCCAGAGATGACAAGTGAC
Surtl ACGCTGTGGCAGATTGTTAT 5’-GCAAGGCGAGCATAGATA-3
Bcl2 CATTGGTACCTGCAGCTTCTTTT CCCGGTTATCATACCCTGTTCTC
Perl AGTTCCTGACCAAGCCTCGTTAG CCTGCCCTCTGCTTGTCATC
Ror-a TGCGAGCTCCAGCCGAGGTA GCCCTTGCAGCCTTCACACGTA
Ppar-a | CCTCAGGGTACCACTACGGAGT GCCGAATAGTTCGCCGAA

Thbsl | GCCTCTCCTGTGATGAACTATC CTCTGTTCTCTTCCGTCACTTT
Fas ATGCACACTCTGCGATGAAG CAGTGTTCACAGCCAGGAGA
P53 GGAAATTTGTATCCCGAGTATCTG GTCTTCCAGTGTGATGATGGTAA
Pmaipl | 5> ATGAGGAGCCCAAGCCCAAC-3’ 5S’CCATCAACCGGCGGAACTT-3
Polj ACCACACTCTGGGGAACATC CTCGCTGATGAGGTCTGTGA
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Table 2. 3 Human primers used for quantitative real-time PCR

Human | Forward (5’ —3) Reverse (5’ - 3)
3 IGF | CGATGTGTGAGAAGACCACCA ACATTTTCTGGCAGCGGT TT

1R
INSR TTTGGGAAATCACCAGCTTGGCAGAAC | AAAGCTGGGGTGCAGGTCGTCCTTG
RB1 GACCCAGAAGCCATTGAAATCT GGTGTGCTGGAAAAGGGTCC
RORA TCATGGCTGCAAGAAAAGGT GAGGAAAATGAAGTCGCACAA
BCL2 TTGTGGCCTTCTTTGAGTTCGGTG GGTGCCGGTTCAGGTACTCAGTCA
SIRT1 TGACTTCAGGTCAAGGGATGG GGGAAGTCTACAGCAAGGCG
PER1 CTGCTACAGGCACGTTCAAG CTCAGGGACCAAGGCTAGTG
THBS1 | CAATGCCACAGTTCCTGATG TGGAGACCAGCCATCGTC
PPARA | CAATGCACTGGAACTGGATG TCTTGATGATCTGCACCAGC
POL2AR | CAACGCACACATCCAGAACG TCCTTGACTCCCTCCACCAC
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Result of In-silico Analysis
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Subsequent to treating SMA mouse models with prednisolone, we performed
transcriptomic analysis on muscle biopsies to discern the gene expression alterations in the
muscles of these treated mice (as depicted in figure 2.1)
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Figure 2.1 The heatmap generated from RNA-Seq data indicates that prednisolone
re-establishes the expression levels of a wide range of genes in the skeletal
muscle of SMA mice. Figure is adapted from (Hoolachan et al., 2023b)

Following bioinformatics assessments using iPathwayGuide, we identified gene
ontology (GO) terms that were statistically significant (p<0.05). These terms pertained to
biological processes, molecular functions, and cellular components connected to the

metabolism, structure, and function of muscles that had been treated with prednisolone.
(Table 2.3).
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BIOLOGICAL PROCESSES

Regulation of muscle cell
differentiation

Muscle structure development

Regulation of muscle
adaptation

Regulation of muscle
hypertrophy

Muscle tissue development

Glucose transmembrane
transporter activity

Hexose transmembrane
transporter activity

MAP kinase phosphatase
activity
Insulin receptor substrate
binding

Cholesterol transporter activity

Table 2. 3 lllustrations of muscle-centric gene ontology (GO) terms linked with
differentially expressed genes (DEGSs) in SMA mice treated with prednisolone
versus those that were not treated.

MOLECULAR FUNCTIONS CELLULAR COMPONENTS

Insulin receptor complex
Z disc

Voltage-gated potassium
channel complex

Terminal cisterna

Sarcomere

Moreover, we utilized resources like the KEGG DRUG database, iPathwayGuide, and
The Drug Gene Interaction Database to compile a list of drugs and pharmacological agents

predicted to interact with genes and pathways similar to those affected by prednisolone, as

outlined in Table 2.4.

Buformin
Dactolisib
Gedatosilib
Insulin
Pioglitazone
Melatonin
Valproic acid
Sodium valproate
Rosiglitazone
Pictilisib

Mecasermin

Palm Oil
Troglitazone
Clofibrate
Prednisolone
Rosiglitazone
Valproic acid
Dexamethasone
Fasudil
Celecoxib
Pioglitazone

Melatonin

Table 2. 4 Grouping of drug examples predicted to have similarity with
prednisolone, according to different databases.

Kegg DRUG Database iPathwayGuide The Drug Gene Interaction
Database

Celecoxib
Dexamethasone
Fasudil
Troglitazone
Valproic acid
Betamethasone
Pioglitazone
Insulin
Prednisolone
Melatonin

Trichostatin
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As a result of combined in silico analysis, pioglitazone, melatonin and insulin have been

predicted for muscle and metabolic targeted SMA therapy.
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3 Pioglitazone

3.1 Introduction

Pioglitazone emerges as a promising therapeutic candidate from combined in
silico analyses. This compound is predicted to have the potential to correct genes
-Thbs1 and Ppar-a- that are dysregulated in SMA. In other words, our findings
suggest that Pioglitazone may display activity similar to prednisolone,
particularly in the regulatory patterns of the Thbs1 and Ppar-a genes (figure 3.1).
Furthermore, the literature has extensively examined pioglitazone's
developmental and metabolic effects on various peripheral and central nervous
system tissues (Singh et al., 2023). This examination is particularly relevant
given SMA's nature as a multi-systemic disease, offering insights into the

compound's possible therapeutic impact.

treatment

Figure 3. 1 Insilico analyses predicted that the expression of the genes Thbs1 and Ppar-a
was increased in SMA skeletal muscle and could be downregulated by pioglitazone
treatment.

Pioglitazone, classified as a thiazolidinedione, plays a significant role as an
anti- hyperglycaemic agent in managing type 2 diabetes, as noted by Al-Majed et
al (2016). Its effectiveness primarily lies in diminishing insulin resistance ajd



facilitating glucose uptake from blood circulation into peripheral tissues (Wilcox,
2005). This process is mediated by the activation of peroxisome proliferator-
activated receptors (PPARS), as described by Janani and Ranjitha Kumari. These
PPARs belong to the nuclear hormone receptor (NHR) superfamily and function
as ligand-activated transcription factors (d’Angelo et al., 2019). There are three
distinct PPAR isotypes: PPAR-a, PPAR-6, and PPAR-y (d’ Angelo et al., 2019). In
anutshell, PPAR-y is primarily expressed in the liver, skeletal muscle, and adipose
tissue, where it plays a pivotal role in insulin-dependent glucose uptake (Sakamoto
et al, 2000). Considering the presence of fasting hyperglycaemia,
hyperglucagonemia and glucose resistance in SMA mouse models (Bowerman et
al., 2012a), pioglitazone's potential to counteract the insulin resistance phenotype
in SMA is of considerable interest. The simultaneous co-existence of diabetes and
non-alcoholic fatty liver disease (NAFLD), marked by an accumulation of lipids
in liver and adipose tissue, has led to research into the effects of the antidiabetic
drug pioglitazone on lipid metabolism (Kosmalski et al., 2022). Pioglitazone is
known for its specific and well-documented.

Initially, the protective role of pioglitazone on pancreas, especially insulin-
secreting beta cells has been discovered. This protective role includes increasing
the mass of beta cells, boosting their insulin secretion capacity, and safeguarding
the existing beta cells, as highlighted in studies by Campbell and Mariz (2007),
and Ishida et al. (2004). The action of pioglitazone in enhancing both the
functionality and quantity of beta cells is a crucial aspect of its therapeutic effects.
This is particularly significant in the context of SMA, where there is a well-
documented reduction in beta islets in both human and animal models (Bowerman
etal., 2012). On the other hand, THBS1 might also be involved in hyperglycaemia-
induced mitochondrial superoxide production, which affects insulin secretion from
pancreatic beta cells. Additionally, some studies, such as those by Wang, Shen,
and Kong (2006), suggest that high levels of THBS1 are associated with the
diabetic phenotype and tend to decrease following pioglitazone treatment, thereby
alleviating diabetic symptoms. Moreover, the impact of TZD compounds like
pioglitazone extends to pancreas, notably through their influence on glucose
transport receptors in the periphery, aided by the increased activity of GLUT1 and
GLUTA4. These transporters are vital for glucose movement in skeletal muscles, the
heart, and L6 myocytes, as described by Kim et al. (2000). Additionally, GLUT2,
known for its high capacity but low affinity for glucose, plays a role of glucose

transporter too. metabolic actions in adipose and liver tissues, including fatty acid
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transport, B- oxidation, and storage, as detailed by Peng et al. (2014). Regarding
THBS1, a glycoprotein in the Thrombospondin family, has been linked to lipid
metabolism, as discussed by Gutierrez and Gutierrez (2021). It targets PPAR-a,
predominantly located in the liver and involves fatty acid breakdown, particularly
through the regulation of the f-oxidation enzyme.

Additionally, pioglitazone targets PPAR-J, which is key in activating various
polyunsaturated fatty acids, a process outlined by Sakamoto et al. (2000). This
aspect is particularly significant in the context of SMA mice, which are known to
exhibit reduced P-oxidation capacity, thereby emphasizing the importance of
PPAR-« in this metabolic process (Deguise et al., 2019). Research on fa/fa Zucker
rats and insulin-resistant rhesus monkeys, as documented by de Souza et al. (2001)
and Kemnitz et al. (1994), has shown that a 28-day regimen of pioglitazone results
in an increase in liver triglycerides and a reduction in hepatic cholesterol. Notably,
in the P19 SMA mouse model, levels of triglycerides and total cholesterol were
observed to be much higher in the liver compared to control groups (Deguise et
al., 2019). This suggests that the impact of pioglitazone on hepatic cholesterol
levels in SMA might be a consideration.

Based on results from systematic reviews using data from The Cochrane
Central Register of Controlled Trials (CENTRAL), Embase, and Clinical Trials
databases, it has been proposed that pioglitazone could significantly improve liver
functions and histology. This includes amelioration of steatosis and inflammation
(Lian and Fu, 2021). Therefore, pioglitazone is suggested as a primary treatment
option for NAFLD, particularly in T2DM patients where FDA-approved
pharmacological treatments are currently lacking (Lian and Fu, 2021). The
overlap between pioglitazone’s therapeutic target of liver steatosis/dyslipidaemia
and the SMA phenotype supports further exploration of pioglitazone in

subsequent studies.

Ongoing research is exploring the well-established effects of pioglitazone on
lipid and glucose metabolism, including its remarkable ability to effectively cross
the blood- brain barrier (Alhowail et al., 2022). These studies involve a wide range
of neurodegenerative disorders like Alzheimer's, dementia, Parkinson's, and NMD
such as ALS due to pioglitazone roles of antioxidant and anti-inflammation
(Grommes et al., 2013; Low et al., 2020). The distribution of PPAR isotypes
within the brain is noteworthy. PPAR-« is found across all brain cell types, PPAR-
S is localized primarily in neurons within gray matter, and PPAR-y is present in

astrocytes and microglia. This distribution underscores the potential significancgyf



PPAR transcription factors in the context of neurodegenerative diseases
(Warden et al., 2016).

In the study of SMA, oxidative stress and inflammatory response
phenotypes have been observed in microglia, and a direct link with SMN was
established through the use of antisense oligonucleotide (SMN-ASO) (Ando et al.,
2020). This treatment attenuated phenotypes in SMNA7 model mice and
suppressed microglia activation in the spinal cord (Ando et al., 2020).
Consequently, there appears to be a suitable match for therapeutic intervention
between this SMN-dependent pathology and the effect of pioglitazone, which has

been shown to alleviate similar symptoms in other neurodegenerative models.

Studies encompassing both diabetic and healthy individuals have revealed
the ability of pioglitazone to enhance mitochondrial DNA and upregulate genes
associated with mitochondrial biogenesis in both CNS and periphery (Bogacka et
al., 2005).For example, in the NT2 cell line, which serves as a model for human
neurons, pioglitazone administration resulted in increased mtDNA content,
elevated levels of MtDNA, and higher expression of nuclear-encoded electron
transport chain subunit proteins (Ghosh et al., 2007). Additionally, there was an
observed increase in oxygen consumption by the neurons. These findings suggest
that pioglitazone could be a valuable therapeutic agent in reducing mitochondrial
oxidative stress, thereby offering a potential remedy for mitophagy (Ghosh et al.,
2007). Further extending its range of beneficial impacts, pioglitazone has
demonstrated its ability to strengthen mitochondrial components and functions,
offering a safeguard against the impacts of mitochondrial dysfunction and
oxidative stress, particularly following CNS injuries (Sauerbeck et al., 2011). The
significance of pioglitazone's impact on mitochondria in the context of SMA is
particularly relevant due to observed mitochondrial dysfunctions in SMA
pathology.

These dysfunctions include disrupted mitochondrial size, altered mitophagy,
and variations in the number of mtDNA, all of which are critical aspects of the
disease’s progression and potential treatment strategies (James et al., 2021).
Pioglitazone is employed for its antioxidative effects in conditions such as
hypertension, diabetes, and for neuroprotective purposes in neurodegenerative
diseases. Oxidative stress caused by ROS released by mitochondria has been
shown to reduce SMN protein levels in SMA mouse models (Seo et al., 2016).
Additionally, the mitochondrial-targeted compound olesoxime had been included

in clinical trials for SMA, highlighting the significance of mitochondrial
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biogenesis, oxidative stress, mitophagy, and metabolic functions in improving the
SMA phenotype (Pérez and Quintanilla, 2017). Another example can be seen in
diabetic mice, where immunohistochemical analysis of oxidative stress markers in
pancreatic tissues suggested that pioglitazone reduces these markers,
consequently protecting the beta islet cells from damage (Ishida et al., 2004). This
suggests that targeting mitochondrial pathways could be a valuable approach in
SMA treatment, considering the crucial role these functions play in the disease's
progression and management.

The therapeutic targeting of pioglitazone towards liver
steatosis/dyslipidaemia, glucose metabolism, pancreas, mitochondrial DNA, and
neuroprotective effects, and its join with the SMA phenotype, supports the need

for further investigation of pioglitazone in subsequent studies.
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3.2 Methods

3.2.1

3.2.2

In vitro pioglitazone treatment

Proliferating C2C12 myaoblast cells were plated in 6-well plates (4 wells
per group). Once the C2C12 myoblast cells reached 50-60% confluency, and the
differentiated C2C12 myotubes were at the D7 stage, they were treated with
pioglitazone (Sigma-Aldrich) dissolved in DMSO at concentrations of 50, 100,
and 200 micromolar for 24 hours. This procedure was conducted against a control
group of DMSO (0.78% v/v). The same concentrations of insulin were also
applied to both the 60-70% confluent LHCN-M2 cell line and the D7 LHCN-M2

cells for a duration of 24 hours.

In vivo pioglitazone treatment

Offspring composed of Smn 22~ SMA and Smn?®* healthy mice were
phenotypically analysed on a daily basis starting from PO. At P5, the mice were
either left untreated, treated with a vehicle (0.5% CMC) or administered
pioglitazone (Sigma- Aldrich) at doses of 5, 12.5, and 25 mg/kg per day. The
pioglitazone, dissolved in 0.5% CMC, was administered via gavage using a 25 pl
syringe (Hamilton) and a 1.25 mm gavage needle (Cadence Science). This
procedure continued until the humane endpoint, with more than 10 mice in each
group. At P18, skeletal muscles (Triceps brachii and TA), liver, pancreas, white
adipose tissue and spinal cord (N > 4) were collected from both untreated and
pioglitazone-treated Smn?®"~ SMA and Smn?®* healthy mice, two hours after the
final treatment. Additionally, blood glucose levels (mmol/L) of the non- fasted
pups were immediately measured post-euthanasia using the True Metrix Go blood

glucose monitoring system (Trividia Health).
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3.3 Results

3.3.1 The mRNA expression of Thbsl and Ppar-a was upregulated in skeletal muscle of
symptomatic Smn-/-;SMN2 mice.

Combined in silico analysis has predicted an upregulation of Thbsl and
Ppar-a pathways in symptomatic Smn”;SMN2 mice SMA models, could be
downregulated with pioglitazone treatment. In the initial phase of the experiment,
we aimed to confirm the expression levels of target genes Thbsl and Ppar-« in the
triceps (skeletal muscle) of symptomatic Smn”;SMN2 SMA mice at P7, using
untreated littermates as a comparison group by qPCR. Upon examining the
targeted genes for pioglitazone, specifically Thbsl and Ppar-a, we observed a
significant upregulation in the skeletal muscle when compared to WT, as

illustrated in figure 3.2.

These validation studies not only corroborate our bioinformatic findings
but also reinforce the likelihood that the target genes Thbsl and Ppar-a may be

implicated in muscle pathology.
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Figure 3. 2 The mRNA expression of predicted Thbsl and Ppar-o gene
increased in severe (Smn”;SMN2) SMA mouse models compared to WT
mouse models.

The mRNA expressions were performed by gPCR. a. The expression level of Thbsl and
b. Ppar-a. Black represents healthy model; white represent severe SMA mouse model.
Data represent N=4 samples per group; error bars represent +/- SEM; Unpaired-t test,
*p<0.05, **p<0.01, ***p<0.001.
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3.3.2 The mRNA expression of Thbsl was increased in skeletal muscle of symptomatic
Smn?®"- Mice

To further validate our findings, we extended the study to examine the

triceps skeletal muscle in Smn?®"

at P18. This was considered important because
both severe and milder forms of SMA mouse models show pathological defects in

muscle.

Upon comparison with untreated littermates, we found an increased
expression of Thbsl in the triceps of the milder SMA model. However, there was
no notable change in the mMRNA levels of the predicted target gene Ppar-« in
these milder SMA models, as shown in figure 3.3. This led us to observe that the
expression of Ppar-a might be influenced by the severity of the SMA condition.
Given that the targeted gene Ppar-a showed an increased pattern in the severe
SMA mouse model (as illustrated in figure 3.2), whereas no change was observed
in the milder form of the SMA mouse model (refer to figure 3.3), this suggests a

distinct response in different SMA severity levels.
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Figure 3. 3 The validation study is about predicted candidate genes by restored
pioglitazone treatment, Tsbhl and Ppar-q, in In-Vivo model. The mRNA
expression of predicted Thbsl and Ppar-a gene increased in milder
form (Smn?®") of SMA mouse models compared to WT mouse models.

The mRNA expressions were performed by gPCR. a. The mRNA level of Thbs1 and b.
Ppar-a are forecasted target gene to be recovery of pioglitazone treatment in milder
SMA mouse model (a,b). Black represents healthy model; white represent severe SMA
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mouse model. Data represent N=4 samples per group; error bars represent +/-
SEM; Unpaired-t test, ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.

3.3.3 The predicted targeted gene, PPAR-a, was downregulated in Type Il SMA deltoid
myoblasts.

In our subsequent phase of research, we aimed to explore if the genes we
identified as potential targets of pioglitazone—namely THBS1 and PPAR-a—
exhibit altered expression in samples from SMA patients. For this purpose, we
collaborated with Dr. Stephanie Duguez and utilized primary myoblasts obtained

from deltoid biopsies from both healthy controls and Type I11 SMA patients.

Interestingly, our findings showed a decrease in PPAR-a expression
levels in Type 11l SMA myoblasts when compared to healthy controls (fig
3.4.). This trend is notably different from what we observed in the severe
SMA mouse model, where PPAR-a levels were increased. Additionally, we
did not observe any statistically significant differences in the mRNA levels of
THBS1 in Type 11l SMA deltoid myoblasts, compared to healthy controls (fig

3.4.).
a.
S THBS1 b. & PPAR-a
: (— ns :‘l [ —3 *
|~ f ]
£ | ! e
- O - O
B © - ©
] 1.0 @ 2 1.01
- -
© ©
ES ES
s 9 o9
EE 0.5+ gE 0.5+
S8 $$
n = ]
e 2 0.0- . ¢ 2 0.0 :
e Controls Type lll SMA % Controls Type Illl SMA
w w

Delitoid Mynhissts Deltoid Myoblasts

Figure 3. 4 The pioglitazone target gene, PPAR-a, significantly downregulated in
Type 111 SMA deltoid myoblasts.

The mRNA expressions were performed by gPCR. The expression level of a. THBS1 b.
PPAR-a in primary myoblast from deltoid muscle biopsies from healthy controls and
Type 111 SMA patients (N=6). Black bars represent a healthy person and white bars
represents Type Il SMA patient; error bars represent +/- SEM ;

unpaired t-test, ns= not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.3.4 The mRNA expression of predicted Thbsl gene was decreased in differentiated

Smn-KD C2C12s model.

In our combined in silico studies, we validated the dysregulation of
predicted target genes in both the SMA mouse model and Type 111 SMA patients.
To further understand whether these changes in gene expression are dependent on
the Smn gene, we conducted experiments on models with the Smn-KD.

To tackle this question, we used siRNA-mediated transfection to reduce
expression of the Smn gene in immortalized murine C2C12s myoblast-like cells.
This experimental model allowed us to examine not just whether the
dysregulation of these target genes is due to Smn, but also how Smn deficiency
specifically impacts muscle, independent of any nerve degeneration. Since this
approach helps to isolate muscle- specific effects from the complex interplay

between muscle and nerve tissues.

We carried out the Smn gene deletion during two distinct phases of muscle
development. First proliferating C2C12s cells, representing the myoblast stage,
were exposed to Smn-specific siRNA for two days (figure 3.5.a). Additionally,
differentiated C2C12s cells, representing the myotube stage, were also treated
with Smn-specific siRNA for six days (figure 3.5.b). For the purpose of control,
un-transfected C2C12s cells are represented by black bars. To indicate non-
specific transfections, we included cells treated with scrambled-RNA, represented
by white bars. Finally, for C2C12s cells in which the Smn gene was specifically
knocked down, grey bars (Smn-siRNA) were used. Our results revealed that the
only significant Smn-dependent change was observed in the myotube cells at day
7 (D7), where there was a significant decrease in Thbsl expression. Thus, it
appears that Smn deficiency in D7 C2C12s myotubes contributes to the
dysregulation of the Thbsl gene.
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Figure 3. 5 The mRNA expression of predicted Thbs1 gene is decreased without
Smn gene in D7 Smn-KD C2C12s model.

The mRNA expressions were performed by qPCR. a. The expression level of Thbs1 and
Ppar-a in Smn-KD myoblast form of C2C12s b. The pattern of target genes show in D7
Smn-depleted C2C12S. Black represent positive control, grey represent Smn-KD form
of C2C12s, white show scrambled-SiRNA in C2C12s.Data represent N=4 samples per
group across two-independent experiments; error bars represent +/- SEM; Two-way
ANOVA with post-hoc uncorrected Fishers LSD test, ns=not significant, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

3.3.5 There was no significant change in pioglitazone targeted genes observed in the
atrophy-induced D8 C212s.

One of the defining characteristics of the SMA disease phenotype is
muscle atrophy and weakness. To closely examine the relationship between
pioglitazone target genes and this atrophic phenotype, we employed a serum-
starvation-induced atrophy model in differentiated C2C12s cells. The central
research question in this context is whether atrophy is related to the observed

dysregulations in the predicted target genes that we have previously confirmed.

In order to generate a model of serum-deprived C2C12s myotubes, cells
were differentiated for up to 7 days and then subjected to 24 hours of starvation in
serum-free high glucose DMEM. In the comparison of target gene expression
levels between the atrophy-induced C2C12s cells (figure 3.6 / represented by
white bars) and the control group (figure 3.6 / indicated by black bars). In
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3.3.6

conclusion, no alterations in the genes targeted by pioglitazone were noted in the
D8 C212s that underwent atrophy induction.
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Figure 3. 6 Canonical atrophy does not lead to any changes in the level of
pioglitazone targeted genes in the serum-starvation-induced atrophy
C2C12s.

The mRNA expressions were performed by qPCR. a. The target genes levels are in
atrophy induced C2C12s. Black represents positive control, white shows serum-
starvation-induced atrophy C2C12s model. Data represent N=4 samples per group
across two-independent experiments; error bars represent +/- SEM; Two-way ANOVA
with post-hoc uncorrected Fishers LSD test, ns=not significant. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

Pioglitazone had dose- and differentiation state-dependent effects on the expression
of Thbs1 and Ppar-a genes in C2C12s.

In the subsequent stage of our research, our objective is to explore how
pioglitazone impacts the expression of Thbsl and Ppar-a genes in muscle cells.
Building upon previous research that showed increased insulin sensitization in
C2C12s cells after a 24-hour treatment with 50 pM pioglitazone (Verma, Singh,
and Dey, 2004), we chose 50 UM as our starting dose. Initially, we treated
proliferating C2C12s cells with varying concentrations of pioglitazone—50 uM
(white bars), 100 uM (dark grey bars), and 200 uM (light grey bars)—over a 24-
hour period. Notably, we observed a reduction in the expression of the candidate
target gene Thbsl (the left side) in myoblasts following the 200 uM pioglitazone
treatment (figure 3.7.a.). Subsequently, these same pioglitazone concentrations

were applied to differentiated C2C12 cells (also
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known as D7 myotubes) over an identical incubation period. The outcome was
quite revealing; the expression level of Thbsl (the left side) notably increased
when treated with 50 uM of pioglitazone (figure 3.7.b.). Thus, the influence of
pioglitazone on the expression of Thbsl and Ppar-« genes in C2C12s varies based

on the dosage and the stage of muscle growth stage.
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Figure 3. 7 After 200uM pioglitazone treatment, a decrease was observed in the
predicted candidate Thbs1 target gene in myoblasts. However, for the same
target genes, there is an increase in 50uM pioglitazone treatment on C2C12
myotubes.

The mRNA expression of pioglitazone target genes Thbsl and Ppar-a were performed
via gPCR. a. myoblast and b. myotubes form of C2C12s were treated for 24-hours by
50uM (white), 100uM (dark grey) and 200uM (light grey) and without any
treatment/control (black). Data represent N=4 samples per group across two-
independent experiments; error bars represent +/- SEM; Two-way ANOVA with post-
hoc uncorrected Fishers LSD test, ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
****%n<0.0001.
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3.3.7 Pioglitazone had a toxicity on C2C12s but it caused a negative effect on
proliferation of C2C12s.

For our next line of inquiry, we explored whether pioglitazone affects the

proliferation of C2C12s cells via BrdU labelling.

In the accompanying graph, the blank (black bar) represents the media
components without cells, while the background (medium grey) represents the
cell environment without BrdU labelling (figure 3.8.a.) The control, which
represents cells labelled with BrdU, is indicated by white bar (figure 3.8.a.). Cells
treated with the highest dose of pioglitazone are indicated by light grey bars, and
the corresponding an equal volume of vehicle control (DMSO) is depicted in dark

grey (figure 3.8.a).
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Figure 3. 8 Highest concentration of pioglitazone (200M) has a negative effect on
myoblast proliferation during 24H treatments, although it has no toxicity.

We measured the absorbance at various wavelengths (nm) under different
conditions: blank (media only), background (cell presence), and C2C12 myoblasts
was added with either an anti-BrDU antibody, vehicle (DMSO), or 200uM
pioglitazone for 24 hours. The results of the BrDU assay are presented in panel a.
For the toxicity, LDH assay was performed. Absorbance is readed from lactate
dehydrogenase (LDH) level in cell
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culture supernatant from b. proliferating C2C12s and c. differentiated C2C12s.
Black is untreated, white is negative control (1% Triton-X), dark grey is vehicle
(DMSO) control and light grey represent 200uM pioglitazone treatment. While
MyoD expression levels are shown in panel 'd," and MyoG levels are depicted in
panel 'e." Data were obtained from four samples per group, spanning two
independent experiments. Error bars represent the standard error of the mean
(SEM). Statistical analysis was performed using one-way ANOVA, followed by
Dunnett's post-hoc test. Notations for statistical significance are as follows: ns =
not significant, *p<0.05, **p<0.01, ***p<0.001,

****1<(0,0001.

According to the results of the BrdU assay, the negative impact of
pioglitazone on the growth phase of myoblasts was evident from a significant
decrease in absorbance values, which correlate with cell count, when compared to

between the control group and pioglitazone treated group.

To determine whether decrease in proliferation is associated with toxicity,
an LDH assay was conducted to investigate the toxicity of pioglitazone on the
myoblast phases (as shown in Figure 3.9.b) as well as myotubes form (figure
3.8.¢). We employed various controls for LDH assay: the background control
measures the signal originating solely from reagents, without any cells; the cell
control serves as a baseline, showing the amount of LDH from healthy cells
(represented by the black bar); and the negative control (white bar) is established
by killing most cells through the addition of 0.1% Triton-X. Additionally, we used
a vehicle control (dark grey bar) and examined the effects of the highest
concentration of pioglitazone (light grey bar). Our findings indicate that neither
the highest concentration of pioglitazone nor an equal volume of vehicle (DMSO)
exhibited toxicity in either the DO or D7 C2C12s cells. Given the absence of
observed toxicity, the question arises whether pioglitazone might be promoting
cellular differentiation instead of proliferation. To investigate this, we assessed the
expression levels of two key transcription factors critical to muscle biogenesis:
MyoD, which plays a crucial role in myoblast differentiation, and MyoG, which is
active in the final stages of muscle cell differentiation. The expression level of
MyoD (figure 3.8.d.) and MyoG (figure 3.8.e.) decreased following the highest
concentration of pioglitazone (shown as light grey bars) treatment. Considering
the outcomes of all these assays, it appears that pioglitazone does not induce
differentiation. Rather, the negative impact on cell proliferation observed might be

linked to the use of



DMSO. This association is suggested by the decreased levels of MyoD and
MyoG, which seem to depend on the application of DMSO.

3.3.8 The treatment of the human muscle cell line with 50 uM pioglitazone induced an
increase in the level of THBS1 mRNA.

Another research focus aims to investigate the impact of pioglitazone on

the expression of the THBS1 and PPAR-« genes in human muscle cells. Initially,

we exposed proliferating LCHN-M2 cells to various concentrations of

pioglitazone for a period of 24 hours. These concentrations included 50 uM
(represented by white bars), 100 uM (dark grey bars), and 200 uM (light grey
bars). Notably, we observed an increase in the expression level of the target gene

THBS1 in myoblasts following the treatment with 50 uM pioglitazone (as shown
in figure 3.9.a.).

Subsequently, the same concentrations of pioglitazone were applied to

differentiated LCHN-M2 cells, also known as D7 myotubes, over the same

incubation period. As a result, no change was observed in the expression levels of

the target genes in the differentiated human muscle cells following the

pioglitazone treatment (as shown in figure 3.9.b.).
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Figure 3. 9 After 50uM pioglitazone treatment on myoblasts form of LCHN-M2,
mRNA expression of THBS1 target gene increased.

The mRNA expression of pioglitazone target genes THBS1 and PPAR-a were performed
via gPCR. a. myoblast and b. myotubes form of LCHN-M2 were treated by
control(black),50uM (white), 100uM (dark grey) and 200uM (light grey). Data
represent N=4 samples per group across two-independent experiments; error bars
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represent +/- SEM; Two-way ANOVA with post-hoc uncorrected Fishers LSD test,
*p<0.05 **p<0.01***p<0.001****p<0.0001.

3.3.9 There was no negative impact of pioglitazone treatment on proliferation of LCHN-
M2.

In the next phase of our research, we aimed to determine the impact of
pioglitazone on the proliferation of LCHN-M2 cells. To achieve this, we
conducted a comparative analysis between LCHN-M2 cells treated with
pioglitazone and those that were not, utilizing the BrdU labelling method. The
results are depicted in the accompanying graph (figure 3.10.a.), which includes: a
control group of BrdU-labelled, untreated proliferating LCHN-M2 cells
(represented by white bars); a vehicle control group with an equal volume of
solvent (depicted by dark grey bars); and a group of cells treated with the highest
dose of pioglitazone (illustrated with light grey bars).The data from this analysis
indicates that pioglitazone does not adversely affect the proliferation of LCHN-
M2 cells, suggesting that the drug may not hinder cell growth under these specific
conditions.

Absorbance(nm)
o bt = b
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Figure 3. 10 Highest concentration of pioglitazone has no negative effect on
myoblast proliferation during 24H treatments.

We measured the absorbance wavelengths (nm) for various conditions: blank (media
only), background (cell presence), and LCHN-M2 myoblasts treated with either an anti-
BrDU antibody, vehicle (DMSQO), or 200uM pioglitazone for 24 hours. Data were
obtained from four samples per group, spanning two independent experiments. Error
bars represent the standard error of the mean (SEM). Statistical analysis was performed
using one-way ANOVA, followed by Dunnett's post-hoc test. Notations for statistical
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significance are as follows: ns = not significant, *p<0.05, **p<0.01, ***p<0.001,

#xx%0<0.0001.

3.3.10 During a 24-hour treatment period, pioglitazone demonstrated no toxic impact on
either the proliferating or differentiating states of LCHN-M2 cells.

In this segment of our research, our goal was to investigate the potential toxic
effects of pioglitazone on proliferating LCHN-M2 (human muscle) cells (figure

3.11.a) and cells in the differentiation phase (figure 3.11.b) via LDH assay.

Additionally, we incorporated a vehicle control (shown as the light grey bar) and

evaluated the impact of pioglitazone at its highest concentration (illustrated by the

dark grey bar).

The results of our study revealed that the highest dose of pioglitazone and
an equivalent amount of the vehicle (DMSO) did not exhibit any toxic effects on
LCHN- M2 cells, whether at the initial stage (DO) or after a week (D7).
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Figure 3. 11 Treating both proliferating and differentiated LCHN-M2 cells with the

highest dose of pioglitazone (200pM) or an equivalent volume of the vehicle
(DMSO) does not result in toxicity.

For the toxicity, LDH assay was performed. Absorbance is readed from lactate
dehydrogenase (LDH) level in cell culture supernatant from a. proliferating LCHN-M2 and
b. differentiated LCHN-M2. Black is untreated, white is negative control (1% Triton-X),
light grey is vehicle (DMSO) control and dark grey represent 200uM

pioglitazone treatment. Data represent N=4 samples; error bars represent +/- SEM; Data
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represent N=4 samples; error bars represent +/- SEM; One ANOVA with post-hoc
Dunnett’s multiple comparison test, ns=not significant, *p<0.05
**p<0.01***p<0.001****p<0.0001.

Overall;

Table 3. 1 The overall of pioglitazone results were about validation and in-vitro

models
7 Model Tissue/sub-model 7 Significant difference comparing controls
Smn”;SMN2 " Skeletal muscle Level of Thbs1 and Ppar-a increased
o
8
Smn?8/-Mice ‘= Skeletal muscle Increased Thbs1 gene expression
= No change in Ppar-a
Type Il SMA Deltoid myoblasts PPAR-a level decreased.
patients
Proliferating Thbs1 exp. upregulated with independent of the Smn
C2C12s Smn-KD with gene
Validation of in —silico | Smn-siRNA
data Differentiated- transfection Thbs1 exp. downregulated with
C2C12s dependent of the Smn gene
Differentiated- Atrophy-induced No change
C2C12s
Myoblast Downregulation of Thbs1 (200uM pioglitazone)
C2C12s
Myotubes Upregulation of Thbs1 (50uM pioglitazone)
Pioglitazone impact Myoblast 7 Upregulation of THBS1 (50uM pioglitazone)
LEHNEM2 Myotubes No difference

The table depicted in the figure methodically outlines, from left to right, the study plan's
objectives, the selected models, the focused tissue/sub-models, and the statistically significant
outcomes examined. This format facilitates an understanding of the models employed and their
respective outcomes in the context of the in-silico validation process. Subsequently, the study
investigates the impact of pioglitazone on the expression of certain genes in the C2C12s and
LHCN-M2 models after the application of pioglitazone. This method offers a detailed view of
how pioglitazone affects gene expression within the in-vitro model systems.

3.3.11 Oral administration of pioglitazone has a positive effect on weight, survival and
motor function in Smn?8" mice.

The results from in vivo studies indicated that in Smn”:SMN2 and Smn2®"mouse

models, the target genes Thbsl and Ppar-a are affected. Specifically, only Thbsl was
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observed to be dysregulated in the Smn?®- model. In Smn-knockdown C2C12
myotube formations, the dysregulation of the Thbs1 gene was shown to be
directly linked to the Smn gene. Ultimately, it has been demonstrated that genes
dysregulated in SMA mouse models and in vitro Smn models are associated with
the pathology of SMA. Importantly, it has been observed that pioglitazone exerts
an effect and demonstrates safety in influencing the expression of these specific
genes in both C212s and LCHN- M2 cell lines. These findings provide a solid

foundation for initiating research using mouse models in the study of SMA.

Initially, we carried out animal studies to identify the most effective
dosage and treatment schedule for pioglitazone. We employed the Smn?®" mouse
model and initiated testing at either P5 or P8. We tested various dosage levels,
ranging from 2 mg/kg/day to 25 mg/kg/day, taking into account findings from
previous studies by Drew et al. (2015).

Following this phase of dose optimization, we identified the most effective

treatment regimen to be 12.5 mg/kg/day of pioglitazone, starting at day 5 and
continuing until the humane endpoint. This specific approach was selected
because it showed notable improvements in both the weight pattern and lifespan
of the mice (table 3.2).
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Table 3. 2 12.5 mg/kg/day Pioglitazone is the most optimal treatment way.

Pioglitazone Treatment Starting Effect on Survival Effect on Weight
Concentration Day

2 mg/kg/day PS5 no change no change

5 mg/kg/day P5 no change no change
12.5 mg/kg/day P5 increase increase
12.5 mg/kg/day P8 increase no change

25 mg/kg/day P5 no change no change

This table provides us with the regimen for dosing and timing of pioglitazone in mouse
studies. To identify the optimal treatment approach, SMA mice were treated with
various concentrations and administration methods of pioglitazone. The therapeutic
value of pioglitazone was then assessed over weight and survival patterns.

When comparing the Smn?®" mouse model treated with 12.5 mg/kg/day of
pioglitazone to untreated Smn?®" mice, we observed a statistically significant
increase in weights at P5 and P6 (figure 3.12.a). Additionally, this upward trend in
weight patterns was notable up to P7 and P20 (figure 3.12.a). In a separate
comparison involving vehicle-treated and untreated SMA mice, although a
positive effect from the vehicle was observed, it was much less substantial than
the improvement seen with pioglitazone treatment and lasted only up to 14 days
(figure 3.12.d). In conclusion, administering 12.5 mg/kg/day of pioglitazone was
found to have a positive impact on weights in pioglitazone treated Smn?®"

comparing untreated Smn?®"- mouse model (figure 3.12.a)

Our second functional analysis involved the righting reflex (RR) test,
aimed at evaluating whether motor functions improved following treatment with
pioglitazone (figure 3.12.c). The results of this test showed that administering
12.5 mg/kg/day of pioglitazone had a positive impact on motor function, as
evidenced by improved righting reflex times when compared to untreated Smn28"
(figure 3.12.c).
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The lifespan results indicated that whereas untreated Smn?®"- mice typically
have a median lifespan of P20, those treated with pioglitazone showed an

extended median lifespan of P22. (figure 3.12.b).

In the Smn?®™* mice, however, it was observed that 12.5 mg/kg/day
pioglitazone application only had a positive effect on the weight trend (figure
3.12.d). The Smn®®* model contains an adequate amount of the SMN protein
necessary for survival, muscle development, and functionality. Consequently, it
does not exhibit the disease phenotype, and no differences have been observed in

survival and RR reflexes (figure 3.12.1).
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Figure 3. 12 The effect of 12.5 mg/kg/day oral pioglitazone treatment
in both Smn?8" 34 SMN?8* SMA mice.
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All animals were treated with 12.5 mg/kg/day pioglitazone (0.5 %
carboxymethylcellulose) via daily gavage starting at P5 on Smn?®~ SMA mice. a. Daily
weights of pioglitazone-treated (red, n=16), untreated (blue, n=15) and, CMC-treatment
(green, n=10) on Smn?®- SMA mice. Error bars represent +/- SEM; Two-way ANOVA
with post-hoc Sidak’s multiple comparisons test between untreated (blue) and 12.5
mg/kg/day pioglitazone treatment (red), vehicle/0.5 % carboxymethylcellulose treatment
(green) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. b.

Kaplan-Meier survival curves for n=15 untreated (blue, median survival:20 days), n=10
vehicle-treated (green, median survival: 20) and n=16 12.5 mg/kg/day pioglitazone (red,
median survival:22 days) on Smn?®-SMA mice, Long-rank (Mantel-Cox) test, **p<0.01,
ns= n significant. c. Daily righting reflex test up to a 30 second max time point of drug-
treated (red, n=16), vehicle treated (green, n=10) and untreated (blue, n=15) on Smn?®"
SMA mice. Data represents mean and +/- SD error bars, One-way ANOVA with post-
hoc Turkey’s multiple.

comparisons test. *p<0.05, ns= not significant. d. Daily weights of pioglitazone-treated
(red, n=13), untreated (blue, n=13) and, CMC-treatment (green, n=9) on Smn?&/*
SMA mice. Error bars represent +/- SEM; Two-way ANOVA with post-hoc
Sidak’s multiple comparisons test between untreated (blue) and 12.5 mg/kg/day
pioglitazone treatment (red), vehicle/0.5 % carboxymethylcellulose treatment
(green) *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001. e. Kaplan-Meier survival curves for n=13 untreated
(blue, median survival:22 days), n=9 vehicle-treated (green, median survival: 22)
and n=13

12.5 mg/kg/day pioglitazone (red, median survival:22 days) on Smn?®* SMA
mice, Long-rank (Mantel-Cox) test, **p<0.01, ns= n significant. f. Daily

righting reflex test up to a 30 second max time point of drug-treated (red, n=13),
vehicle treated (green, n=9) and untreated (blue, n=13) on Smn?®* SMA mice.
Data represents mean and +/- SD error bars, One-way ANOVA with post-hoc
Turkey’s multiple comparisons test.

*p<0.05, ns= not significant.

3.3.12 Oral administration of 12.5 mg/kg/day pioglitazone did not lead to any change of
hypoglycemia in both non-fasted Smn 22~ and Smn?®™* mice

As our next step, we aim to delve deeper into the pharmacological effects
of pioglitazone at both the molecular level and within specific tissues in SMA
mice. The goal is to better understand how pioglitazone leads to improved weight

gain patterns, enhanced motor function, and extended lifespan in these mice.

We first investigated the impact of pioglitazone treatment on
hyperglycaemic blood levels in symptomatic SMA mouse models that were not

fasting. Blood glucose levels were measured at P18 two hours after the final dose 89



of pioglitazone. As a result of that, our measurements revealed no significant
effect on blood glucose levels from pioglitazone administration in either the Smn
2B (figure 3.13.a) and Smn?®* (figure 3.13.b.) mice.
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Figure 3. 13 Oral 12.5 mg/kg/day Pioglitazone treatment did not cause any
significant change in blood glucose level in symptomatic non-fasting
both Smn?®"- and Smn?8/*,

All animals were treated 12.5 mg/kg/day pioglitazone (diluted in %0.5 CMC) via daily
gavage starting at P5 till P18. Blood glucose concentrations (mmol/L) were evaluated
after 2 hours final treatment of pioglitazone. Untreated (black bars), and pioglitazone
treated (white bars). Smn?®- mouse model result is in the a graph (n=7) , b. Smn?/*
mouse model result shows in the b graph (n=5). Data represents mean and error bars
represent +/- SEM; Unpaired t test, ns=not significant.

3.3.13 Administering of pioglitazone orally led to an increase in the expression levels of
Ppar-a and Ppar-y in the triceps tissue of symptomatic Smn?®- SMA mice.

To gain a deeper insight into the molecular impact of pioglitazone, our
focus was on particular target genes: Thbsl, Ppar-a, and Ppar-y. The selection of
these genes was informed by our bioinformatics data, our previous analyses in
cell culture and a review of relevant literature (Bai et al., 2020; Bogacka et al.,
2004; Orasanu et al., 2008).
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To investigate whether pioglitazone influences the expression of target
genes (Thbs1, Ppar-a and Ppar-y) in the triceps tissue of symptomatic Smn?®"
SMA mice, target gene levels were quantified by performing gPCR analyses.
Therefore, it was determined that Ppar-a/y expression increased in Smn?®"
depending on 12.5 mg/kg/day pioglitazone treatment (figure 3.14.c; e), and there
was no change in the Thbs1 level (figure 3.14.a, b). As for the Smn?®* model, there
is no statistically significant change in the levels of target genes in symptomatic

pioglitazone treated/untreated triceps tissues (figure 3.14.b; d; f).
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Figure 3. 14 Orally treatment of 12.5 mg/kg/day Pioglitazone caused an upregulation of

Ppar-a and Ppar-y expression level in symptomatic triceps tissue in Smn?®- SMA mice.
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All animals were treated with 12.5 mg/kg/day pioglitazone (diluted in 0.5%
CMC) via daily gavage starting at P5 till P18. Symptomatic triceps muscles was
harvest from untreated (n=8, black bars) and pioglitazone treated (n=8, white
bars) in non-fasted Smn 22" and Smn?®*  after 2hours last pioglitazone treatment.
The mRNA levels of Thbs1 gene are in a. Smn 28~ and b. Smn 28+ ; these of
Ppar-y are in ¢. Smn 28~ and d. Smn 2®* and the expressions of Ppar-a gene are
in e. Smn 28" and f. Smn 2®'* Data represents mean and error bars represent +/-
SEM; Unpaired t Test, ns=not significant, *p<0.05,

*%%n<0.001,

3.3.14 The Ide expression had been increased followed by pioglitazone application in
Smn?®"- mouse model.

It has recently been found that pioglitazone enhances mitochondrial
function by upregulating PPAR-y, which leads to increased levels of IDE proteins
(Di Donfrancesco et al., 2023). To understand the specific effects of pioglitazone
on mitochondrial function in symptomatic triceps skeletal muscle, a study
compared tissues treated with pioglitazone to Smn?®"- without treatment. This
study revealed that administering pioglitazone at a dosage of 12.5 mg/kg/day
elevates the expression of the Ide gene in the symptomatic triceps tissues in
Smn?®"- mouse model (figure 3.15).
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Figure 3. 15 Increases the activity of the Ide gene in the pioglitazone-affected
triceps tissues of the Smn?®- mouse model.
All animals were treated 12.5 mg/kg/day pioglitazone (diluted in %0.5 CMC) via daily

gavage starting at P5 till P18. Symptomatic triceps muscles were harvest from
untreated.
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(n=8, black bars) and pioglitazone treated (n=8, white bars) in non-fasted Smn 25" a. and
Smn?®* b., after 2 hours last pioglitazone treatment.

The mRNA levels of Ide gene are in a. Smn?®” and b. Smn 2®/*, Data represents
mean and error bars represent +/- SEM; Unpaired t Test. ns=not significant,
**p<0.01.

3.3.15 Pioglitazone had no impact on muscle atrophy marker gene expression.

Next, we examined the effect of pioglitazone on skeletal muscle
development through its impact on muscle atrophy, a hallmark of SMA. To
investigate this phenotype at the molecular level, our goal was to study the
ubiquitin ligases Atrogin-1 and MuRF1, which are upregulated in 13 different
skeletal muscle injury (Lecker et al., 1999; Brancaccio, Lippi, and Maffulli, 2010;
Foletta et al., 2011). As a result, it was found that 12.5 mg/kg/day pioglitazone
treatment had no effect on attenuating the expression of Atrogin-1 and MurF1

genes in symptomatic SMA” triceps tissue (as illustrated in figure 3.16).
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Figure3. 16 12.5 mg/kg/day pioglitazone orally administration has no effect on the atrophic
phenotype of triceps of milder form SMA mouse models

All animals were treated with 12.5 mg/kg/day pioglitazone (diluted in %0.5 CMC)
via daily gavage starting at P5 till P18. Symptomatic triceps muscles was harvest
from untreated (n=8, black bars) and pioglitazone treated (n=8, white bars) in non-
fasted Smn 28" and Smn?8/*, after 2hours last pioglitazone treatment. The MRNA
levels of atrogin-1 gene are in a. Smn 28 and b. Smn 2®'* ; these of MurF1 are in
c. Smn 28" and d. Smn 28+,

Data represents mean and error bars represent +/- SEM; Unpaired t Test,

ns=not significant.

3.3.16 Pioglitazone induced enhancement of junctional adhesion molecule-A (Jam-A)
expression in triceps of mild SMA mouse models.

Junctional adhesion molecule A (JAM-A) is a protein that plays a role in
vascular/epithelial permeability and is known to increase the distribution and
permeability of leukocytes (Schmitt et al., 2014). Since inflammation is another
pathology observed in skeletal muscle of SMA Type 1 and Il (Millino et al.,
2009b; Papadimitriou et al., 2010). Altogether, the potential effect on the
inflammation phenotype in SMA muscle tissue has been investigated through the
lens of Jam-A expression. As a result, we found that 12.5 mg/kg/day pioglitazone
administration caused a significant increase in mMRNA level of JamA in Smn?®"
SMA mice (figure 3.17.a).
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Figure 3. 17 12.5 mg/kg/day pioglitazone application markedly increased
the expression of junctional adhesion molecule (JAM-) A gene in
triceps of milder form SMA mouse models.
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All animals were treated with 12.5 mg/kg/day pioglitazone (diluted in %0.5 CMC) via
daily gavage starting at P5 till P18. Symptomatic triceps muscles were harvest from
untreated (n=8, black bars) and pioglitazone treated (n=8, white bars) in non-fasted Smn
8- 3. and Smn?®™* b., after 2hours last pioglitazone treatment. The mRNA levels of JamA
gene are in a. Smn 2®- and b. Smn 2", Data represents mean and error bars represent +/-
SEM; Unpaired t Test. ns=not significant, **p<0.01.

3.3.17 Negative effect of pioglitazone on muscle fiber size was observed in symptomatic
TA of Smn 22" whereas showed opposite pattern in Smn 28,

The effect of pioglitazone on this morphological phenotype was evaluated
by analyzing the cross-sectional area of the muscle fibers, which is commonly
associated with enhanced muscle strength and health (Waisman et al., 2021). This
aspect has been incorporated into the experimental framework to understand
whether pioglitazone can alleviate the muscle weakness observed in SMA
pathology (Deymeer et al., 1997).

In both Smn?&" and Smn?®™* mouse models, the effects of administering
12.5 mg/kg/day of pioglitazone were evaluated by comparing the size of TA
myofibers to untreated controls. The results indicated that in Smn?®", pioglitazone
reduced the fiber size (figure 3.18.a), whereas in the Smn?8* mouse models, it

was found to increase the fiber size (figure 3.18.b).
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Figure 3. 18 Representative images of laminin-stained cross sections of TA
muscles from P18 untreated and pioglitazone-treated (12.5 mg/kg/day
through gavage)

Quantification of myofiber area represents a. Smn 2®"and b. Smn?®* mice. Data are mean+
SEM, n = 3-7 animals per experimental group (> 400 myofibers per experimental group),
**p<0.01. ****p < 0.0001. (Scale bar represents= 50um) * Untreated groups are the same

within the three drug application groups

3.3.18 12.5 mg/kg/day pioglitazone treatment upregulated Ppar-y expression in spinal cord
of Smn?®",

Another tissue to be examined for the effects of pioglitazone application
is the spinal cord, where the loss of alpha-motor neurons occurs and which is a
key area affected by SMA (Daniel D. Coovert et al., 1997), potentially providing

insights into its overall therapeutic impact on the disease.



Specifically, our analysis involved examining tissue samples from the
spinal cord to ascertain if the observed advantages were due to the 12.5 mg/kg/day
dosage of pioglitazone treatment. Our results revealed that in the spinal cord
tissues of Smn?®" mice treated with pioglitazone, there was a significant
upregulation of the Ppar-y gene (figure 3.19.c). However, the expression levels of
the other two targeted genes remained unchanged (figure 3.19.a, e.). Interestingly,
we found no alterations in the mRNA levels of these genes in the Smn?®™* mouse
model (figure 3.19.b; d; f.). Therefore, following pioglitazone treatment resulted

in enhanced Ppar-y expression in the spinal cords of Smn?®" models.
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Figure 3. 19 Orally treatment of 12.5 mg/kg/day Pioglitazone causes
upregulation of Ppar-y expression level in symptomatic spinal cord tissue
in Smn?®"- SMA mice.

All animals were treated with 12.5 mg/kg/day pioglitazone (diluted in %0.5
CMC) via daily gavage starting at P5 till P18. Symptomatic spinal cord was
harvested from untreated (n=8, black bars) and pioglitazone treated (n=8, white
bars) in non-fasted Smn 8- and Smn?8/*, after 2hours last pioglitazone treatment.
The mRNA levels of Thbs1 gene are in a. Smn 2% and b. Smn 2®* ; these of
Ppar-y are in ¢. Smn 28 and d. Smn 28"* and the expressions of Ppar-a gene are
in e. Smn 28" and f. Smn 2®'* Data represents mean and error bars represent +/-
SEM; Unpaired t Test, ns=not significant, ***p<0.001.
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3.3.19 Following the application of pioglitazone, there was an upregulation of Pmaip-1
and Fas mRNA levels in the spinal cord tissues of Smn?® mice.

To determine whether pioglitazone has a protective effect on the spinal
cord, the study focused on the mRNA levels of Pmaip-1 and Fas in SMA SC
tissues. These genes, known for their aberrant expression and contribution to
pathology in SMA SC (Murray et al., 2015a). As a result of gPCR analyses, it was
found that the expression levels of Pmaip-1 and Fas, in SC both in the Smn 28"

and Smn 28+ were significantly downregulated (figure 3.20.).
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Figure 3. 20 12.5 mg/kg/day pioglitazone orally administration had a
neuroprotective effect on spinal cord in milder form of SMA mouse,
preventing apoptosis.

All animals were treated 12.5 mg/kg/day pioglitazone (diluted in %0.5 CMC) via daily
gavage starting at P5 till P18. Symptomatic spinal cord was harvest from untreated
(n=8, black bars) and pioglitazone treated (n=8, white bars) in non-fasted Smn 2#"- and
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Smn?8* after 2 hours of last pioglitazone treatment. The mRNA levels of Pmaip-1
gene are in a. Smn 22" and b. Smn ?8*; these of Fas are in ¢. Smn %" and d. Smn
2BI* Data represents mean and error bars represent +/- SEM; Unpaired t Test,
*p<0.05, **p<0.01.

3.3.20 Administration of pioglitazone did not change the number of a- motor neurons of
symptomatic spinal cord of Smn?8" and Smn28/*

As mentioned earlier, the reduction of Pmaip-1 and Fas expression in
symptomatic SC tissues may indicate an alleviation of the SMA-related pathology
in the spinal cord. To further investigate this hypothesis, we aimed to perform
alpha motor neuron counting in the same tissue. This approach is designed to
provide a clearer understanding of pioglitazone's effect on spinal cord pathology,
thereby contributing to a more comprehensive picture of its potential therapeutic

impact on SMA.

After administering a 12.5 mg/kg/day dose of pioglitazone to both Smn?8"
and Smn?®* mouse models, we conducted counts of alpha motor neurons in
symptomatic spinal cord cross-sections. These counts were carried out using Nissl
staining for both pioglitazone-treated and untreated samples. Given that the
depletion of motor neurons is a defining feature of SMA, our objective was to
evaluate whether pioglitazone influenced the number of alpha motor neurons in

the ventral horn of the spinal cord.

In Smn?®"- mice, a comparison between those treated with a 12.5 mg/kg
dose of pioglitazone and untreated controls revealed no change in the count of
motor neurons, as evidenced by fluorescence microscopy images (figure 3.21.a.).
Likewise, in Smn?®"* mice, the number of motor neurons was also unaffected
following a treatment with 12.5 mg/kg pioglitazone compared to untreated
controls, as supported by fluorescence microscopy images (figure 3.21.b.). Given
that the motor neuron counts did not change in either the Smn?®" and Smn?®/*
mice after treatment with pioglitazone, this suggests that pioglitazone does not

influence the number of motor neurons in the spinal cord.
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Figure 3. 21 The number of alpha motor neurons remained steady after

12.5mg/kg/day daily pioglitazone treatment in symptomatic SC in both

Smn 28" and Smn 2®'* mouse model.
Representative images of Nissl-stained cross sections of SC from P18 untreated and
pioglitazone-treated (12.5 mg/kg/day through gavage) a. Smn 22™* and b. Smn 2%~ mice
(scale bars = 50 pum) and quantification of horn area. Data are mean+ SEM, n =37
animals per experimental group, Data represents mean and error bars represent +/-SEM,;
Unpaired t Test, ns=not significant. * Untreated groups are the same within the three drug
application groups.
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3.3.21 Orally treatment of Pioglitazone led to an upregulation of Thbsl expression level in
symptomatic liver tissue in Smn?8* SMA mice.

Another research question that emerged was whether administering
pioglitazone could mitigate the observed abnormalities in fatty acid metabolism in
the liver of Smn?®" mice. To delve deeper into this issue, liver tissue samples were
collected from two distinct groups of symptomatic Smn?®" mice: one group that
had been administered pioglitazone at a dosage of 12.5 mg/kg/day, and another
group that had not received any treatment. Subsequent gPCR experiments were
conducted to evaluate the effect of pioglitazone on the expression levels of
targeted genes in the liver of these SMA mice. The results indicated that oral
administration of pioglitazone did not have a significant impact on the expression
of Ppara/y (figure 3.22.c; e.) and Thsbl (figure 3.22.a) target genes in the
symptomatic liver tissue of Smn?®"- mice when compared to healthy littermates.
Interestingly, however, there was an observed upregulation in the mRNA levels of
Thbs1 in the symptomatic liver tissue of Smn?®'* (figure 3.22.b) mice after

pioglitazone treatment.
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Figure 3. 22 Oral treatment of 12.5 mg/kg/day Pioglitazone lead an upregulation of Thbsl

expression level in symptomatic liver tissue in Smn?®* SMA mice.
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All animals were treated with 12.5 mg/kg/day pioglitazone (diluted in %0.5
CMC) via daily gavage starting at P5 till P18. Symptomatic liver was harvested
from untreated (n=8, black bars) and pioglitazone treated (n=8, white bars) in
non-fasted Smn 28" and Smn?8’*, after 2hours last pioglitazone treatment. The
mMRNA levels of Thbs1 gene are in a. Smn 22~ and b. Smn 2®/* : these of Ppar-y
are in c. Smn 28" and d. Smn 28" and the expressions of Ppar-a gene are in e.
Smn 28" and f. Smn 28"* Data represents mean and error bars represent +/- SEM;
Unpaired t Test, ns=not significant, **p<0.01.

3.3.22 There was no change in lipid accumulation in liver of Smn?®" following
pioglitazone treatment.

Although no changes were observed in the expression of genes associated
with lipid metabolism in diabetic mice (Peng et al., 2014), the characteristics of
lipid accumulation, dyslipidemia, and NAFLD-like phenotype in Smn?®" SMA
mice (Deguise et al., 2019) were still investigated using the Oil-Red-O assay. This
approach was employed to consider the potential influence of different molecular
factors in the event of any observed changes in these phenotypes. Oil-red-O is a
lipidic dye and diffuses into the lipid region in direct proportion to its lipid
density. As seen in the figure below (figure 3.23), a clear lipid accumulation is
observed in the Smn?8" (figure 3.23.a; b) mice compared to Smn?®" (figure
3.23.c; d). After administration of 12.5 mg/kg/day pioglitazone, no change was
observed in lipid accumulation in Smn?®" (figure 3.23.e.) and Smn?&™* (figure
3.23.1).
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Figure 3. 23 The administration of pioglitazone at a dosage of 12.5 mg/kg/day
does not appear to have a mitigating effect on lipid accumulation in the liver.

Representative images of Oil-red-O cross sections of liver from P18 untreated (a, ¢) and
12.5 mg/kg/day pioglitazone-treated (b, d) through gavage both Smn 28/* (c, d) and Smn
2B/~ (a, b) mice. Data are mean+ SEM, n = 3—7 animals per experimental group, untreated
bars show as a black, pioglitazone treatment represent white bars in e. Smn 28* f. Smn
2B/~ Unpaired t Test, ns=not significant. (Scale bar= 50pum) * Untreated groups are the same
within the three drug application groups

3.3.23 Orally treatment of Pioglitazone downregulated of Thbsl1 and Ppar-y mRNA level

in symptomatic WAT in both Smn?®"- and Smn?®* mice.

The holistic evaluation of fatty acid and energy metabolism, due to the
inter- tissue crosstalk, has directed the inclusion of adipose tissue studies in our
research (Deguise et al., 2021). This approach recognizes the interconnected
nature of metabolic processes across different tissues and the importance of

adipose tissue in the broader metabolic context.
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In order to analysis pioglitazone effect on lipid and fatty acid metabolism
in adipose, symptomatic WAT was collected from SMA mice untreated/ treated
with 12.5 mg/kg/day pioglitazone and gPCR experiments were performed to
evaluate the effect of pioglitazone on the level of targeted genes in WAT tissue. In
conclusion, oral administration of 12.5 mg/kg/day pioglitazone leads to
downregulate Ppar-y and Thsb1l target gene expression in symptomatic WAT
tissue comparing untreated symptomatic WAT tissue in - and Smn?5"* mouse
model (figure 3.24).
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Figure 3. 24 Orally treatment of 12.5 mg/kg/day Pioglitazone
downregulated of Thbsl and Ppar-y mRNA level in symptomatic
WAT (white adipose) tissue in both Smn?®"- and Smn?®™* SMA
mice.

All animals were treated 12.5 mg/kg/day pioglitazone (diluted in %0.5 CMC)
via daily gavage starting at P5 till P18. Symptomatic WAT (white adipose
tissue) was harvest from untreated (n=8, black bars) and pioglitazone treated
(n=8, white bars) in non- fasted Smn 2%~ and Smn?®*, after 2hours last
pioglitazone treatment. The mRNA levels of Thbs1 gene are in a. Smn 28" and
b. Smn 28*; these of Ppar-y are in c. Smn 26" and d. Smn 28/*, Data represents
mean and error bars represent +/- SEM; Unpaired t Test,

*p<0.05, **p<0.01, ****p<0.0001.
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3.3.24 Orally treatment of 12.5 mg/kg/day Pioglitazone downregulated of Thbsl and Ppar-
y mRNA level in symptomatic WAT (white adipose) tissue in both Smn 28" and
Smn?®* SMA mice.

In order to analysis pioglitazone effect on lipid and fatty acid metabolism
in adipose, symptomatic white adipose tissue (WAT) was collected from SMA
mice untreated/ treated with 12.5 mg/kg/day pioglitazone, and gPCR experiments
were performed to evaluate the effect of pioglitazone on the level of targeted
genes in WAT tissue. In conclusion, oral administration of 12.5 mg/kg/day
pioglitazone leads to downregulate Ppar-y and Thsb1 target gene expression in
symptomatic WAT tissue comparing untreated symptomatic WAT tissue in
Smn2B/- and Smn2B/+ mouse model (Fig3.25).

To understand the multisystemic effects of pioglitazone, especially in a
multifaceted disease like SMA, it's crucial to study its impact on glucose, lipid,
and energy metabolism, recognizing the necessity and significance of inter-tissue
crosstalk. This comprehensive approach has led to the preparation of the following
Table 3.5, which aims to provide an integrated view of pioglitazone's effects in the
context of SMA, highlighting its influence across different metabolic pathways

and tissues.

As a general conclusion, we can suggest that in Smn?®~ mice, the primary
peripheral targets of pioglitazone are skeletal muscle and adipose tissue. The
observed increases in lifespan and weight in these mice might be a result of
improvements in the metabolism of these two tissues due to pioglitazone's effects.
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Table 3. 3 Pioglitazone has a tissue-specific effect in Smn?® - SMA mice

Tissue Type Thbs1 Ppar-a Ppar-y Lipid Myofiber a-motor
accumulation sizein TA neuron
in liver counting in
- 1 1
—_— —_— A—
— - 1

The chart demonstrates the expression of target genes following pioglitazone
application in a symptomatic Smn?®" mouse model, specifically within periphery
and CNS tissues. The left block denotes the tissue type, and the upper right block
presents the target genes. An upward arrow in blue signifies a rise in gene
expression, while a green stripe represents stable mRNA levels. A downward arrow
in grey indicates a reduction in gene expression following the application of
pioglitazone.
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3.4 Discussion

One of the in-silico-based-alternative therapeutic options for developing
muscle and metabolism-targeted therapies for SMA was predicted to be
pioglitazone. It can be assumed that pioglitazone could achieve this effect by

regulating specific genes, namely Thbsl and Ppar-o.

The first stage of the experimental plan was the validation phase. During
confirmation, it was observed that in the Smn”;SMN2 SMA mouse model, both
target genes, Thbsl and Ppar-a, showed increased expression. Furthermore, in
the Smn?®- model, only the Thbs1 gene exhibited this increase. Conversely, in
deltoid muscle samples taken from SMA Type Il patients, this pattern is
reversed. In other words, while Thbs1 mRNA levels remain unchanged, Ppar-a
levels decrease. One possible explanation for this inverse pattern of Ppar-a could
be the use of different muscle groups in humans and mice; deltoid muscles were
used for SMA patients, whereas triceps muscles were used for the SMA mouse
model (Talbot and Maves, 2016).

Another potential explanation could be the physiological differences between
mice and humans, given that they are different species (Bryda, 2013). On the
other hand, the expression pattern of Ppar-a and Thbs-1 may depend on the
severity of SMA, and this could be related to its metabolic function. In
microarray studies conducted on the skeletal muscles of SMA type | and type I11
patients, it was observed that in SMA Type I, the skeletal muscle phenotype is
characterized by prolonged atrophy, where the muscles' capacity to utilize
glucose is limited (Millino et al., 2009b). In contrast, SMA type Il patients show
a unique co-existence of atrophy and hypertrophy, along with metabolic
alterations. Specifically, it was found that in SMA type 111, the impairment in
glucose metabolism occurs primarily in the final stages of glycolysis (Millino et
al., 2009b). This distinction between SMA types I and I11 highlights the potential
link between THBS-1 and PPAR-a’s expression and the metabolic differences
observed in these forms of SMA.

In in vivo studies, we first measured blood glucose levels to examine the
effect of pioglitazone, a diabetic agent, on SMA mice known for their glucose
intolerance (Bowerman et al., 2012b). After administering pioglitazone, no change
was observed in the blood glucose levels of the Smn?®- SMA mouse models. This
could be due to the mice not being in a fasting state during the experiment.

Previous studies have shown that in WT mice, blood glucose levels decrease, as
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expected, after fasting. However, in Smn?® SMA mice, high blood glucose levels
persist even after fasting, revealing their inability to uptake glucose from
circulation, indicating glucose intolerance (Bowerman et al., 2012, 2014). This
finding underscores the unique metabolic challenges in SMA mice and the need
for tailored approaches in their treatment.

Another key peripheral tissue in glucose metabolism is skeletal muscle.
This is crucial because skeletal muscle, being the largest peripheral tissue, plays a
vital role in energy metabolism and maintaining metabolic homeostasis (Richter
and Hargreaves, 2013). In addition to this, skeletal muscle is responsible for
approximately 80% of glucose uptake from circulation, a process that
significantly contributes to overall glucose regulation. Understanding the role of
insulin receptors located in skeletal muscle (Cerf, 2013), which are involved in
the development of insulin resistance and the response to insulin released from
the pancreas, is also essential (Teranishi et al., 2007). This highlights the
multifaceted role of skeletal muscle in glucose metabolism, emphasizing its
importance in both energy management and insulin sensitivity. We found that
administering pioglitazone caused markedly elevates Ppar-a and Ppar-y
expression levels in symptomatic triceps tissues of Smn?®- SMA mice, which can
cause a decrease in stress on glucose metabolism abnormalities in Smn?®", This
finding aligns with studies on PPARy-loxP mice mouse models (muscle-specific
Ppar-y deletion), which have demonstrated glucose intolerance and progressive
insulin resistance, highlighting the vital roles of Ppar-y and skeletal muscle in
these processes (Norris et al., 2003). Specifically, in muscle tissue, which
predominantly undertakes glucose utilization, PPAR-y amplifies the activation of
the GLUT4 receptor via the phosphorylated IRS-1/P1 3-kinase pathway (Qin et
al., 2003). In the triceps tissues of SMA mice, the increase in Ppar-y induced by
pioglitazone suggests a link with GLUT4 and glucose uptake. Establishing this
connection is recommended for future studies to fully understand the impact on

glucose intolerance under SMA pathology.

The effects of pioglitazone on liver dyslipidaemia have been well
established, particularly in cases co-existing with diabetes (Shahid et al., 2012).
However, the investigation into the influence of pioglitazone on lipid
accumulation & dyslipidaemia in the symptomatic liver tissue of the Smn?®” SMA
model revealed no significant changes, either through target gene-mediated

pathways or via Oil-red-O assay. Using
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the SMA mouse model to study liver lipid metabolism has its challenges. A
significant concern is that SMA mice do not develop fibrosis, which is a criterion
encompassed within the scope of NAFLD (Deguise et al., 2020). SMA is a
multifaceted metabolic disease that affects various peripheral tissues, and several
elements influence lipid metabolism in the liver such as the increase of lipid
droplets in circulation due to muscle atrophy and the lipolysis in WAT induced by
hyperglucagonemia (Deguise et al., 2020). This metabolic complexity presents a
significant challenge in studying liver pathophysiology within the SMA disease
model.

Due to the metabolic crosstalk existing between the liver, skeletal muscle,
and adipose tissue in maintaining metabolic homeostasis, our other peripheral
target tissue of interest is adipose tissue (Gastaldelli et al., 2009). A significant
decrease in the levels of target genes Thbsl and Ppar-y has been observed in SMA
mouse models treated with pioglitazone-treated WAT. Consequently, it is
conceivable that the Thbsl gene may be considered a metabolic gene related to
fatty acids, potentially leading to abnormalities in lipid metabolism (Ji and Qiu,
2022). Similarly, an elevated THBS1 gene level has been identified as a serious
risk factor in obese children (Li et al., 2023). In these children, applications of
metformin, another anti-diabetic agent, were conducted to reduce the THBS1 gene
level. This treatment with metformin has helped lower the gene level and improve
the lipid phenotype (Li et al., 2023). Given that metformin and pioglitazone
belong to the same chemical class (Pavo et al., 2003), it is plausible to consider
that the increased levels of lipogenic genes in sedentary Taiwanese (Smn*747
:SMN2**) mice (Houdebine et al., 2019), could be ameliorated by reducing the
Thbsl level. On the other hand, it has been observed that the gene Ppar-y is
associated with apoptosis, and a reduction in Ppar-y levels has been linked to
decreased apoptosis in the lung tissues of hypertensive mice (Ameshima et al.,
2003). Given the observed decrease in Ppar-y during the dissociation of WAT, it
would be advisable to further investigate whether this reduction is directly related

to apoptosis.

So far, we have discussed tissues such as skeletal muscle, liver, and
adipose tissue, which have undergone molecular-level changes in the SMA context
when treated with pioglitazone. A common characteristic among these tissues is
the energy metabolism support, effectively maintaining homeostasis. The key
structure responsible for energy metabolism is the mitochondria, often referred to
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as the powerhouse of the cell (Cooper, 2000). Furthermore, pioglitazone has been
observed to enhance mitochondrial function, indicated by increased Ide levels (Di
Donfrancesco et al., 2023) in triceps of a symptomatic SMA mouse model. In
studies conducted on SMA models, increased ROS production (Ohtaki, 1990),
decrease in the number of mitochondrial DNA (Pons et al., 1996) (Keller et al.,
2021), and altered morphology have been observed in relation to the reduction of
SMN protein (Ripolone et al., 2015a). The effect of pioglitazone on mitochondria
should not be limited to the IDE level; counting mitochondrial DNA and
conducting morphological assessments are recommended. This approach could
provide a more comprehensive understanding of pioglitazone’s impact on

mitochondrial dynamics and function in SMA.

In the context of skeletal muscle structure after pioglitazone treatment, a
notable observation was the reduction in myofiber sizes. Furthermore, gPCR
assays indicated that there was no significant change in the mRNA levels of the
atrogenic markers Atrogin-1 and MuRF1 in the skeletal muscle of Smn?®". In a
related vein, research focusing on the SMNA7 SMA mouse model has explored the
deletion of muscle atrophic markers like Atroginl or MuRF1, aiming to prevent
muscle atrophy. While the deletion of Atrogin-1 did not significantly impact the
weight and survival of SMA mice, the deletion of MuRF1 notably reduced their
survival rate (lyer et al., 2014). These findings suggest that in the pathology of
SMA atrophy, other muscle ubiquitin ligases, in addition to Atrogin-1 and MuRF1,
might play a crucial role. Conversely, pioglitazone has shown promise in
preventing muscle atrophy in SBMA by activating Ppar-y and reducing oxidative
stress (lida et al., 2015). Therefore, it is plausible to consider that pioglitazone
improves muscle strength by enhancing energy metabolism in muscle tissues
instead of preventing atrophy (Yokota et al., 2017), as evidenced by observed

increases in muscle strength as a result of RR test (Shea et al., 2011).

Regarding the effects on the SC, pioglitazone stands out as a potential
therapeutic agent for SC tissues, particularly due to its capability to penetrate the
blood- brain barrier efficiently (Berger and Moller, 2002). Crucially, pioglitazone
demonstrates neuroprotective effects, such as reducing neuroinflammation by
regulating microglia activity and safeguarding neurons after brain and spinal cord
injuries by bolstering mitochondrial bioenergy and integrity (Liu et al., 2017; Patel
etal., 2017). In the Smn?®- SMA model, the mRNA level of Fas and Pmaip-1
were downregulated following pioglitazone treatment. The significance of this

finding is further highlighted by the understanding that increased expressions of
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Fas and Pmaip-1 genes in SMA spinal cord led to apoptosis (Murray et al.,
2015a). The reduction in the levels of these genes following pioglitazone treatment
indicates a potential to inhibit apoptosis in SMA spinal cord pathology. Further
research on the effects of pioglitazone on health of SC was conducted using Nissl
staining, which found that pioglitazone did not induce significant changes in a-
motor neurons. Following spinal cord injury, treatment with pioglitazone led to a
significant increase in white matter preservation (McTigue et al., 2007). Based on
the observed effects, it seems plausible that pioglitazone may prevent apoptosis in
various components of the spinal cord, such as astrocytes found in the white
matter, rather than exclusively affecting a-motor neurons, which are primarily
located in the gray matter. Importantly, it has been found that although Fas and
Pmaip-1 genes are modulated, motor neurons continue to undergo apoptosis
(Martin et al., 2005). This finding implies that even when genes directly
associated with apoptosis are suppressed, MNs can still perish due to other
mechanisms. This underlines the multifaceted and complex nature of

neurodegenerative processes.

Taking into account these factors, pioglitazone emerges as a promising
candidate for a second-generation treatment for SMA, ameliorating the SMA
phenotype in Smn?®"mouse model. This was evidenced by improvements in
weight, survival rates, RR and regulating genes playing various roles of metabolic
homeostasis, along with its protective impact on the integrity of the spinal cord.
Altogether, in the case of SMA, which exhibits a multi-systemic phenotype, a
therapeutic approach targeting multiple peripheral tissues could yield more

promising results in terms of treatment.
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4 Melatonin

4.1

Introduction

The enhancement of the Smn?®- phenotype by pioglitazone and its
observed impact on the expression of tissue-specific target genes underscores the
strength of our comprehensive in silico strategy. This strategy, which melds
bioinformatics and drug repurposing, is recognized as a formidable approach for
anticipating new, advanced treatments targeting the muscular and metabolic
defects associated with SMA. Building on this strong in silico method, the second
phase of our project has identified melatonin as another promising candidate,
speculated to have a significant influence on the pathology. Furthermore,
melatonin initially identified as a neurohormone secreted by the pineal gland,
plays a vital role in regulating circadian rhythms, including the sleep- wake cycle
and proves effective in treating sleep disorders (Hardeland et al., 2006), which are
already dysregulated in SMA mouse model (Lisa M Walter et al., 2018) and
patients, including abnormal sleep (Pera et al., 2017), altered sleep microstructure
(Verrillo et al., 2014) and hypercapnia (Bersanini et al., 2012) .

The notable finding from the combine in silico analysis was melatonin's
recurrent identification across three separate analyses, suggesting its potential to
downregulate Per-1, Bcl-2, Sirt-1 and Ror-a genes, as depicted in figure 4.1.
Thus, melatonin stands out as a viable contender for developing second-
generation combinatorial therapies aimed at SMA-associated muscular
pathologies.
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Melatonin
treatment

Figure 4. 1 In silico analyses predicted that the expression of the genes Per-1, Bcl- 2,
Sirt-1 and Ror-a genes was increased in SMA skeletal muscle and could be
downregulated by melatonin treatment.

Recent research has unveiled that not only the pineal gland but also every
cell in the body possesses the unique capability to synthesize melatonin at various
levels (Rong, Wu and Sun, 2020). Although locally produced, melatonin is
underscored for its substantial role in modulating numerous metabolic functions
and contributing to the overall physiological equilibrium, it is fundamentally
associated with circadian rhythms and antioxidative capacity (Tordjman et al.,
2017). This revelation underscores the extensive influence of melatonin across
diverse bodily systems, highlighting its significance beyond mere sleep regulation
(Samanta, 2022).

The one of the observing the effects of melatonin beyond its primary
scope, reveals that melatonin influences liver development and functions through
a variety of pathways (Sato et al., 2020). The first of these is related to its
antioxidant property. In the liver, pathological fat accumulation leads to increased
production of ROS, which in turn causes oxidative stress and liver damage in
obese (ob/ob) mice (de Luxan-Delgado et al., 2016). Melatonin can neutralize
these ROS types, thereby reducing oxidative stress via activating Ror-a in
senescence-accelerated mice (SAMP8) (Caballero et al., 2008). The other two
pathways focus on inhibiting lipid accumulation. The first one is that suppressing
de novo lipogenesis in Syrian hamsters with dyslipidaemia by decreased actions
of the hepatic lipogenic enzymes, ACC and FAS (Ou et al., 2019).
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The second one is that supporting mitochondrial functions, which promotes the
oxidation of free fatty acids in HFD-fed mice via activating SIRT1 (Das et al.,
2017). Regarding why melatonin's effects on the liver are particularly intriguing
for SMA: a study identified hyperlipidaemia and liver steatosis in 72 SMA patients
(Deguise et al., 2019a). Additionally, Smn?®" mice exhibit a phenotype similar to
non-alcoholic fatty liver disease.

Melatonin demonstrates its effects not just limited to the liver, but also in
pancreatic tissue. Remarkably, melatonin exhibits its beneficial effects even under
conditions of ER stress in insulinoma INS-1 cells (pancreatic B-cells), enhancing
insulin release (Yoo, 2013). Moreover, melatonin showcased its protective
capabilities by safeguarding beta islet cells from apoptosis, a condition correlated
with augmented ROS production in hyperglycaemic condition (Park et al., 2014).
This protective effect directly overlaps with studies conducted both on Smn28-
SMA mouse models and SMA patients, which have already established the
reduced number of insulin-producing P cells (Bowerman et al., 2012). In addition
to triggering insulin release, melatonin indirectly supports pancreatic function by
strengthening insulin sensitivity in the liver, adipose tissue, and muscles (She et
al., 2009; Zanuto et al., 2013). Furthermore, its potential to correct the pathology
in Smn?®"- mice and SMA patients with glucose resistance highlights its significant
role in addressing this aspect of the disease (Bowerman et al., 2012).

Melatonin's target tissue overlapping with SMA pathology is skeletal
muscle, too. Studies conducted on SMA mouse models and patients have
identified delays in myogenesis, muscle atrophy, weakness, and aberrant
expression of muscle-specific proteins (Deymeer et al., 1997; Kim et al., 2020;
Martinez-Hernandez et al., 2014; Waisman et al., 2021). Melatonin, by promoting
myogenesis and decelerating muscle atrophy in skeletal muscles, becomes a
compound worth investigating for SMA. Specifically, Melatonin is suggested to
have an impact on skeletal muscle by its ability to alleviate oxidative stress,
apoptosis, and inflammation, as demonstrated in research by Ochoa et al. in 2011
and Borges et al. in 2015. To illustrate, melatonin has been shown to suppress
pro-inflammatory cytokines like tumor necrosis factor alpha (TNF- o) and

interleukin (IL)-6 in skeletal muscles by deactivating NF-kB (Tezze et al.,2017).
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When it comes to CNS, melatonin's beneficial role comes from
neuroprotection which is gaining significant attention, largely because of its
capacity to neutralize free radicals (Lee et al., 2019). The observation that human
neuroblastoma cell lines show increased MRNA levels of antioxidant enzymes
such as superoxide dismutases (SODs) and glutathione peroxidase (GPx), after
treatment with melatonin (Mayo et al., 2002). The retrospective analyses of the
PRO-ACT database suggest that melatonin may slow disease progression in
patients with ALS (Bald et al., 2021). This potential effect of melatonin in ALS is
attributed to its properties as an antioxidant and a scavenger of free radicals (Bald
et al., 2021). High-dose melatonin has shown promising results in extending the
lifespan of SOD1C%A- ALS transgenic mice (Weishaupt et al., 2006).
Additionally, this treatment led to a significant reduction in serum protein
carbonyls, which are indicators of oxidative stress and were notably high in a
varied group of sporadic ALS patients prior to receiving melatonin (Weishaupt et
al., 2006). ALS and SMA, both being motor neuron diseases, have been found to
share significant overlaps in their molecular pathologies (Bowerman et al., 2018).
Considering the shared molecular characteristics, investigating the efficacy of
treatments like melatonin, which have shown promise in improving ALS

phenotypes, could be crucial for SMA therapy as well.

In SMA pathology, where mitochondria play a crucial role in both the
CNS and periphery, the potential impacts of melatonin on mitochondria become
particularly interesting. Melatonin treatment was found to preserve the levels of
the PGC1-a level, which is downregulated in muscle biopsy samples from SMA
patients (Ripolone et al., 2015a). Moreover, the activation of this pathway, as
observed in ALS models, led to delayed muscle atrophy and significantly
improved muscle endurance (Da Cruz et al., 2012). This observation strongly
supports the idea that melatonin could contribute to SMA pathology by

promoting mitochondrial biogenesis in skeletal muscle.

In skeletal muscles of SMA patients with Type I, Il and 11, a reduction in
mtDNA (Chemello et al., 2023a; Ripolone et al., 2015b), and impaired oxidative
phosphorylation have been observed (Ripolone et al., 2015b). In the context of
mitochondrial disorders, melatonin has been shown to play a significant role in
activating cell death programs, particularly under conditions of oxidative stress-
induced damage, helping in the elimination of impaired cells (Hong et al., 2014).

Consequently, an effective approach in treating SMA may involve the use of
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melatonin to enhance mitochondrial health and facilitate the mitophagy

process, thus addressing these mitochondrial dysfunctions.

Considering the potential effects of melatonin on the development and

metabolism of various tissues in periphery and CNS, its examination is crucial for

diseases like SMA, which are both multisystemic and neurodegenerative in nature.
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4.2 Methods

421 In vitro

C2C12 myoblast cells in the proliferation phase were evenly
distributed across 6-well plates, with four wells allocated for each group. When
the C2C12 myoblast cells achieved 50-60% confluency, and the C2C12 myotubes
had differentiated to the D7 stage, they underwent treatment. This involved
exposure to melatonin (Sigma-Aldrich), which was prepared in 70% ethanol. The
cells received varied concentrations of Melatonin, specifically 10, 100, and 1000
MM, and were treated for a duration of 24 hours. A control group was also
included, where the cells were treated solely with ethanol at a concentration of
0.32% v/v. The same concentrations of insulin were also applied to both the 60-
70% confluent LHCN-M2 cell line and the D7 LHCN-M2 cells for a duration of
24 hours.

4.2.2 InVivo

The study extended to in vivo experiments , focusingon ~ Smn?8- SMA
and Smn?®* healthy mice. These mice underwent daily phenotypic assessments
starting from the day P0. By P5, the mice were assigned to different treatment
groups: untreated, vehicle treatment (0.5% CMC), and melatonin (Sigma-Aldrich)
at varied dosages of 25, 50, and 100 mg/kg per day. For the administration of
melatonin, dissolved in 0.5% CMC, utilized a 25 pl syringe (by Hamilton)
coupled with a 1.25mm gavage needle (from Cadence Science). This treatment
regimen was sustained until reaching the humane endpoint, ensuring that each
group comprised over 10 mice. On the P18, the skeletal muscles (specifically
Triceps brachii and TA), liver, pancreas, white adipose tissue, brown adipose
tissue and spinal cord, were collected from both the untreated and melatonin-
treated Smn?8"~ SMA and Smn?®* mice, precisely two hours post the final
treatment session. In addition to tissue collection, blood glucose levels (measured
in mmol/L) of the non-fasted pups were promptly determined after euthanasia,
utilizing the True Metrix Go (Trividia Health).
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4.3 Results

4.3.1 There is an observed increase in the mRNA levels of Per-1, Bcl-2, and Sirt-1 in
skeletal muscle tissue symptomatic Smn”";SMN2 mice.

Our in silico analyses predicted that the expression of Perl, Bcl2, Sirtl and
Ror- o genes is increased in SMA skeletal muscle and can be downregulated by
melatonin treatment. In the preliminary stage of our research, we focused on
measuring the levels of specific genes, namely Per-1, Bcl-2, Sirt-1, and Ror-a, in
the triceps muscle of Severe SMA mice exhibiting symptoms on day P7. We
compared these levels with those in WT. Our analysis revealed a notable increase
in the expression of Per-1, Bcl-2, and Sirt-1 in the symptomatic mice's skeletal
muscle, as depicted in figure 4.2.

However, no change was detected in the levels of Ror-a. These findings
confirm our initial bioinformatics predictions and further suggest a potential role
for the genes Per- 1, Bcl-2, and Sirt-1 in the development of muscle-related
pathologies.

d.

Per-1 b. Bel-2
2 2
[} - Q - -
& 15 =25 *
o= ok o=
- 2 -z 2-0_
= 1 =0
%0 B o 1.5
=] =
¢ 58
cg 25 1.0
§8 °] 58
FE @ 8 0.5
3 g5
3 £ 0- T & <00 T
< wrt Smi™;SMN2 u wr Smn™:SMN2
d.
Sirt-1 Ror-alfa

[3,]
]

ns

1.0 |

-

Y
1

[
1

N
1

-
1

(Value/average to control}

(Value/average to control}
o
o

o
L

|

|
WT  Smn”:SMN2

Expression normalised to PolJ
Expression normalised to PolJ

|
WT Smn™  SMN2

Figure 4. 2 The mRNA expression of predicted Per-1, Bcl-2, and Sirt-1 gene
increased in severe (Smn’;SMN2) SMA mouse models compared

to WT mouse models.
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The mRNA expressions were performed by gPCR. a. The expression level of
Per-1, b. Bcl-2, c. Sirt-1 and d. Ror-a. Black represents healthy model; white
represents severe SMA mouse model. Data represent N=4 samples per group;
error bars represent +/- SEM; Unpaired-t test, *p<0.05, **p<0.01, **p<0.001.

4.3.2 The expression levels of Per-1 and Bcl-2 mRNA are elevated in skeletal muscle of
symptomatic Smn?®- Mice

Next validation study was carried out on the triceps muscle of Smn?®-at
P18. When we compared these milder SMA models to their WT counterparts, we
discovered an enhanced expression of Per-1 and Bcl-2 genes. Interestingly, no
significant alteration was detected in the mRNA expression levels of Sirt-1 and
Ror-a, as detailed in figure 4.3. This pattern suggests that the expression of Sirt-1

may vary depending on the severity of the SMA phenotype.

To sum up, increased Per-1 and Bcl-2 gene expression is noted in milder

forms of SMA mouse model, while Sirt-1 and Ror-« levels remain unchanged.
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Figure 4. 3 The validation research focuses on examining genes hypothesized to
respond to melatonin treatment. In Smn?®"- mice, there was a noticeable
elevation in the mRNA expression levels of the anticipated genes, Per-1
and Bcl-2, in comparison to wild-type (WT) mouse models.

The mRNA expressions were assessed by qPCR. a. The mRNA level of a. Per-1, b.
Bcl2, c. Sirt-1 and d. Ror-a are forecasted target gene to be recovery of pioglitazone
treatment in milder SMA mouse model (a,b). Black represents WT model; white
represent severe SMA mouse model. Data represent N=4 samples per group; error bars
represent +/- SEM; Unpaired-t test, ns= not significant, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

4.3.3 The predicted targeted gene, PER-1 level is decreased in Type Il1 SMA deltoid
myoblasts.

In the next stage of our investigation, we examined whether the genes
influenced by melatonin—specifically PER1, BCL2, SIRT1, and ROR-a—were
also modified in human patients with SMA.
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Our data indicated a reduced expression of PER-1 in the myoblasts from
Type 111 SMA patients relative to those from healthy donors (refer to fig 4.4.a).
This observation contrasts with our earlier findings in the severe SMA mouse
model, where there was an upregulation of PER-1. Furthermore, the expression
levels of BCL2 and SIRT1 did not show any significant changes in Type Il SMA
myoblasts in comparison with controls (see Fig 4.4.b; 4.4.c). To sum up, it's
observed that the level of the predicted target gene, PER-1, is diminished in the
deltoid myoblasts of Type Il SMA.
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Figure 4. 4 The pioglitazone target gene, PER-1, significantly downregulated in
Type 111 SMA deltoid myoblasts.

The mRNA expressions were performed by qPCR. The expression level of a. PER-1 b.
BCL-2 and c. SIRT-1 in primary myoblast from deltoid muscle biopsies from controls
and Type 111 SMA patients (N=6). Each black bar represents a healthy person, and each
white bar represents Type 111 SMA patient; error bars represent +/- SEM; unpaired t-
test, ns= not sianificant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.4 Changes in the Expression Levels of Target Genes Are Independent of Smn
Deficiency in C2C12s model.

We expanded our research to detect if these gene expressions were
depending upon the Smn gene. After confirming the reduction of SMN gene
expression in both myoblasts (figure 4.5.c.) and myotubes (figure 4.5.d.) our study

then focused on examining the expression patterns of target genes.

Black bars depict the baseline control of unaltered C2C12s cells. Cells
treated with non-targeting scrambled SiRNA are indicated by white bars as a
control for specificity. Grey bars (Smn-SiRNA) indicate the C2C12s cells with a
targeted knockdown of the Smn gene. Our findings indicate that the alterations in
the Per-1 and Bcl-2 gene expressions are independent of the Smn gene, as there
Is no significant difference in the levels of targeted genes between the Smn-
siRNA and Scrambled siRNA groups of both DO and D7 C212s (shown in figure
4.5.aand 4.5.b).
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Figure 4. 5 The mRNA expression changes of Per-1 and Bcl-2 in C2C12
cells are state-dependent and do not rely on Smn deficiency.
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The mRNA expressions were performed by gPCR. a. The expression level of
Per-1, Bcl-2, Sirtl and Ror-o in Smn-KD myoblast form of C2C12s b. The
pattern of target genes is shown in D7 Smn-depleted C2C12S. c. Smn gene level
in C2C12s myoblast. d. Smn gene level in C2C12s myotubes. Black represents
positive control, grey represent Smn-KD form of C2C12s, white show
scrambled-SiRNA in C2C12s.Data represent N=4 samples per group across
two-independent experiments; error bars represent +/- SEM; Two-way ANOVA
with post-hoc uncorrected Fishers LSD test, ns=not significant, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

4.3.5 In D8 C212s, there was no change in the expression levels of melatonin- predicted
target genes.

Our next-step aimed to delve into the association between melatonin-
targeted genes and muscle atrophy. Upon evaluating gene expression in serum
starved, atrophic C2C12 cells (depicted by white bars in figure 4.6) versus non-
starved controls (represented by black bars in figure 4.6), we found that the

expression levels of our target genes did not significantly alter.

In the C2C12 model, it was determined that melatonin does not have an

-, WwWT
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effect on atrophy through its impact on target genes.
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Figure 4. 6 The expression levels of genes targeted by melatonin does not associate
with atrophy in C2C12 cells

The mRNA expressions were performed by gPCR. a. The target genes levels are in
atrophy induced C2C12s. Black represents positive control, white shows serum-
starvation-induced atrophy C2C12s model. Data represent N=4 samples per group
across two-independent experiments; error bars represent +/- SEM; Two-way ANOVA
with post-hoc uncorrected Fishers LSD test, ns=not significant. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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4.3.6 Melatonin's effects on the expression of predicted-targeted genes vary depending
on the dosage and the differentiation status of the cells in C2C12s.

In the next phase of our study, we investigated the potential therapeutic
effects of melatonin on its target genes using DO and D7 C2C12s cells. Previous
studies have demonstrated that melatonin shows dose-dependent effects on the
C2C12 cell line, with applications of 0.1, 0.2, 0.5, 1, and 2 mM resulting in
varied responses after 24 hours (Kim, Kim and Yoo, 2012). Based on this, we
applied melatonin in three different concentrations—10, 100, and 1000
micromolar—to the C2C12 cell line over a 24-hour period. We administered
melatonin to proliferating C2C12 cells at 10 uM (represented by white bars), 100
UM (represented by dark grey bars), and 1000 uM (represented by light grey
bars). We noted a significant decrease in the expression of the candidate gene
Perl in myoblasts at the highest melatonin concentration (figure 4.7.a). Similarly,
both at the same high concentration and at lower concentrations of melatonin, we
observed a reduction in the expression level of Perl in the myotube form.
Furthermore, there was an increase in Bcl2 levels in D7 C2C12s following the

application of 100 micromolar melatonin (figure 4.7.b.).

These changes in expression levels, resulting from the melatonin
treatment, suggest that melatonin can influence the expression of its target

genes in state- and dose-dependent manner.
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Figure 4. 7 The application of 1mM melatonin has downregulated the Perl gene level in both
myoblast and myotube forms.

The mRNA expression of pioglitazone target genes Perl, Bcl2, Sirtl and Ror- o were
performed via gPCR. a. myoblast and b. myotubes form of C2C12s were treated for 24-
hours by 10uM (white), 100uM (dark grey) and 1000uM (light grey) and without any
treatment/control (black). Data represent N=4 samples per group across two-
independent experiments; error bars represent +/- SEM; Two-way ANOVA with post-
hoc uncorrected Fishers LSD test, ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
****%n<0.0001.

4.3.7 Melatonin has no negative effect on proliferation of C2C12s.

Moving forward to determine whether melatonin has a negative effect on
the proliferation of C2C12 cells. The corresponding chart illustrates the following
groups: control group with BrdU-labelled, untreated proliferating C2C12 cells
(represented by white bars); a solvent control group (indicated by dark grey bars);
and the group treated with the highest melatonin dose (light grey bars) as shown
in figure 4.8. The results demonstrate that neither melatonin nor its carrier
(ethanol) adversely affect the proliferation stage of C2C12 cells, as there is no
statistically significant difference in proliferation rates between the positive
control and the groups treated with the highest dose of melatonin and its

equivalent volume carrier.
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In the study, it was observed that in C2C12 cells, neither the
highest concentration of melatonin nor an equivalent volume of vehicle

affects cell proliferation.
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Figure 4. 8 The highest dose of melatonin does not negatively impact myoblast
proliferation over 24-hour treatment periods.

We measured the absorbance wavelengths (nm) for various conditions: blank (media
only), background (cell presence), and C2C12 myoblasts treated with either an anti-
BrDU antibody, vehicle (Ethanol), or 1000uM melatonin for 24 hours. The results of
the BrDU assay are presented in panel 'a." Data were obtained from four samples per
group, spanning two independent experiments. Error bars represent the standard error of
the mean (SEM). Statistical analysis was performed using one-way ANOVA, followed
by Dunnett's post-hoc test. Notations for statistical significance are as follows: ns = not
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

4.3.8 Melatonin shows no toxic effects on the proliferation or differentiation of C2C12
cells over a 24-hour treatment period.

In our examination, we sought to determine the potential toxic effects of
melatonin on both proliferating (figure 4.9.a) and differentiating cells (figure
4.9.b). The assay included a background control for signal baseline without cells,
a cell control (black bar) representing normal LDH release from healthy cells, and
a negative control (white bar) indicating LDH release upon cell death induced by
0.1% Triton-X. A
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vehicle control (dark grey bar) and the highest dose of melatonin (light grey bar)
were also evaluated.

The results demonstrated that the maximum concentration of melatonin, as
well as the vehicle (Ethanol), did not cause toxicity in either the initial DO or D7
stages of C2C12s cell with LDH levels not reaching toxic thresholds when

measured against the negative control.
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Figure 4. 9 Treatment with the highest dose of melatonin and a comparable
volume of vehicle shows no toxicity in both proliferating and
differentiated C2C12s cells.

For the toxicity, LDH assay was performed. Absorbance is readed from lactate
dehydrogenase (LDH) level in cell culture supernatant from a. proliferating C2C12s and
b. differentiated C2C12s. Black is untreated, white is negative control (1% Triton-X),
dark grey is vehicle (ethanol) control and light grey represent 1000M melatonin
treatment. Data represent N=4 samples; error bars represent +/- SEM; Data represent
N=4 samples; error bars represent +/- SEM; One ANOVA with post-hoc Dunnett's
multiple comparison test, ns=not significant, *p<0.05
**p<0.01***p<0.001****p<0.0001.
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4.3.9 Melatonin treatment increased the expression of PER1 in both myoblast and

myotube forms of LCHN-M2, while it only increased SIRT1 expression in the
myoblast form of LCHN-M2.

Our study also delves into the effects of melatonin on gene expression in
human muscle cells, to discern its pharmacological impacts. We treated
proliferating LCHN- M2 cells with varying doses of melatonin for a 24-hour
duration. The doses were set at 10 uM (indicated by white bars), 100 uM (dark
grey bars), and 1000 uM (light grey bars). Notably, after administering 1000 uM
of melatonin, we detected an upsurge in the expression levels of the target genes
PER1 and SIRT1 in the myoblasts (figure 4.10.a). We then subjected
differentiated LCHN-M2 cells, or D7 myotubes, to the same range of melatonin
concentrations for an equivalent time span. In these differentiated cells, we
observed a similar trend in PER1 gene expression upon exposure to 100 and 1000
UM melatonin treatments, as reflected in figure 4.10.b. Therefore, melatonin

exhibits a dose and state-dependent effect on LCHN-M2, as well.
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Figure 4. 10 Treatment with melatonin elevated PER1 gene expression in
muscle cells across both myoblast and myotube stages, but the
enhancement of SIRT1 expression was special to the myoblast stage.

The mRNA expression of pioglitazone target genes PER1, SIRT1 and BCL2 were
performed via gPCR. a. myoblast and b. myotubes form of LCHNM2 were treated by
control(black),10uM (white), 100uM (dark grey) and 1000uM (light grey). Data
represent N=4 samples per group across two-independent experiments; error bars
represent +/- SEM; One-way ANOVA with post-hoc uncorrected Fishers LSD test,
*p<0.05 **p<0.01***p<0.001****p<0.0001.
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4.3.10 The highest dose of melatonin does not adversely affect myoblast proliferation of
LCHN-M2 over 24-hour treatments.

In our continued research, we plan to evaluate the effects of melatonin on
the proliferation of LCHN-M2 cells. Through a comparative study using the BrdU
labeling technique, we compared the proliferation rates of LCHN-M2 cells with
and without melatonin treatment. The findings are represented in figure 4.11.,
which shows the following groups: the control group of untreated, BrdU-labeled
LCHN-M2 cells (white bars), the vehicle control group (dark grey bars) that
received the same volume of solvent, and the melatonin-treated cells with the
highest dose (light grey bars). Our results suggest that melatonin treatment at the
doses tested does not negatively impact the growth of LCHN-M2 cells during the
proliferation stage.
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Figure 4. 11 The highest dose of melatonin and its vehicle do not adversely affect
myoblast growth over 24-hour treatments.

We measured the absorbance wavelengths (nm) for various conditions: blank (media
only), background (cell presence), and LCHN-M2 myoblasts treated with either an anti-
BrDU antibody, vehicle (Ethanol), and 1000 uM melatonin for 24 hours. Data were
obtained from four samples per group, spanning two independent experiments. Error
bars represent the standard error of the mean (SEM). Statistical analysis was performed
using one-way ANOVA, followed by Dunnett's post-hoc test. Notations for statistical
significance are as follows: ns = not significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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4.3.11 Melatonin does not exhibit toxic effects on LCHN-M2 human muscle cells in either
proliferated or differentiating stages over a 24-hour treatment duration.

In this phase of our study, we aimed to determine if melatonin has any
toxicity on LCHN-M2. Our testing protocol included controls: a background
control that measures the signal emanating exclusively from the assay reagents in
the absence of cells; a cell control that provides a baseline LDH release from
healthy, intact cells (black bar); and a positive control (white bar) that measures
LDH release following cell lysis induced by 0.1% Triton-X. A vehicle control
(light grey bar) was also used, alongside an assessment of the effects from the
maximum concentration of melatonin (dark grey bar). Our analysis indicated that
neither the highest dose of melatonin nor the corresponding amount of vehicle

(Ethanol) caused toxicity in LCHN-M2 cells at either the initial (D0) or advanced

(D7) stages of growth.
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Figure 4. 12 Administering the maximum dosage of melatonin or an equal volume of the
vehicle to LCHN-M2 cells, whether in a proliferating or differentiated state, does not
lead to toxic effects.

For the toxicity, LDH assay was performed. Absorbance is readed from lactate
dehydrogenase (LDH) level in cell culture supernatant from a. proliferating LCHN-M2
and b. differentiated LCHN-M2. Black is untreated, white is negative control (1%
Triton-X), light grey is vehicle (Ethanol) control and dark grey represent 1000uM
melatonin treatment. Data represent N=4 samples; error bars represent +/- SEM; Data
represent N=4 samples; error bars represent +/- SEM; One ANOVA with post-hoc
Dunnett’s multiple comparison test, ns=not significant, *p<0.05
**p<0.01***p<0.001****p<0.0001.
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To sum up;

In the table below, an initial focus was about confirmation the expression patterns

of predicted -targeted genes come from combined in silico analysis, using both in

vitro and in vivo SMA models. These models included Smn”:SMN2, and Smn2&-

mouse models, Type 111 SMA patient myoblast samples, and myoblast/myotube

C212s with Smn- siRNA gene transfection to reduce Smn gene expression. The

final model, atrophy C212, was chosen for its alignment with the canonical SMA

phenotype. During the validation studies, we observed both the strengths of the in-

silico strategy and the dependency of gene patterns on severity and model types

(table 4.1). After confirming the dysregulation of these predicted target genes, the

study proceeded to examine whether melatonin affects these target genes. To do

this, the researchers observed the expression patterns of these genes in both mice

(C212s) and human muscle (LCHN- M2) cell lines after administering melatonin

(table 4.1). It was observed that the effect of melatonin on the expression of

certain target genes is state and dose-dependent (table 4.1).

Table 4. 1 Summary of validation of in silico data and in vitro studies

Model
Smn”/;SMN2

Smn?®/- Mice

Type Il SMA
patients

Proliferating
C2C12s
Validation of in —silico

data Differentiated-

C2C12s

Differentiated-

C2C12s
C2C12s
Melatonin impact

LCHN-M2

Tissue/sub-model

Triceps

Skeletal muscle

Skeletal muscle

Deltoid myoblasts

Smn-KD with
Smn-siRNA
transfection

Atrophy-induced

Myoblast

Myotubes

Myoblast
Myotubes

Significant difference comparing controls

Level of Per-1, Bcl-2, and
Sirt-1 increased

Increased Per-1 and Bcl-2
gene expression

PER-1 level is decreased.

Per1 and Bcl2 exp. upregulated with independent of
the Smn gene

Bcl2 exp. downregulated with
independent of the Smn gene

No change

Downregulation of Per1 (ImM melatonin)

Downregulation of Per1 (1mM melatonin),
upregulation of Bc/2 (100pum melatonin)

Upregulation of PER1 and SIRT1 (1ImM melatonin)
Upregulation of PER1 (100um and 1mM melatonin)

The provided table, as shown in the figure, systematically summarizes from left to

right: the objective of the study plan, the chosen model, the targeted tissue/sub-model,

the statistically different results result examined. This table allows us to view the

models used and their results during the validation process. Following this, the effect of

melatonin on the expression of target genes was studied in C2C12s and LHCN-M2
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models, post-melatonin application. This approach provides a comprehensive
overview of the influence of melatonin on gene expression in these specific model

systems.

4.3.12 Oral administration of melatonin intake leads to an increase in both body weight
and survival rate in Smn?®- mice.

The dysregulation of target genes identified in silico was confirmed in
both in vivo and in vitro SMA models. Subsequently, the observation of
melatonin’s effect on the expression of these target genes led to a decision to
move forward with examining its impact in vitro, along with monitoring its

safety profile in two different cell lines.

2B mouse model, we initiated 2 different initiation

Using the Smn
periods— P5 and P8 and assessed a range of dosages, from 50 mg/kg/day to 100
mg/kg/day, drawing insights from prior research by Drew et al. (2015). In addition
to oral administration, we also tested intraperitoneal melatonin delivery (Al
Shoyaib, Archie and Karamyan, 2019). When compared to the oral delivery
method, intraperitoneal (IP) administration offers a faster and higher absorption
pattern (Al Shoyaib, Archie and Karamyan, 2019). It bypasses the acidic pH of the
stomach, preventing damage and is directly absorbed by the blood. Although we
observed improvements in weight and survival patterns with intraperitoneal
administration, it caused additional stress in mice. Since we saw comparable
benefits with oral administration and it was presented as a safer and less risky

option, we chose to proceed with it.

After this dosage refinement stage, our findings pointed to the most potent
treatment protocol being 50 mg/kg/day of melatonin, initiated on day 5 and
sustained up to the humane endpoint. We favored this method due to the
significant enhancements observed in the mice's weight trend and longevity (table
4.1).
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Table 4. 2 Administering 50 mg/kg/day of Melatonin via daily gavage is
the most effective treatment method.

Melatonin Treatment Administration Effect on Survival Effect on Weight
. Starting Day

Concentration way

50 mg/kg/day P5 oral increase increase

50 mg/kg/day P5 intraperitoneal increase increase

50 mg/kg/day P8 oral no change no change

100 mg/kg/day P5 oral no change no change

This table outlines the dosage and schedule of melatonin administration in mouse
experiments. To determine the best treatment strategy, SMA mice were exposed to
different dosages and delivery techniques of melatonin from 50 mg/kg/day to 100
mg/kg/day. We then evaluated melatonin's efficacy based on weight and survival
trends.

In an extensive study, we assessed the effects of administering 50
mg/kg/day of melatonin on Smn?®" mouse models via weight pattern. This dosage
was compared against untreated control groups. Remarkably, the melatonin-
treated mice exhibited a notable increase in body weight starting from the 7™
postnatal day. This upward trend in weight gain was sustained through to the
twentieth postnatal days, illustrating a consistent and prolonged beneficial effect of

melatonin on physical development (figure 4.13.a.).

Observations from the righting reflex test revealed that Smn?® mice, when
placed on their backs, took less time to return to a normal posture following the
administration of melatonin. This is a clear sign of improved motor skills and
neuromuscular coordination when compared to their untreated counterparts. This
finding suggests that melatonin not only boosts physical growth but also enhances

motor abilities in SMA mice models (figure 4.13.c.).
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The research revealed a stark contrast of lifespan between the
untreated and melatonin-treated groups. Typically, untreated SMA mice had a
lifespan of around 18- 20 days. However, the Smn?®"- mice treated with
melatonin showed a significant extension in lifespan, with some living up to
around 35 days. (figure 4.13.b.).

The application of melatonin in the Smn?8" mice mouse model has been
shown to improve the SMA phenotype, as evidenced by improvements in weight,

survival, and RR outcomes.
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Figure 4. 13 The effect of 50 mg/kg/day oral melatonin treatment in both Smn28- @9 Smn28/* SMA
mice.

All animals were treated with 50 mg/kg/day oral melatonin (0.5 %

carboxymethylcellulose) via daily gavage starting at P5 on Smn?®" SMA mice.
a. Daily weights of melatonin-treated (red, n=16), untreated (blue,
n=15) on Smn?" SMA mice. Error bars represent +/- SEM; Two-way
ANOVA with post-hoc Sidak’s multiple comparisons test between
untreated (blue) and 50 mg/kg/day oral melatonin (red). ns= not
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. b.
Kaplan-Meier survival curves for n=15 untreated (blue, median
survival:20 days) and n=16 50 mg/kg/day melatonin (red, median
survival:22 days) on Smn 28~ SMA mice, Long-rank (Mantel- Cox)
test, **p<0.01, ns= n significant. c. Daily righting reflex test up to a
30 second max time point of drug-treated (red, n=16) and untreated
(blue, n=15) on Smn 28 SMA mice. Data represents mean and +/- SD
error bars, One-way ANOVA with post-hoc Turkey’s multiple
comparisons test. ns= not significant, *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001. d. Daily weights of melatonin-treated
(red, n=13), untreated (blue, n=13). Error bars represent +/- SEM;
Two-way ANOVA with post-hoc Sidak’s multiple comparisons test
between untreated (blue) and 50 mg/kg/day melatonin (red). ns= not
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
e. Kaplan-Meier survival curves for n=13 untreated (blue, median
survival:22 days) and n=13 50 mg/kg/day melatonin (red, median
survival:22 days) on Smn?"* SMA mice, Long-rank (Mantel-Cox)

test, **p<0.01, ns= n significant.

f. Daily righting reflex test up to a 30 second max time point of drug-
treated (red, n=13) and untreated (blue, n=13) on Smn?&* SMA mice.
Data represents mean and +/- SD error bars, One-way ANOVA with
post-hoc Turkey’s multiple comparisons test. ns= not significant,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.13 Oral administration of melatonin did not lead to any change of hypoglycaemia both
non-fasted Smn 28" and Smn?®* mice.

With this in mind, we assessed how melatonin treatment affected the high
blood sugar levels in symptomatic non-fasting SMA mouse models. We took the
blood sugar measurements on P18, two hours post the last melatonin dosage.
Thus, notable changes have not been observed in blood sugar levels after giving
melatonin to either the Smn?8" (seen in figure 4.14.a) or Smn?®* mice (seen in
figure 4.14.b).
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Figure 4. 14 Oral 50 mg/kg/day Melatonin treatment did not cause any significant
change in blood glucose level in symptomatic non-fasting both Smn?®"- and
Smn28/+,

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via daily
gavage starting at P5 till P18. Blood glucose concentrations (mmol/L) were evaluated after
2 hours final treatment of melatonin. Untreated (black bars), and melatonin treated (white
bars). Smn?® mouse model result is in a graph (n=7), b. Smn?®"* mouse model result
shows in the b graph (n=5). Data represents mean and
error bars represent +/- SEM; Unpaired t test, ns=not significant.

4.3.14 Melatonin administration led to an increase in the expression in transcriptomic-
based targeted genes (Perl, Sirtl, Bcl2 and Ror-a) the triceps tissue of symptomatic
Smn?®" mice.

To delve deeper into the molecular implications of melatonin on skeletal
muscle, we centered our attention on predicted targeted genes come from in silico
analysis -Per1, Sirtl, Bcl2, and Ror— predicted targeted genes. We administered a
daily 50 mg/kg oral dose of melatonin to Smn 2%~ and Smn 28’* mice, from P5 to
P18. After two hours of posting the final melatonin dosage on P18, we collected

symptomatic triceps samples. For comparison, we also gathered symptomatic 140



triceps samples from untreated SMA mice during the same timeframe. We carried
out qPCR analyses on the symptomatic triceps (both treated and untreated) to

2B mice, an

determine if melatonin altered the expression of target genes. In Smn
increase in the expression of silico-based predicted target genes was detected in
the triceps tissues following melatonin administration (figure 4. 15. a; c; e; g.).
Regarding the Smn 22" model, a significant change in the expression levels of the
Sirtl target genes has been observed between the melatonin treated and untreated

symptomatic triceps (figure 4.15.d.).
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Figure 4. 15 Orally treatment of 50 mg/kg/day Melatonin causes an upregulation of all predicted
targeted gene expressions level in symptomatic triceps tissue in Smn?®~ SMA mice.

All animals were treated with 50 mg/kg/day melatonin (diluted in %0.5 CMC) via
daily gavage starting at P5 till P18. Symptomatic triceps muscles were harvest
from untreated (n=8, black bars) and melatonin-treated (n=8, white bars) in non-
fasted Smn 28" and Smn?®'*, after 2 hours last melatonin treatment. The mRNA
levels of Perl gene are in

a. Smn 28~ and b. Smn?®"* ; these of Sirtl are in c. Smn 26" and d. Smn %'+ |
the Blc2 are in e. Smn 28" and f. Smn 2®'* and the expressions of Ror-a gene
are in g. Smn 2" and h. Smn 2®* .Data represents mean and error bars
represent +/- SEM; Unpaired t Test, ns=not significant, *p<0.05
**p<0.01***p <0.001****p<0.0001.

4.3.15 Melatonin administration caused to an elevation in the level of atrophic marker
genes in the triceps of Smn?®" mice

Given the emerging understanding that melatonin may influence muscle
development and function by increasing the expression of in-silico-based target
genes, there is a targeted objective to conduct a more comprehensive study on the
effects of melatonin on muscle health, especially focusing atrophy phenotype. For
this aim was studying on the expression of Atrogin-1 and MuRF1 genes, which
are an atrogenic marker. Consequently, it was determined that a 50 mg/kg/day
melatonin treatment led to an increase in the expression of Atrogin-1 and MuRF1
genes in the symptomatic triceps tissue Smn?®"~ mice, as depicted in figure 4.16.a:
c. In the Smn?®™* model, no change in the expression levels of atrophy marker
genes was observed (figure 4.16.b; d.). The administration of melatonin has been
found to induce the expression of atrogenic gene markers in the symptomatic

skeletal muscle of SmnZ® mice.
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Figure 4. 16 50 mg/kg/day melatonin orally administration cause an increase in
the atrophic phenotype of triceps of milder form SMA mouse models.

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via daily gavagd
starting at P5 till P18. Symptomatic triceps muscles were harvest from untreated (n=8,
black bars) and melatonin treated (n=8, white bars) in non-fasted Smn 2% and Smn?®/*,
after 2hours last melatonin treatment. The mRNA levels of atrogin-1 gene are in a. Smn
28l and b. Smn?®’*; these of MuRF1 are in c. Smn 22"~ and d. Smn 2%/*. Data represents
mean and error bars represent +/- SEM; Unpaired t Test, ns=not significant

*E<0.05 **B<0.01***E<0.001****B<0.0001.

4.3.16 Following melatonin treatment, there was an enhancement in the size of muscle
fibers in symptomatic tibialis anterior from Smn?®- models.

Due to the reported involvement of various regulatory mechanisms in the onset of muscle

apoptosis, our experimental plan also includes measuring myofiber size to investigate muscle
atrophy and health (Deguise et al., 2016). In both Smn?®" models, the consequences of
administering melatonin at a dosage of 50 mg/kg/day were assessed by contrasting the TA
myofiber dimensions with those of untreated counterparts. The findings revealed that in SMA
mouse models, melatonin stimulated an increase in fiber size (figure 4.17.a), whereas in Smn 26/*

mouse models, there was no alteration (figure 4.17.b).
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In Smn?®"- mice, an increase in the fiber size of the TA muscle has been
observed to be dependent on melatonin treatment. This suggests that melatonin

plays a role in influencing muscle size in this specific mouse model.
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Figure 4. 17 Representative images of laminin-stained cross sections of TA muscles
from P18 untreated and melatonin-treated (50 mg/kg/day through gavage)

a. Smn 28 and b. Smn?®"~ mice (scale bars = 50 um) and quantification of myofiber
area. Data are meant SEM, n = 3-7 animals per experimental group (> 400
myofibers per experimental group), *p<0.05 **p<0.01***p<0.001****p<0.0001. *

Untreated groups are the same within the three drug application groups.

4.3.17 Melatonin application increased the expression of the CAT gene in the symptomatic
muscle tissues of Smn?&" mice.

One of the causes of muscle atrophy is associated with mitochondrial
ROS production and the resulting oxidative stress (Powers, Kavazis and
McClung, 2007). This oxidative stress disrupts mitochondrial function in muscle
tissues, leading to energy imbalance, and subsequent muscle atrophy (Xu et al.,
2021). Catalase is an antioxidant enzyme that plays a role in preventing muscle
loss by degrading H202 molecules. Similarly, SOD plays a crucial role in
protecting the body as part of the antioxidant system (Inal, Kanbak and Sunal,
2001). To better understand the mitochondrial oxidant-antioxidant system, we
aimed to conduct gPCR studies on two genes that play a main role as an

antioxidant.

145



When comparing the muscle tissues of melatonin-treated symptomatic SMA

mice to those of untreated SMA mice, there was an observed increase in the

expression of the CAT gene following 50 mg/kg/day melatonin treatment in

SngB/-

mouse model (figure 4.18.c.), while the level of SOD did not change

(figure 4.18.a). In the Smn?®™* mice treated with melatonin, there was an increase

in the expression of the SOD gene when compared to untreated-littermate Smn2®/*

(figure 4.18.b.), whereas the mRNA of CAT did not lead to any change (figure

4.18.d.).
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Figure 4. 18 Treatment of 50 mg/kg/day of melatonin orally increases the
expression of the mitochondrial-antioxidant gene, Cat, in P18 SMA
triceps muscle tissues in Smn?8-,

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic triceps muscles were harvest from

untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted Smn
P8 and Smn?®'* | after 2hours last melatonin treatment. The mRNA levels of Cat gene
are in a. Smn 22 and b. Smn 22/*; Sod gene level in ¢. Smn?®" and d. Smn 2%’*, Data

represents mean and error bars represent +/- SEM; Unpaired t Test, ns=not significant
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.18 Melatonin resulted in elevated expression of the diurnally regulated genes, Clock
and Per2, in the triceps tissue of symptomatic Smn 2%~ SMA mice.

Considering the known dysregulation of diurnal expression of core clock
genes in the TA muscle of Smn”"; SMN2 mice (Lisa M Walter et al., 2018), and
further taking into account that the circadian rhythm is a key regulator of
metabolic balance, we have included the study of core clock gene expressions to

fully understand the impact of melatonin on muscle development and metabolism.

To delve deeper into this analysis, qPCR was conducted on symptomatic
skeletal muscles that were treated with melatonin, as well as on untreated controls.
Our experimental findings showed that the Clock and Per2 genes had a noticeably
increased expression in the symptomatic triceps tissues when compared with the
untreated symptomatic triceps counterparts in Smn?®" (figure 4.19.a.e). However,
in relation to the Bmall gene, we didn't detect any difference in its expression in

the Smn?®"- mouse models (figure 4.19.c.d.).
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Figure 4. 19 Oral administration of melatonin at a dose of 50 mg/kg/day leads to an increase in the
expression of the Clock and Per2 genes in the triceps of milder form SMA mouse models.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic triceps muscles was harvest
from untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-
fasted Smn 28" and Smn?8/*, after 2hours last melatonin treatment. The mMRNA

levels of Clock gene are in
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a. Smn 28" and b. Smn 2®'*; these of Bmall are in ¢. Smn 22~ and d. Smn 28* and
Per2 are in e. Smn 28~ and f. Smn 2% Data represents mean and error bars represent
+/- SEM; Unpaired t  Test, ns=not  significant. *p<0.05
**p<0.01***p<0.001****p<0.0001.

4.3.19 Melatonin increased the expression of the Glut4 gene, which is responsible for
glucose transport, in symptomatic SMA mouse muscle tissue.

In our study system, the non-fasting of SMA mice has masked whether
melatonin administration affects blood glucose levels. Therefore, to better
understand the effect of melatonin on insulin resistance in SMA mice (reported
(Bowerman et al., 2012)), we have included an examination of GLUT receptors,

which are responsible for glucose uptake from circulation into muscle tissues.

When comparing melatonin-treated triceps to untreated ones during the
symptomatic phase, we noticed a significant increase in Glut4 gene expression in
the treated group in Smn?®"- (figure 4.20.a). Whereas there is no change in the
mRNA level of Glut4 gene in Smn?®"* (figure 4.20.b).

Overall, melatonin has been shown to induce the expression of the

gene responsible for glucose transport in the skeletal muscle of SMA mice.

a. Glut4 b. ' Glut4
1.5+ i 2.0+ ns
1 r—l
T 1.5
1.0 NN

g
3
1

(value/average to control)
o -
3 =)
1 1

e
=)
1
o
=}
|

Expression Normalised to PolJ
(value/average to control)
Expression Normalised to PolJ

I
Untreated Melatonin
2B/+

I
Untreated Melatonin

B/-

Triceps- Smn? Triceps- Smn

Figure 4. 20 Treatment of 50 mg/kg/day of melatonin orally increases the
expression of the Glut4-glucose transport gene in P18 SMA triceps
muscle tissues in Smn 28"

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic triceps muscles were harvest from
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untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-

fasted Smn 28" and Smn?®*, after 2hours last melatonin treatment. The mMRNA
levels of Glut-4 gene are in a. Smn 28~ and b. Smn 28/*. Data represents mean
and error bars represent +/- SEM; Unpaired t Test, ns=not significant. *p<0.05

**p<0.01***p<0.001****p<0.0001.

Table 4. 3 Summary of melatonin effect on P18 SMA skeletal muscle in Smn 28"

} Decipher melatonin
effect ....

Method

Targeted genes/protein

Result

Model

Tissue

Molecular pathway

Atrophy

Mitochondrial based-
oxidative stress

Quantification

In-silico based
(Per1, Sirt1, Bcl-2, Ror-a)

Expression of all
targeted genes
increased

Atrogenic markers
(Atrogin-1 ,MUuRF)

Both mRNA level
upregulated

Playing role as anti-
oxidant

Down-regulation of
CAT ;no change in

of mRNA level ! Triceps
via gPCR (CAT, SOD) SOD expression
| Circadian Rhythm Core clock Clock and Per2 Symptomatic
(Bmal1, Clock,Per2) upregulated; Bmall | gpp, 28/-
remained steady
Glucose intolerance Responsible of glucose mRNA level
uptake increased
(Glut4)
Complete picture for | Myofiber size | Membrane protein Myofiber size TA

muscle health

assessment
with IHC

(Laminin)

increased

The provided table, as shown in the figure, systematically summarizes from left to
right: the objective of the study plan, the chosen method, the targeted gene or protein,

the result, the model used, and the type of tissue examined. The targeted genes have
been systematically categorized into groups: sequentially, genes predicted through
combined in silico analyses (Per1, Sirtl, Bcl-2 and Ror-«), genes responsible for
atrophy (Atrogin-1 and MuRF), genes playing a role in oxidative stress (CAT and SOD),
core clock genes (Bmall, Clock and Per2), and glucose uptake receptor genes (Glut4).
The levels of these targeted genes have been quantified in triceps tissues following
melatonin application using gPCR. Lastly, to complete the overall picture of
melatonin’s effect on muscle health, a myofiber size assessment was conducted via
Laminin assay using the TA muscle. The entire experimental system was carried out on
the Smn?®- SMA mouse model.
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4.3.20 Daily gavage dosing of 50 mg/kg/day melatonin, there was an upregulation in the
expression of predicted target genes (Perl, Bcl2, and Ror-a) in the liver tissues of
symptomatic Smn 28" mice.

Continuing our studies with the liver, another peripheric tissue observed to
have dysregulations in development and function, we have incorporated a multi-

systemic approach of SMA.

Through gPCR analyses, we assessed the symptomatic liver tissues, both
with and without melatonin treatment, to see if there were changes in the
expression of these selected genes in liver tissue. We observed that in the Smn 28"
mice, there was an increase in the expression of all anticipated target genes, except
Sirt1; following the 50 mg/kg/day melatonin treatment (as shown in figure 4.21.3;
e; g.). In the Smn 2®* model, no differences were observed in the gene expression
between the melatonin-treated and untreated liver (as illustrated in figure 4.21.b;
d; f.).
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Figure 4. 21 Application 50 mg/kg/day of melatonin leads to an increase in the predicted target gene
levels of Perl, Bcl2, and Ror-alpha in symptomatic liver tissue in Smn?5" mice.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic liver was harvested from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28 and Smn?8’*, after 2 hours last melatonin treatment. The mRNA levels of
Perlgene are in a. Smn 28~ and b. Smn 28™*; these of Sirt1 are in c. Smn 22" and
d. Smn 28™* the Blc2 are in e. Smn?®" and f. Smn 28/ and the expressions of Ror-
o gene are in g. Smn 28~ and h. Smn 28+,

Data represents mean and error bars represent +/- SEM; Unpaired t Test,
ns=not significant, *p<0.05 **p<0.01, **p<0.001, ****p<0.0001.

4.3.21 There was a rise in the expression of diurnal genes, Clock and Per2 following
melatonin within the liver tissue of symptomatic Smn®®"- mice.

Since the circadian rhythm functions as the body's central clock for
maintaining homeostatic balance (Kim et al., 2015), the study aims to investigate
the liver following the application of circadian regulatory agents, melatonin.
There was a noticeable increase in the expression levels of Clock and Per2 genes
in the 50 mg/kg/day melatonin-treated symptomatic liver tissues of the Smn?®’ -
mice (figure 4.22.a; e.), in contrast to their untreated counterparts. However, when
evaluating the Smn?® * mouse line, there was no statistically significant alteration
in the mMRNA levels of Clock and Per2 following an orally 50 mg/kg/day

melatonin regimen (figure 4.22.b; f.).

On another note, the same melatonin treatment through daily gavage
at 50 mg/kg/day, the Bmall gene's expression remained consistent, with no

noticeable disparities between the Smn?® - and controls (figure 4.22.c; d.).
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Figure 4. 22 50 mg/kg/day pioglitazone orally administration induced the mRNA level of Clock and
Per2 genes in liver of milder form of symptomatic SMA mouse.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic liver was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 8- and Smn?®"* | after 2hours last melatonin treatment. The mRNA levels of
Clock gene are in a. Smn 28"

154




and b. Smn 28/*; these of Bmallare in c. Smn 28" and d. Smn 2®*, And that of Per2
are in e. Smn 28~ and f. Smn 28" Data represents mean and error bars represent
+/- SEM; Unpaired t Test, *p<0.05 **p<0.01, ***p<0.001, ****p<0.0001.

4.3.22 Melatonin induced the expression of the CAT gene's mRNA in symptomatic SMA
liver tissues.

Another factor reported to affect the development and function of the liver
is the increased production of ROS in Smn?®" mice (Deguise et al., 2021b).
Therefore, it is important to investigate the effect of melatonin administration on
oxidative stress of liver. For this aim, analyse the impact of administering 50
mg/kg/day of melatonin on the expression of the CAT and SOD gene in
symptomatic liver tissues was planned.

This comparison revealed an increased expression in the CAT gene following a
treatment regimen of 50 mg/kg/day of melatonin in both the Smn?®" and Smn 28+
mouse model (figure 4.23.a; b.). However, there is no change observed in the

expressions of SOD genes both mouse models (figure 4.23.c; d.).
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Figure 4. 23 The administration of 50 mg/kg/day melatonin increased the
expression of the antioxidant CAT gene in symptomatic SMA liver tissues.
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All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic liver was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn?®"- and Smn?®*, after 2 hours last melatonin treatment. The mMRNA levels of
CAT gene are in a. Smn?8" and b. Smn 22/*; SOD gene level in ¢. Smn?®" and d.
Smn?8™* . Data represents mean and error bars represent +/- SEM; Unpaired t
Test, ns=not significant. *p<0.05 **p<0.01***P<0.001****P<0.0001.

4.3.23 Melatonin did not result in any change in lipid accumulation in the liver
It has been revealed that due to various factors disrupting the metabolism

in the liver, fatty acids are not transported to the mitochondria, leading to their
accumulation in the liver of Smn?®"- mice (Deguise et al., 2021b). A detailed
examination of the effects of melatonin application on lipid accumulation could
provide more insights into the liver steatosis profile. For this aim, symptomatic
liver sections were stained with Qil- red-O. As depicted in the accompanying
figure 4.24, a distinct lipid accumulation is visible in the Smn?8" (4.24.a; b.) mice
in contrast to the Smn?®'* (4.24.c; d.) mouse models. Even after the administration
of melatonin at a dosage of 50 mg/kg/day, no alteration in lipid accumulation was
noted in either of the mouse models.

156



50 mg/kg/day
Untreated Melatonin
Treatment

Symptomatic Liver
of Smn 2

Symptomatic Liver

Ofmﬂzﬂ/+
e.
f.
ns

m %109 ns 5x106 -
@ ©
s . >
@ 8x109 ® 4x108~
£ — o
2 6x108-] £ 3x1084 —
=% o
[} o
- 4x108 O 2x10°
& 3
= 2x108% X 1x108-
S 2x10 = 1x10

o

0— T 0— T
Untreated Melatonin Untreated Melatonin
Liver - Smn?8" Liver - Smn?8"*

Figure 4. 24 The daily-gavage administration of 50 mg/kg/day melatonin at does
not lead to reduce effect on lipid accumulation in the liver.

Representative images of Oil-red-O cross sections of liver from P18 untreated (a,
¢) and 50 mg/kg/day pioglitazone-treated (b, d) through gavage both Smn 22 (c, d) and
Smn 26/~ (a, b) mice. Data are mean+ SEM, n = 3-7 animals per experimental
group, untreated bars show as a black, melatonin treatment represent white bars in e.
Smn 28/-f, Smn 28 ; Unpaired t Test, ns=not significant. (Scale bar= 50um) *p<0.05

**p<0.01***p<0.001****p<0.0001. * Untreated groups are the same within the three
drug application groups.
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Table 4. 4 Summary of melatonin effect on P18 SMA liver in Smn 28"

Decipher Method Targeted Result Model Tissue
melatonin effect genes/protein
Molecular In-silico based Perl1, Bcl-2, Ror-a
pathway (Per1, Sirt1, Bcl-2, increased, except
Ror-a) Sirt-1 (no change)
Circadian Rhythm Core clock Clock and Per2

(Bmall, Clock,Per2) | upregulated;
Bmall remained

Quantification of
mRNA level via

qPCR steady Symptomatic | Liver
Smn 28/-
Mitochondrial Playing role as anti- | Upregulation of
based-oxidative oxidant CAT ;no change in
stress (CAT, SOD) SOD expression
More insights into | Oil-red-O assay Lipophilic dye No change in lipid
the liver steatosis accumulation

profile

The provided table, as shown in the figure, systematically summarizes from left to
right: the objective of the study plan, the chosen method, the targeted gene or protein,
the result, the model used, and the type of tissue examined. The targeted genes have
been systematically categorized into groups: sequentially, genes predicted through
combined in silico analyses (Per1, Sirtl, Bcl-2 and Ror-«), core clock genes (Bmall,
Clock and Per2), genes playing a role in oxidative stress (CAT and SOD). The levels of
these targeted genes have been quantified in liver tissues following melatonin
application using gPCR. Lastly, to complete the overall picture of melatonin's effect on
liver lipid accumulation (steatosis), Oil-red-O dying used. The entire experimental
system was carried out on the Smn?®” SMA mouse model.

4.3.24 Following the melatonin treatment, there was a decrease in the Perl gene
expression within the spinal cord tissues in symptomatic Smn?8-

Further investigates whether the administration of melatonin leads to
changes in the expression levels of predicted target genes in symptomatic spinal
cord tissues, thereby assessing melatonin's potential therapeutic benefits

specifically for spinal cord tissue of
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SMA mice. Findings revealed that oral administration of melatonin at a dose of
50 mg/kg/day reduced the expression of the Perl gene in both mouse models
(figure 4.25.a; b), while the mRNA levels of other targeted genes (Bcl2, Sirtl and

Ror-a) did not change in control group (figure 4.25.c; d; e; f; g; h.).
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Figure 4. 25 After daily oral administration of melatonin at a dose of 50 mg/kg/day, the expression

level of the Perl gene is downregulated in symptomatic spinal cord tissues in both the Smn?®"
and Smn?8* models.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic spinal cord was harvested from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28" and Smn?®’*, after 2 hours last melatonin treatment. The mRNA levels of
Perlgene are in a. Smn 2" and b. Smn 28"*; these of Sirtl are in c. Smn 28" and
d. Smn 22 the Blc2 are in e. Smn 28~ and f. Smn 25/ and the expressions of Ror-
a gene are in g. Smn 28 and h. Smn 2®'*, Data represents mean and error bars
represent +/- SEM; *p<0.05 **p<0.01***p<0.001****p<0.0001.

4.3.25 The level of Pmaip-1 and Fas downregulated, following melatonin treatment in
Smn2B/- SMA mice.

The next step involves examining Fas and Pmaip-1, which are
pathological markers of SC tissue, to investigate the overall impact of melatonin
on the health of SC (Murray et al., 2015b). The gPCR analysis demonstrated a
significant reduction in the expression of these two genes that initiate apoptosis in
the spinal cord in both Smn?®- and Smn?®* spinal cords.
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Figure 4. 26 Melatonin might have a neuroprotective effect on spinal cord in milder form of SMA
mouse, preventing apoptosis.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic spinal cord was harvest
from untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-
fasted Smn 28" and Smn?8/*, after 2hours last pioglitazone treatment. The MRNA
levels of Pmaip-1 gene are in a. Smn 22~ and b. Smn 22/* ; these of Fas are in c.
Smn 28~ and d. Smn 2'*, Data represents mean and error bars represent +/- SEM;
Unpaired t Test, *p<0.05 **p<0.01***p<0.001****p<0.0001.

4.3.26 Melatonin treatment did not alter the count of alpha motor neurons.

In the previous stage, the decrease in pathological markers of SC suggests
that melatonin can have a neuroprotective effect on SC. We aim to investigate
whether this protective effect covers alpha motor neurons, which are a hallmark
of SMA. To answer this question, counts of alpha motor neurons were performed
in symptomatic spinal cord sections, utilizing Nissl staining to analyse following
melatonin application.

In the Smn?®" mouse model, our analysis using fluorescence microscopy
revealed no significant difference in motor neuron numbers between those treated
with melatonin (depicted in figure 4.27.a) and those without treatment (figure
4.27.0).

Similarly, the Smn?®* mice exhibited no change in the number of motor
neurons after receiving the same melatonin treatment (figure 4.27.b.) when
compared to the controls (figure 4.27.d.), as evidenced by the fluorescence

microscopy images Thus, melatonin treatment did not affect motor neuron counts
in both the Smn?®"-and Smn?®* mice.
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Figure 4. 27 The number of alpha motor neurons remain steady after 50 mg/kg/day daily melatonin
treatment in symptomatic SC in both Smn 22" and Smn 22’* mouse model.

Representative images of Nissl-stained cross sections of SC from P18
untreated and melatonin-treated (50 mg/kg/day through gavage) a.c. Smn 28+
and b.d Smn 28/~ mice (scale bars = 50 um) and quantification of horn area.
Data are mean+ SEM, n = 3—7 animals per experimental group, Data
represents mean and error bars represent +/- SEM; Unpaired t Test, ns=not
significant. The arrow points indicate alpha motor neurons for each image.
*p<0.05 **p<0.01***p<0.001****p<0.0001.* Untreated groups are the same
within the three drug application groups.

162




4.3.27 Melatonin led to an upregulation of the CAT antioxidant gene in the spinal cord
tissues of mice with symptomatic SMA.

As mentioned above, the observation of melatonin’'s neuroprotective effect
suggests that melatonin could be an antioxidative agent. To examine the effects of
melatonin, administered at a dose of 50 mg/kg/day, on the expression of the
CAT/SOD genes in symptomatic spinal cord tissues. This comparison
demonstrated an elevation in CAT gene expression as a result of the melatonin
treatment at a dose of 50 mg/kg/day in both the Smn?&" and Smn?®* mouse (figure
4.28.a, b). In the case of the SOD gene, an increase in expression was noted
specifically in the Smn?8* (figure 4.28.d)
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Figure 4. 28 The administration of 50 mg/kg/day melatonin increased the expression of
the antioxidant CAT gene, in symptomatic SMA spinal cord tissues.

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via daily gavage
starting at P5 till P18. Symptomatic spinal cord was harvest from untreated (n=8, black bars)
and melatonin treated (n=8, white bars) in non-fasted Smn 22~ and Smn?®/*  after 2 hours last
melatonin treatment. The mRNA levels of CAT gene are in a. Smn 26" and b. Smn 28*; SOD
gene level in c. Smn 22 and d. Smn 2'*, Data represents mean and error bars represent +/-
SEM; Unpaired t Test, ns=not significant. *p<0.05 **p<0.01***p<0.001****p<0.0001.
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4.3.28 Administering melatonin did not alter the mRNA expression of core clock genes in
the spinal cord of a milder form of symptomatic SMA mouse model.

To clarify the influence of melatonin on spinal cord development and
homeostasis, the regulation of circadian genes, which may act as central
controllers, was investigated. To do this, we conducted gPCR analyses to
compare gene expression patterns over a daily cycle in spinal cord tissues from
P18 symptomatic mice, both with and without melatonin treatment in Smn?®" and
Smn?®™* mouse. Our findings revealed that melatonin does not affect the
expression of genes related to circadian rhythms (Clock, Bmall and Per2) in the

spinal cord tissues of Smn?®~ SMA mouse model and control group (figure 4.29).
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Figure 4. 29 Administering melatonin does not alter the mRNA expression of core clock genes in the
spinal cord of a milder form of symptomatic SMA mouse model.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic spinal cord was harvested from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 2B and Smn?8’*, after 2hours last melatonin treatment. The mRNA levels of
Clock gene are in a. Smn 28~ and b. Smn 2®'*; these of Bmallare in c. Smn 28"
and d. Smn 2%, And that of Per2 are in e. Smn ?®" and f. Smn ?®* Data
represents mean and error bars represent +/- SEM; Unpaired t Test, *p<0.05
**p<0.01***p<0.001****p<0.0001.
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Table 4. 5 Summary of melatonin effect on P18 SMA spinal cord in Smn 28~

| Decipher Method Targeted Result Model Tissue

melatonin effect genes/protein
Molecular In-silico based Per1 level
pathway (Per1, Sirt1, Bcl-2, decreased; rest of

Ror-a) them did not

change
SC-specific Fas, Pmaip-1 Both were
pathologic marker downregulated
for SMA Quantification of
mRNA level via

Mitochondrial qPCR Playing role as anti- Upregulation of
based-oxidative oxidant CAT ;no change in Symptomatic Spinal Cord
stress (CAT, SOD) SOD expression Smn 28/-
The counting of Nissl- Staining Targets the Nissl No alternation in
a- motor neurons bodies in the cell the number of a-

bodies and dendrites | motor neurons

of neurons.
Circadian Rhythm Quantification of | Clock genes There was no

mRNA level via | ( Clock, Bmall, Per2) | change in core
qPCR clock genes

The provided table, as shown in the figure, systematically summarizes from left to
right: the objective of the study plan, the chosen method, the targeted gene or protein,
the result, the model used, and the type of tissue examined. The targeted genes have
been systematically categorized into groups: sequentially, genes predicted through
combined in silico analyses (Perl, Sirtl, Bcl-2 and Ror-a), SC-specific pathologic
marker (Fas and Pmaip-1), genes playing a role in oxidative stress (CAT and SOD),
IHC technique for alpha motor neuron counting, core clock genes (Bmall, Clock and
Per2), The levels of these targeted genes have been quantified in spinal cord tissues

following melatonin application using gPCR. The entire experimental system was
carried out on the Smn?®~ SMA mouse model.

4.3.29 Melatonin resulted in increased expression levels of Perl, Sirtl, and Bcl2 in the
symptomatic white adipose tissue of. Smn?® mice.

Since adipose tissue interacts with the liver, skeletal muscle, and pancreas
to maintain metabolic balance, it should be studied in the context of SMA, which
possesses a multifunctional pathology. Initially, symptomatic WAT tissues, both
treated with melatonin and untreated, were harvested and subjected to g°PCR
analyses. Upon comparing the untreated Smn?®" model to the melatonin-treated
Smn?®" mice, an increase in the mMRNA levels of Per1, Sirt1, and Bcl2 was

observed (figure 4.30.3; c; e).
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However, in the Smn?®*mouse, a comparison between melatonin-treated and

untreated WAT tissues showed no change in the levels of the transcriptomic-based

target genes (figure 4.30.b; d; f).
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Figure 4. 30 Melatonin-induced increase in the expression of anticipated target

genes, specifically Perl, Sirtl, and Bcl2, has been observed in the

symptomatic white adipose tissue of Smn?®"- mice.

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via daily
gavage starting at P5 till P18. Symptomatic WAT tissue was harvest from untreated
(n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted Smn 2%~ and

Smn?8* after 2 hours last melatonin treatment. The mMRNA levels of Perlgene are in a.

Smn 22~ and b. Smn 28/*: these of Sirtl are in c. Smn 28~ and d. Smn 28/* | the Blc2
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ine. Smn 2%~ and f. Smn 28/*, Data represents mean and error bars represent +/-
SEM; Unpaired t Test, ns=not significant, *p<0.05
**p<0.01***p<0.001***p<0.0001.

4.3.30 Melatonin may regulate circadian rhythms in the WAT of Smn?®"

inducing Clock and Per2 gene expression.

mice through

Next step, we aimed to determine the effects of melatonin on genes
associated with circadian rhythms in symptomatic WAT of SMA mouse model
via gPCR. Our findings revealed a marked upregulation of Clock and Per2 gene

2B mice treated with

expression in the WAT tissues of symptomatic Smn
melatonin at a dose of 50 mg/kg/day, compared to the untreated littermate (figure
4.31.a; e). In the case of the Smn?®* mice, a downregulation of both Clock and
Bmall mRNA levels was observed following the same dosage of melatonin
administered orally comparing untreated WAT tissue from Smn?&* mice (figure

4.31.b; d).
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Figure 4. 31 Administering melatonin at a dose of 50 mg/kg/day could potentially modulate the
circadian rhythms in the white adipose tissue of Smn®- mice by enhancing the expression of
Clock and Per2 genes.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic WAT was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28" and Smn?®"*, after 2hours last melatonin treatment. The mMRNA levels of
Clock gene are in a. Smn 2®-and b. Smn 28/*; these of Bmallare in c. Smn 2" and
d. Smn 28”*, And that of Per2 are in e. Smn 28" and f. Smn 2®/* Data represents
mean and error bars represent +/- SEM; Unpaired t Test, ns= not significant,
*p<0.05 **p<0.01***p<0.001****p<0.0001.

169



4.3.31 Melatonin enhanced the defence against oxidative stress in the symptomatic WAT
tissue of mice with SMA by increasing the levels of both CAT and SOD.

To maintain a balance in lipid and glucose metabolism, the relationship between
adipose tissue and oxidative stress is complex and bidirectional (Fischer et al., 2013).
To elucidate this interaction, the expression levels of the SOD and CAT genes in
WAT were examined following melatonin treatment. When the harvested WAT
tissues from the melatonin-treated mice were compared with untreated WAT, it
was observed that CAT expression increased only in the Smn?®" mouse model (as
shown in figure 4.32.a); meanwhile, SOD gene levels rose in the WAT tissues of
both Smn?®- and Smn?®* mice (as indicated in figure 4.32.c; d), suggesting a

potential antioxidative effect.
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Figure 4. 32 The administration of 50 mg/kg/day melatonin increased the
expression of the antioxidant CAT&SOD gene, in symptomatic SMA
WAT.

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via daily
gavage starting at P5 till P18. Symptomatic spinal cord was harvest from untreated
(n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted Smn 25" and
Smn?®'* after 2 hours last melatonin treatment. The mRNA levels of CAT gene are in
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a. Smn 28 and b. Smn 28™*; SOD gene level in c. Smn 22" and d. Smn 28/*,
Data represents mean and error bars represent +/- SEM; Unpaired t Test,
ns=not significant. *p<0.05 **p<0.01***p<0.001****p<0.0001.

4.3.32 Melatonin does not to be involved in mediating Glut4-induced glucose uptake in
WAT of the SMA mouse model.

To clarify the relationship insulin resistance and WAT tissue; the change in
Glut4 gene expression in symptomatic WAT of SMA mouse models was
searched following melatonin treatment. Upon comparing WAT from melatonin-
treated mice with that from untreated controls during the symptomatic phase, it
was observed that there were no changes in Glut4 gene expression in the
treatment group for both Smn?®" (as illustrated in figure 4.33.a) and Smn?®'* (as

depicted in figure 4.33.b) mice.
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Figure 4. 33 Treatment of 50 mg/kg/day of melatonin does not regulate Glut-4-
induced glucose uptake to WAT in SMA mouse model.

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via daily
gavage starting at P5 till P18. Symptomatic WAT was harvest from untreated (n=8,
black bars) and melatonin treated (n=8, white bars) in non-fasted Smn?8" and Smn?8/*,
after 2hours last melatonin treatment. The mRNA levels of Glut-4 gene are in a. Smn?®"
and b. Smn?®™*, Data represents mean and error bars represent +/- SEM; Unpaired t
Test, ns=not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.33 Melatonin administration leads to the induction of browning in white adipose tissue
in the SMA mouse model.

Melatonin is known to increase the mitochondrial content in WAT, from
energy storage to energy burning, a process referred to as browning (Xu et al.,
2020).

The experiment revealed that, in the Smn?®" mouse model, there was a
significant increase in UCP-1 gene, marker for BAT, expression following
administration of melatonin at 50 mg/kg/day (figure 4.34.a) (Jespersen et al.,
2013). There was also an observed increase in ASC-1, marker for WAT,
expression in the symptomatic WAT of the Smn?®" mice (figure 4.34.c) (Ussar et
al., 2014). In the Smn?®’*, there was no change in the mRNA levels of both genes
following the administration of melatonin (figure 4.34.b; d.).

Melatonin administration in the SMA mouse model leads to the induction of

browning in white adipose tissue.

b.
a
UCP-1 UCP-1
2 2
S — 8- ° — 20+
o3 8 * % S ns
oL 2k
i | T i
=8 =8
o + [}
E S 4 E S 104 T
2 s g3
]
§& §& 5]
23 29 w o
w 3 w 3
2s 2g
58, . 52 o .
w Untreated Melatonin w Untreated Melatonin
WAT- Smn?&" WAT- Smn?5*
ASC-1
c d ASC-1
2 * r
g’_ 5 10 'g = 0.20 ns
2 ] 25 I
g8 S
Z o Z o
Es Es
5 ? 5 ? 0.10+
c g 44 c g
c c
23 S 2 0.054
T g3
&2 o r | 2= 9.00- |
w Untreated Melatonin w Untreated Melatonin
WAT- Smn?&" WAT- Smn?8"

Figure 4. 34 The administration of melatonin induces the browning
of WAT.
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All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic WAT was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28" and Smn?8/*, after 2hours last melatonin treatment. The mRNA levels of

UCP-1 gene are in a. Smn 22" and b. Smn 2&'*; these of ASC-1 are in ¢. Smn 28"

and d. Smn ?8*, Data represents mean and error bars represent +/- SEM;
Unpaired t Test, ns=not significant. *p<0.05 **p<0.01***p<0.001****p<0.0001.

Table 4. 6 Summary of melatonin effect on P18 SMA WAT in Smn %"

‘ Decipher Method Targeted Result Model Tissue
melatonin effect genes/protein
Molecular pathway In-silico based mRNA level of all
(Per1, Sirt1, Bcl-2) were upregulated
Shifting WAT’ UCP-1 and ASC-1 Both were
function increased
‘ (browning)
Mitochondrial Quantification of | Playing role as anti- Upregulation of
based-oxidative mRNA level via | oxidant CAT and SOD Symptomatic WAT
stress gPCR (CAT, SOD) expression Smn 28/-
Glucose Uptake Glut4 No alternation

Circadian Rhythm

Clock genes
( Clock, Bmal1, Per2)

There was an
increase in Clock
and Per2

Bmall = no
change

The provided table, as shown in the figure, systematically summarizes from left to

right: the objective of the study plan, the chosen method, the targeted gene or protein,

the result, the model used, and the type of tissue examined. The targeted genes have

been systematically categorized into groups: sequentially, genes predicted through

combined in silico analyses (Perl, Sirtl, Bcl-2 and Ror-a), shifting WAT function

marker (browning), genes playing a role in oxidative stress (CAT and SOD), gene

involving glucose uptake from circulation (Glut4) , core clock genes (Bmall, Clock and

Per2), The levels of these targeted genes have been quantified in WAT tissues

following melatonin application using gPCR. The entire experimental system was

carried out on the Smn2®- SMA mouse model.
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4.3.34 In the Smn®®* mouse, a decrease in the expression of Perl and Bcl2 genes within
the brown adipose tissue (BAT) is induced by melatonin treatment.

In addition to its role in energy metabolism, the dysregulation of pathways
like KIf15 associated with SMA pathology (Lisa M. Walter et al., 2018) makes
BAT a target for inclusion in the study of peripheral perspective of SMA. To
examine the molecular effects of melatonin on symptomatic BAT, qPCR
experiments were conducted to assess melatonin's impact on the expression of in
silico-based-targeted genes within the BAT. The findings indicate that oral
administration of 50 mg/kg/day of melatonin resulted in the downregulation of
Per1 and Bcl2 gene expression in the symptomatic BAT tissue of the Smn?8/*
mouse model, as shown in figure 4.35.b; f. In contrast, no melatonin-related
changes in the mMRNA levels of genes identified through transcriptomic analysis
were observed in the symptomatic BAT tissues of the Smn?5" control group

(figure 4.35.3; c; e).
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Figure 4. 35 In the Smn2B/+ SMA mice, melatonin treatment leads to reduced expression

of the Perl and Bcl2 genes in BAT.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic BAT was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28" and Smn?®’*, after 2 hours last melatonin treatment. The mRNA levels of
Perlgene are in a. Smn 28 and b. Smn 25’*; these of Sirt1 are in c. Smn 22~ and d.
Smn 28 the Blc2 are in e. Smn 28" and f. Smn ?8”*. Data represents mean and
error bars represent +/- SEM; Unpaired t Test, ns=not significant, *p<0.05

**p<0.01***p<0.001**p<0.0001.
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4.3.35 Melatonin administration resulted in the decreased expression of Clock, Bmall, and
Per2 genes, potentially influencing the regulation of circadian rhythms in BAT of
Smn?8" mice.

Given that the diurnal dysregulation of BAT in the Taiwanese Smn™"";SMN2
model is known, the study aims to investigate the effect of melatonin, a circadian
rhythm regulator, on this dysregulation (Lisa M Walter et al., 2018). The data
indicated a significant downregulation in the expression of genes Clock, Bmall,
and Per2 in the BAT of Smn?®" mice administered with a melatonin when
contrasted with their untreated counterparts (figure 4.36.a; c; €). On the other
hand, the Smn?®* mice showed no notable change in mRNA levels following the

melatonin treatment (figure 4.36.b; d; f.).
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Figure 4. 36 Melatonin treatment led to a reduction in the levels of Clock, Bmall, and
Per2 gene expression, which may affect the circadian rhythm control in the BAT of Smn2B/- mice.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic BAT was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28 and Smn?®’*, after 2hours last melatonin treatment. The mRNA levels of
Clock gene are in a. Smn 28 and b. Smn 22’*; these of Bmallare in c. Smn 28"
and d. Smn 22*, And that of Per2 are in e. Smn ?®" and f. Smn?®"* Data
represents mean and error bars represent +/- SEM; Unpaired t Test, *p<0.05
**p<0.01***p<0.001***p<0.0001.
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4.3.36 The mRNA level of CAT mRNA has decreased in symptomatic BAT tissues in
Smn2B/+ following melatonin application.

The efficacy of melatonin in reducing oxidative stress was evaluated in the
symptomatic BAT of SMA mice by measuring the expression of SOD and CAT
genes. A comparative analysis of BAT tissue from melatonin-treated and
untreated mice revealed a specific decline in CAT gene expression within the
Smn?8™* mouse strain (illustrated in figure.4.37. a.). In contrast, the levels of the
SOD gene remained unchanged in both Smn?®- and Smn?®™* mouse (as detailed in
figure 4.37.c; d).
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Figure 4. 37 Following melatonin treatment, there was a reduction in the
mMRNA levels of CAT in BAT in Smn?8/*

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic BAT was harvest from untreated
(n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted Smn & and
Smn?8’*, after 2 hours last melatonin treatment. The mRNA levels of CAT agene are in
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a. Smn 28" and b. Smn?®*; SOD gene level in c. Smn 28" and d. Smn 28/*,
Data represents mean and error bars represent +/- SEM; Unpaired t Test,
ns=not significant. *p<0.05 **p<0.01, ***p<0.001, ****p<0.0001.

4.3.37 Administering of melatonin reduced in mRNA level of Glut4 in the brown adipose
tissue of the symptomatic the Smn?"* mouse control group

We tested whether melatonin administration alters Glut4 expression in the
brown adipose tissue of symptomatic SMA mice., we found no alteration in
Glut4 expression within the Smn?®"- mice (as shown in figure 4.38.a). However, in
the Smn?8/*, Glut4 expression decreased in the BAT following melatonin
application (as indicated in figure 4.38.b).
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Figure 4. 38 Treatment with 50 mg/kg/day of melatonin decreases glucose
uptake from the bloodstream into BAT via the Glut-4 transporter in the
Smn 28" mouse model.

All animals were treated 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic BAT was harvest from untreated
(n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted Smn 22~ and Smn
2B+ “after 2 hours last melatonin treatment. The mRNA levels of Glut-4 gene are in a.
Smn 28~ and b. Smn?®"*. Data represents mean and error bars represent +/- SEM.
Unpaired t Test, ns=not significant*p<0.05 **p<0.01***p<0.001****p<0.0001.
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Table 4. 7 Summary of melatonin effect on P18 SMA BAT in Smn 28"

Decipher Method Targeted Result Model Tissue

melatonin genes/protein

effect

Molecular In-silico based No alternation

pathway (Perl, Sirt1, Bcl-2)

Mitochondrial Playing role as No change

based- Quantification | ;. oxidant

oxidative stress | ©f MRNA level (CAT, SOD) Symptomatic BAT
via qPCR Smn 28/

Glucose Uptake Glut4 No difference

Circadian
Rhythm

Clock genes
( Clock, Bmal1,
Per2)

Level of all were
downregulated

The provided table, as shown in the figure, systematically summarizes from left to

right: the objective of the study plan, the chosen method, the targeted gene or protein,

the result, the model used, and the type of tissue examined. The targeted genes have

been systematically categorized into groups: sequentially, genes predicted through

combined in silico analyses (Perl1, Sirtl, Bcl-2), genes playing a role in oxidative stress

(CAT and SOD), gene involving glucose uptake from circulation (Glut4) , core clock

genes (Bmall, Clock and Per2), The levels of these targeted genes have been quantified

in BAT tissues following melatonin application using qPCR. The entire experimental

system was carried out on the Smn?®~ SMA mouse model.
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4.3.38 Melatonin application downregulated the expression level of Ror-a in the
symptomatic pancreas tissues of SMA mice.

The protective effect of melatonin on pancreatic tissue, as reported in the
literature (Abdulwahab et al., 2021), and its potential influence on the
developmental defects of the pancreas observed in the SMA model (Bowerman
et al., 2014), warrant further investigation for comprehensive understanding of
peripheral pathology. Our research aimed to understand the effect of melatonin
on the pancreas tissue, focusing on the Perl, Bcl2, and Ror-a genes. Our results
showed a decrease in Ror-a expression in Smn?®"- mice treated with melatonin at
a dose of 50 mg/kg/day (see figure 4. 39. €). In the Smn?®’*, we observed no
significant changes in the expression levels of all the targeted genes between the
melatonin-treated and untreated symptomatic pancreas (refer to figure 4.39.b; d;
f.).
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Figure 4. 39 Melatonin application downregulates the expression level of Ror-a

in the symptomatic pancreas tissues of SMA mice.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic pancreas was harvested from
untreated (n=8, black bars) and melatonin-treated (n=8, white bars) in non-fasted
Smn 28 and Smn?®*, after 2 hours last melatonin treatment. The mRNA levels of
Perlgene are in a. Smn 28" and b. Smn 28/*; these of Bcl2 are in ¢. Smn 25" and
d. Smn 28™*, the Ror-o are in e. Smn 28" and f. Smn 22/*, Data represents mean and
error bars represent +/- SEM; Unpaired t Test, ns=not significant, *p<0.05

**p<0.01***p<0.001**p<0.0001.

182




4.3.39 Melatonin had no effect on the expression of diurnal genes in the pancreas tissues of
SMA mice.

Disruptions in circadian rhythms are linked to metabolic syndrome, affecting
pancreatic functions and increasing the risk of T2DM (Corella et al., 2016); a
condition already associated with SMA (Bowerman et al., 2012a). Researching
the impact of circadian molecular stabilizers, such as melatonin, on the pancreas
in Smn?®- mouse models, could yield significant insights into the comprehensive
pathology of SMA. In our study, we also examined the possible therapeutic
impact of melatonin on the expression of genes associated with circadian
rhythms, specifically Clock, Bmall, and Per2, in the symptomatic pancreas
tissues of SMA mouse models. The results of our experiments indicated that
melatonin did not affect the regulation of diurnal gene mRNA levels in Smn?8"
SMA models of symptomatic pancreas tissue, as compared to control group (refer
to figure 4.40.).
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Figure 4. 40 Melatonin has no therapeutic effect on the expression of diurnal genes
in the pancreas tissues of SMA mice.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC)
via daily gavage starting at P5 till P18. Symptomatic pancreas was harvest from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28" and Smn?®'* after 2hours last melatonin treatment. The mMRNA levels of
Clock gene are in a. Smn 28" and b. Smn ?®'*; these of Bmallare in c. Smn 28"
and d. Smn 28*_ And that of Per2 are in e. Smn ?®- and f. Smn?®"* Data
represents mean and error bars represent +/- SEM; Unpaired t Test, *p<0.05
**p<0.01***p<0.001***p<0.0001.
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4.3.40 After administering melatonin, it was observed that there is no impact on the

MRNA expression of the Glut4-glucose transport gene in the symptomatic pancreas
tissues of Smn 28> SMA mouse.

Our study delved into the potential effects of melatonin on glucose
metabolism, an important aspect of pancreatic function. The aim was to assess
whether a dosage of 50 mg/kg/day of melatonin could alter the expression of the
Glut4 gene in the symptomatic pancreas of SMA mice, in comparison with triceps
tissues from age matched SMA mice not treated with melatonin.

Upon comparing the triceps tissues of melatonin-treated mice to those of
untreated mice during the symptomatic phase, we observed no notable increase in
the expression of the Glut4 gene in either the Smn®®" or Smn®®* mouse, as

indicated in figure 4.41.
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Figure 4. 41 Following melatonin application, there is no effect on the mMRNA
level of the Glut4-glucose transport gene in symptomatic pancreas
tissues.

All animals were treated 50 mg/kg/day melatonin (diluted in.5%0 CMC) via
daily gavage starting at P5 till P18. Symptomatic pancreas was harvest from untreated
(n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted Smn 2% and
Smn?8* | after 2hours last melatonin treatment. The mRNA levels of Glut-4 gene are in
a. Smn 28"~ and b. Smn ?2™*, Data represents mean and error bars represent +/- SEM.
Unpaired t Test, ns=not significant. *p<0.05 **p<0.01***p<0.001****p<0.0001.
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4.3.41 Administering daily melatonin resulted in an upregulation of the CAT gene in the
symptomatic pancreas tissues of Smn 2%~ mice.

Melatonin is known to reduce lipid peroxidation and help revert the activity of
antioxidant enzymes in the pancreas (Carrasco et al., 2014). Therefore, it is of
interest to research whether melatonin could impact pancreatic pathologies seen
in SMA through its influence on oxidative stress.

Our findings revealed that in the pancreas tissues of melatonin-treated
symptomatic Smn?®" mouse model, there was a noticeable increase in CAT gene
expression following the 50 mg/kg/day melatonin treatment, as shown in figure
4.42.a. However, for the SOD gene, there was no significant difference in
expression observed between the melatonin-treated and untreated SMA mice, as
depicted in figures 4.42.c and 4.42.d.
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Figure 4. 42 The treatment with melatonin at a daily rate of 50 mg/kg has been found to enhance the
expression of the CAT gene, which acts as a hydrogen peroxide scavenger in mitochondria,
specifically in the symptomatic pancreas of Smn?&" mice.

All animals were treated with 50 mg/kg/day melatonin (diluted in 0.5% CMC) via
daily gavage starting at P5 till P18. Symptomatic pancreas were harvested from
untreated (n=8, black bars) and melatonin treated (n=8, white bars) in non-fasted
Smn 28" and Smn?8’*, after 2hours last melatonin treatment. The mRNA levels of
CAT gene are in a. Smn 22~ and b. Smn 28”*; SOD gene level in ¢. Smn?®" and d.
Smn 28"+, Data represents mean and error bars represent +/- SEM; Unpaired t Test,
ns=not significant *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Table 4. 8 Summary of melatonin effect on P18 SMA pancreas in Smn 25"

Decipher Method Targeted Result Model Tissue
melatonin genes/protein
effect
Molecular In-silico based Ror-a mRNA
pathway (Per1, Sirt1, Bcl-2, | level increased
Ror-a)
Mitochondrial Playing role as CAT expression
based- Quantification | ;4 oxidant induced
oxidative stress | ©f MRNA level (CAT, SOD) Symptomatic | Pancreas
via qPCR Smn 28/-
Glucose Uptake Glut4 No difference
Circadian Clock genes No alternation
Rhythm ( Clock, Bmal1,
Per2)

The provided table, as shown in the figure, systematically summarizes from left to
right: the objective of the study plan, the chosen method, the targeted gene or protein,
the result, the model used, and the type of tissue examined. The targeted genes have
been systematically categorized into groups: sequentially, genes predicted through
combined in silico analyses (Per1, Sirtl, Bcl-2), genes playing a role in oxidative stress
(CAT and SOD), gene involving glucose uptake from circulation (Glut4) , core clock
genes (Bmall, Clock and Per2), The levels of these targeted genes have been quantified

in pancreas tissues following melatonin application using gPCR. The entire

experimental system was carried out on the Smn?8” SMA mouse model.
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To sum up;
In summary, melatonin emerges as a promising candidate for treating

SMA, a multifaceted multisystemic condition. Its therapeutic potential is rooted in
improving metabolism in both the central nervous system and peripheral tissues.
Additionally, melatonin offers protection by influencing and reducing processes
related to apoptosis, glucose metabolism and oxidative stress. This comprehensive
approach, tackling various aspects of SMA pathology, highlights melatonin's
potential to significantly improve the overall characteristics of SMA, which is
beyond the NMD. In detail, this study examines melatonin-treated tissues from
mice with symptomatic SMA, focusing on both central nervous system regions
such as the spinal cord and non-central areas including skeletal muscle, pancreas,
liver, and adipose tissue. A comprehensive molecular analysis was conducted,
exploring a range of genes involved in various metabolic processes and circadian
rhythm regulation. The image features a green square representing the role of
melatonin in controlling diurnal genes, crucial for maintaining circadian rhythm,
metabolism, and overall body homeostasis (figure 4.43). Melatonin's ability to
cross the BBB is shown to reduce the expression of apoptotic markers like Fas
and Pmaipl in the SC. The interconnected dark blue lines among four peripheral
tissues illustrate the metabolic interactions in these organs, which exhibit specific
abnormalities in SMA pathology. This interconnection suggests the potential role
of melatonin in regulating metabolic balance by influencing various genes.
Notably, in the upper left corner of the image, there is a noted increase in GLUT4
levels, essential for glucose uptake, particularly in skeletal muscle tissue.
Moreover, melatonin is also observed to enhance muscle fiber size. The orange
arrows in the image emphasize melatonin’s anti-apoptotic impact in muscle and
adipose tissues, which correlates with an increase in the Bcl-2 gene (figure 4.43).
Furthermore, melatonin is implicated in promoting mitochondrial biogenesis,
linked with Sirtl, in both adipose and islet muscle tissues. A common feature
across these tissues is the effect of mitochondrial oxidative stress and subsequent
ROS, impacting genes such as CAT and SOD. Additionally, melatonin's role in
elevating UCP-1 levels in WAT suggests a shift in its function towards that of
brown tissue (figure 4.43). As a result of these analyses, it has been observed that
melatonin has tissue-specific metabolic and circadian effects. The analyses
revealed that melatonin exhibits distinct metabolic and circadian effects in

different tissues.
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Figure 4. 43 Result of melatonin-induced genes, which play different
roles of metabolic balance.

This assessment encompasses tissues treated with melatonin from symptomatic SMA
mice, covering both central nervous system areas like the spinal cord and non-central
nervous system tissues such as skeletal muscle, pancreas, liver, and adipose tissue. The
image illustrates the green square, symbolizing melatonin-mediated diurnal genes that
affect circadian rhythm.

Melatonin decreased expression of apoptotic markers such as Fas and Pmaipl in the SC.
The dark blue lines connecting four peripheral tissues demonstrate the metabolic interplay
among these organs, which display abnormalities in SMA pathology. In the upper left
corner, as depicted, there is an elevation in GLUT4 levels especially in skeletal muscle
tissue.

Additionally, melatonin has been shown to increase muscle fibre size. The orange arrows
highlight melatonin's anti-apoptotic effects in muscle and adipose tissue, leading to the
upregulation of the Bcl-2 gene. Melatonin may also enhance Sirtl expression, in adipose
and islet muscle tissues. A shared characteristic in these four tissues is associated with
CAT and SOD. Moreover, melatonin increases UCP-1 levels in WAT, transitioning its
function towards that of brown tissue.
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4.4 Discussion

Considering the multi-systemic peripheral pathologies of SMA, a second
compound, melatonin, is anticipated to improve the SMA phenotype. Our in silico
analyses predicted that the expression of Perl, Bcl2, Sirtl and Ror- a genes is
increased in SMA skeletal muscle and can be downregulated by melatonin
treatment. First, we validated the abnormal expression of Perl, Bcl2, Sirtl and
Ror-a in symptomatic skeletal muscle tissue in both SMA mouse models.
Subsequent research has stated the safety and pharmacological impact of
melatonin on the C2C12s and LCHN-M2 cell line, uncovering a dose-dependent
alteration in the expression levels of the target genes. The administration of 50
mg/kg/day melatonin on Smn?®" mice led to notable improvements in weight,
survival and RR patterns. The potential molecular impacts of a melatonin
treatment were assessed in relation to the expression levels of genes, which are
playing role in glucose uptake, mitochondrial biogenesis, anti-oxidative stress,
apoptosis and circadian rhythm in Smn?®"- mice. Post-treatment of melatonin, both
the symptomatic skeletal muscle, liver, WAT, BAT and spinal cord tissue has a

tissue- specific effect on metabolic and circadian functions.

In the Smn”"; SMN2 SMA mouse model, we observed that the genes Per1,
Sirtl, and Bcl2 were upregulated, whereas in the Smn®®~ SMA mouse model, an
increase in the expression of Perl and Bcl2 genes was noted. Based on these
findings, it can be inferred that the expression of the Sirtl gene is influenced by
the severity of SMA. In 2009, Millino and colleagues conducted studies on the
skeletal muscles of patients with SMA types | and Ill, revealing that the severity
of SMA is correlated with two distinct gene expression signatures in muscle
tissues. The muscles from SMA type | patients showed that dysregulated genes
primarily play roles in energy metabolism and muscle physiology (Millino et al.,
2009b). In parallel, we found that an increase in Sirtl expression was found in the
severe mouse model, aligning with its known role in mitochondrial biogenesis
(Yuan et al., 2016). Another role of the Sirtl gene is its involvement in atrophy
through the activation of Foxo and Atrogen, where are placed in downstream of
Sirtl (Lee and Goldberg, 2013). Furthermore, overexpression of Sirtl has been
shown to potentially reverse the atrophic phenotype (Lee and Goldberg, 2013).
Thus, Sirtl plays a significant role in muscle atrophy, positioning it as a new
therapeutic target. Importantly, we found that melatonin application caused

increased level of Sirtl and enhancement of myofiber size. In future studies, it is
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suggested to explore the direct relationship of Sirtl gene activation on atrophy in
SMA muscles, such as, through vector-mediated specific activation. This approach

is recommended as a focus for upcoming research.

In the deltoid muscle samples from SMA Type Il patients, a decrease in PER1
MRNA levels was observed, which contrasts with the increased level of Perl in
SMA mouse studies. This inverse pattern could be attributed to several factors.
One reason might be the use of different muscle groups in humans and mice;
deltoid muscles were analysed in SMA patients, whereas triceps muscles were
used in the SMA mouse model (Fridén and Lieber, 2001). Another contributing
factor could be the physiological differences between the two species, considering
the inherent variations between mice and humans (Suetterlin et al., 2022). Lastly,
it's also plausible that the Type I11 SMA patient group, which generally exhibits a
less severe phenotype, might show variations in gene expression related to the

disease's severity (Lefebvre et al., 1997).

In C2C12 cells, the application of melatonin leads to varying effects on the
expression of Perl target genes, and these effects depend on both the dosage of
melatonin and the differentiation state of the cells. Similarly, in the LCHN-M2
model, the application of 1mM melatonin increasing the level of Perl suggests
that melatonin might promote the transition from myoblast form to myotubes.
Turning to the changes in skeletal muscle from Smn?8", upregulated level of Per1l
and Per2 gene level as found. Therefore, it's important to consider the role of
circadian rhythm in regulating peripheral tissue development and maintenance
when studying the impact of circadian genes on muscle development, which is
found that differentiated-induce role of Perl in muscle development (Katoku-
Kikyo et al., 2021). The study in the Per KO model has revealed that Perl and
Per2 are initiating and decisive genes in the differentiation of myoblasts in
circadian rhythm (Katoku-Kikyo et al., 2021). The significant roles of the Per1/2
gene in muscle regeneration and the negative effects of the absence of these genes
on the size of muscle fibers, the exit from the cell cycle, and the regeneration
process have been revealed in Perl/2 KO mouse models through the monitoring
of MHC and MyoD levels over time and the results of IHC assays (Katoku-Kikyo
et al., 2021) (Small et al., 2020). To provide a definitive answer, it is
recommended to compare the differentiation states by looking at the levels of
MyoD, MyoG and MHC in further studies. As for the melatonin effect on muscle
contraction, the effect of muscle contraction on the calcium-dependent pathways

in human muscle samples has been shown to be directly related to the increased
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expression of Per2, as evidenced by calcium imaging and ex vivo muscle
contraction experiments (Small et al., 2020). Consequently, this finding prompts
an important question: could the elevation of Per2 levels in the triceps of SMA
mice (we found melatonin increased Per2 gene in SMA’ triceps), enhance muscle
contraction? Further adding to the significance of these findings, Small et al.
(2020) have also uncovered that the role of Per2 in these promoted-calcium-
dependent pathways is facilitated by the phosphorylated form of CREB (p-
CREB). This insight positions the CREB protein as a critical subject for future
research, particularly in the study of SMA and its associated phenotypes.

Another important finding related to muscle structure is that the application of
melatonin increases the expression of genes Atroginl and MuRF1, which are
considered markers of muscle atrophy. Based on laminin assay investigating the
overall impact of melatonin on muscle health, it was found that melatonin
increases muscle fibre size.

This finding in the context of SMA pathology suggests that different pathways
or unidentified muscle ubiquitin ligases may play a role in the atrophy seen in
SMA (lyer et al., 2014; McElhinny et al., 2002). Additionally, this enlargement
may be attributed to melatonin's supportive role in muscle metabolism, as it seems
to promote mitochondrial activity (increased the Sirtl level), mitigate oxidative
stress (increased the CAT level) and enhance glucose uptake via inducing Glut4
(increased Glut4 in melatonin-induced triceps of SMA), all of which are vital for
muscle structure development in melatonin induced Smn?®"- mouse model. This
insight contributes to a more comprehensive understanding of the mechanisms by
which melatonin affects muscle health. Extending these findings to porcine
studies, melatonin has also been demonstrated to augment myofiber size, with a
notable upregulation of molecular markers such as paired PAX7, myogenin
(MYOG), myosin heavy chain (MYHC) IIA, and MYHC IIB, presenting a
consistent pattern of melatonin's positive impact on muscle development (Chen et
al., 2023). For the first time, we have demonstrated using IHC methods that
melatonin increases muscle fibre size in symptomatic Smn?®” mouse models. This
result suggests that factors involved in muscle development and differentiation,
such as Pax7, MyoD, MyoG, myosin heavy chain (MYHC) IIA, and MYHC IIB,
should be examined to evaluate melatonin-induced-myogenesis under SMA

condition.
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Following the application of melatonin, we observed an increase in the
expression of core clock genes Perl, Per2, and Clock in the liver tissues of
symptomatic Smn?®" mice. Literature indicates that the circadian rhythm
influences metabolic homeostasis in the liver-pancreas axis, particularly by
suppressing gluconeogenesis (Faria et al., 2013). Moreover, melatonin emerges as
a potential hypoglycaemic agent-insulin similar activity-(Watanabe et al., 2023).

In the Smn28

mice, hyperglucagonemia (Bowerman et al., 2012a),
hyperglucagonemia-induced hepatic glycogen breakdown has been reported
(Deguise et al., 2021Db). In other words, under SMA conditions, the liver responds
to hyperglucagonemia by breaking down glycogen to produce and release more
glucose into circulation. Melatonin, acting through circadian genes, could
potentially reverse this mechanism, similar to the action of insulin, thus alleviating
the condition. This suggests the importance of further detailed studies on
melatonin's impact on the liver- pancreas axis, hepatic glycogen levels and liver
enzyme activities. Metabolic crosstalk exists between the liver, pancreas, skeletal
muscle, and adipose tissue (Chan et al., 2022). In other words, a compensatory
response to a changing condition in one tissue can come from other tissues.
Turning to the topic of adipose tissue in Smn?®" involves increased adipocyte
lipolysis in response to hyperglucagonemia, leading to the release of fat droplets
into circulation and subsequent TG accumulation in the liver (Deguise et al.,

2021¢).

In our project, in adipose tissue, post-melatonin application in Smn?®"- mice, an
increase in Perl, Per2, and Clock gene expression was observed in WAT tissue.
We asked the question whether there is a change in lipid accumulation in the liver
as a result of the decrease in lipolysis in adipose tissue due to the effect of
melatonin. To answer this question, oil-red-O assay has been carried. We found
that there was no difference in lipid accumulation of liver of Smn?®"~ This could be
due to the hallmark feature of SMA muscle atrophy, leading to the hypothesis that
lipids from the breakdown of atrophied muscles might still be accumulating in the
liver (Pasmans et al., 2021). Strikingly, due to significant muscle loss, the required
amount of energy in SMA patients cannot be met (Sproule et al., 2009). One of the
melatonin-mediated compensatory mechanisms in this context could be the
transformation of WAT into brown adipose tissue BAT following melatonin
application (Xu et al., 2020). For the first time, we discovered that melatonin
application in Smn?®"- mice functionally shifts WAT towards BAT characteristics.
This shift was observed through a significantly increase in UCP-1 (BAT tissue
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biomarker) in WAT (Xu et al., 2020).

This finding suggests that in SMA mice, melatonin-induced-WAT might be
used for energy production rather than merely storing fats, to try to meet energy

demand.

It would be advisable to perform mitochondrial biogenesis and functional tests
in these tissues to potentially confirm this energy metabolism process (Suliman
and Piantadosi, 2014). Sirtl contributes to mitochondrial biogenesis and
maintenance by promoting the activity of PGC-/a, positioned upstream (Zhou et
al., 2018). Based on these, the aim was to examine the Sirtl mRNA in Smn?®"-, We
found that upregulation of Sirtl gene had been observed in triceps and wat from
symptomatic Smn?®", It is suggested that in SMA mice, the application of
melatonin might supports mitochondrial biogenesis, which has already decrease
the number of mtDNA, increased mitophagy under SMA pathology (Xu et al.,
2016). To clarify the impact of melatonin on mitochondria in an SMA model, it is
recommended to carry out the future studies, including mitochondrial DNA
quantity and quality, citrate synthase activity (proxy for mitochondrial content),
and measurements of oxygen consumption rate or ATP production. Another effect
of melatonin on mitochondria is its association with anti- oxidative pathways.
Melatonin scavenges free radicals produced as a byproduct of mitochondrial
oxidative metabolism, thus preventing damage to mtDNA and supporting
mitochondrial functions (Melhuish Beaupre et al., 2021; Ramis et al., 2015).
Building on this, our project included experiments to examine the expression of
antioxidant enzymes responsible genes, CAT and SOD. We observed in Smn?5"
mouse models that CAT levels increased in triceps, liver and spinal cord whereas,
in the liver, both CAT and SOD expression levels upregulated. In the literature,
increased production of ROS has been observed in the heart (Shababi et al., 2012)
and spinal cord (Patitucci and Ebert, 2016) in the Smn47 SMA mouse model, the
liver tissue in the Smn?®" mouse model (Deguise et al., 2021d), and finally, in the
skeletal muscle in a muscle-specific Smnl knockout mouse model (Chemello et
al., 2023b).

Another point to highlight is melatonin's potential to enhance CAT expression
in the pancreas tissues of Smn?®" mice, thereby can support antioxidation. A
literature review, including research by Park et al., 2014, suggests that melatonin
may help reduce oxidative stress in pancreatic tissues, which could stimulate
insulin secretion. Given the insulin resistance observed in SMA mouse and human

models, and the disorganization of B-islets, future studies should focus on a
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detailed examination of melatonin's effects on the pancreas. To investigate if this
effect is also present in the pancreas of SMA mouse models, it is recommended to
measure insulin protein levels, possibly through techniques like ELISA /Western
blotting or dynamic measurement of insulin and glucagon secretion via

radioimmunoassay.

To highlight the significance of understanding how melatonin mitigates
oxidative stress in various tissues affected by SMA, it is recommended to conduct
extensive studies on its effect on glutathione peroxidase enzyme activity,

particularly in the liver, skeletal muscle, spinal cord, and adipose tissues.

Another focus in SMA mouse models is on the effect of melatonin on insulin
resistance observed in SMA mice and patients (Bowerman et al., 2012).
Following melatonin administration, non-fasting blood glucose levels were
measured, and no significant difference was found compared to control groups.
This could be related to the non-fasting state (Bowerman et al., 2014), as
discussed in the pioglitazone section. To understand the overall picture of glucose
intolerance, we examined the expression pattern of the Glut4 receptor protein,
responsible for glucose uptake from blood, following melatonin administration.
Our results indicated that melatonin increased Glut4 expression in the skeletal
muscle of Smn?®" mice. Although the increase in expression may help mitigate
glucose intolerance, further experiments are necessary to establish this
connection. Specifically, assessing glucose uptake using radio-labeled glucose
analogs in future studies will provide a more comprehensive understanding of
this relationship. On the other hand, when examining Glut4 downregulation, a
direct interaction between Akt and Glut4 has been observed (Faria et al., 2013). In
detail, p- Akt2 significantly enhances the translocation of Glut4 receptors to the
plasma membrane, a process almost comparable to the effect of insulin (Ng et al.,
2008).

Additionally, melatonin is known to activate the PI3K-AKT pathway through
phosphorylation, impacting downstream targets including mTOR and PTEN
(Beker et al., 2019). Studies on SMA mouse models have shown that
phosphorylated PTEN increases SMN protein stability, thus alleviating the SMA
phenotype (Rademacher et al., 2020). Based on these findings, while it's known
that melatonin initiates the PI3K/AKT pathway and elevates GLUT4 level,
further research is needed to determine whether its interaction with the SMN
protein is direct or indirect and if it's tissue- specific to comprehensive glucose

tolerance phenotype of Smn?8", Controversially, it has been observed that 195



melatonin activates the PI3K/AKT pathway by increasing Bmall levels (Beker et
al., 2019). In the SMA mouse model, when melatonin was applied to triceps,
WAT, and liver tissues, Bmall levels located in the suprachiasmatic nucleus
remained unchanged (Beker et al., 2019). This suggests that in addition to the
influence of the central clock within the suprachiasmatic nucleus, melatonin also
affects peripheral tissue-specific circadian rhythms, and the impact of melatonin
might be even more pronounced through the peripheral clock, an aspect that
should not be overlooked.

Melatonin's potential anti-apoptotic effect is well-recognized (Kim et al.,
2011). In investigating its connection with SMA pathology, we focused on the
expression levels of Bcl2, an anti-apoptotic marker (Gao and Wang, 2009). Our
results indicated that 100 uM melatonin increases Bcl2 levels in C2C12
myotubes. In Smn?®" mouse models treated with melatonin, a significant increase
in Bcl2 expression was observed in symptomatic skeletal muscle, liver, and
WAT tissues. This rise in Bcl-2 levels, stimulated by melatonin, counteracts the
pro-apoptotic Bax protein at the mitochondrial level, effectively inhibiting
apoptosis in the hippocampus, as shown in studies by Radogna et al., 2008, and
Keskin-Aktan et al., 2018. To further explore this anti- apoptotic effect,
additional studies in specific SMA mouse tissues, including caspase activity
assays and apoptosis quantification using Hoechst DNA staining, are suggested.
Future research should focus on the direct interaction between Bcl2 and Bax in
SMA mouse tissues, employing small molecular inhibitors, such as si-RNA
targeted at Bax or Bcl2.

Considering melatonin's antioxidative and anti-apoptotic properties, it has
been defined as neuroprotective in CNS tissues, as noted by Alghamdi in 2018.
Melatonin significantly supports spinal cord tissue survival by downregulating
Pmaipl and Fas, which are apoptosis-inducing factors of SC. Despite this,
melatonin did not alter motor neuron count, suggesting other pathways might be
involved in motor neuron death in the spinal cord (explained in pioglitazone
discussion chapter). On the other hand, another possible hypothesis involves the
NF-xB pathway, which modulates apoptosis by melatonin in neuronal cells
(Tiong et al., 2019). Importantly, studies conducted on primary cultures
established from the spinal cords of SMA mice have shown that the activation of
the NF-kB pathway regulates the SMN protein levels (Israél, 2010). This
activation typically occurs through the canonical pathway, involving the
phosphorylation of IKKo/IKKf and the translocation of RelA to the cell nucleus
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(Israél, 2010). Additionally, exploring the potential role of melatonin in the
downregulation of NF-kB pathway and its interaction with related proteins (RelA
and Bax) could provide deeper insights. This line of research could be particularly
valuable in understanding the mechanisms of SMA and developing potential
therapeutic strategies that target these molecular interactions.

To sum up, melatonin shows promise as a potential therapeutic agent for
SMA, a complex multisystemic disorder. Furthermore, melatonin demonstrates
protective capabilities by targeting and mitigating processes involved in apoptosis
and oxidative stress. This holistic strategy, which addresses multiple facets of
SMA pathology, underscores the versatile role of melatonin in potentially

improving the overall phenotype of SMA.
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5 Introduction

5.1 Insulin

Similar to melatonin and pioglitazone, three candidate compounds have
been proposed as a result of combine in silico approaches, third of which is
insulin with similar transcriptomic pattern to prednisolone. Our findings
anticipated that in the skeletal muscle of symptomatic SMA mouse models,
genes such as Igfrl, Rbl, and InsR were upregulated, which would be

downregulated by insulin application.

Insulin
treatment

Figure 5. 1 In silico analyses predicted that the expression of the genes Igf1R,
Rb1 and InsR were increased in SMA skeletal muscle and could be
downregulated by insulin treatment.

Insulin, an FDA-approved treatment for hyperglycaemia, is produced through
recombinant DNA technology. This peptide hormone, secreted by the beta cells
of the pancreas, plays a pivotal role in regulating blood glucose levels. Notably,
insulin also has multiple metabolic functions, including boosts protein synthesis,
and prevents lipolysis and proteolysis. These diverse actions of insulin underscore
its critical role in maintaining glucose homeostasis and overall metabolic balance
(Insulin human, 2023).
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Insulin-like growth factor 1 (IGF-1) is an anabolic hormone with
significant impacts on metabolism and is closely associated with metabolic
syndrome (Holt et al., 2003), particularly affecting lipid and glucose metabolism
(Saukkonen et al., 2006). Regarding the role of IGF in SMA pathology, it has
been found that Igf levels are reduced in liver and blood of Smn47 SMA model
(Murdocca et al., 2012). Meanwhile, in both Type | SMA patients (Millino et al.,
2009c¢) and mouse models, an increase in IGF receptor levels in skeletal muscle
has been observed (Bosch-Marcé et al., 2011). Additionally, elevated levels of
Igf1R have been noted in the spinal cord tissues of SMA-like mouse models
(Biondi et al., 2015). Reducing expression levels in the Smn?”*;SMN2; 1gf-1r *-
SMA-like mouse model has led to significant improvements in lifespan and motor
behaviour, as well as protection of motor neurons and increased SMN expression
in spinal cord and skeletal muscles (Biondi et al., 2015). This phenotypic
improvement is attributed to the robust activation of the neuroprotective
AKT/CREB pathway, while concurrently suppressing the ERK and JAK
pathways' activity (Biondi et al., 2015). Focusing on IGF highlights the
interconnectedness of metabolic processes in SMA and underscores the

importance of exploring its potential neuroprotective effects.

The research suggests that Rb1, another predicted targeted gene od insulin,
offers a protective shield against diabetes and related complications, thanks to its
ability to regulate mitochondrial energy metabolism, improve insulin resistance,
and reduce the risk of ensuing complications (Zhou et al., 2019).A detailed
examination of the underlying mechanisms has revealed that in the C2C12 cell
line, an increase in glucose uptake is associated with the induced levels of Rb1.
This uptake is connected to the phosphorylation of Irs1 and protein kinase B
(PKB), which in turn stimulates the translocation of GLUT1 and GLUT4 to the
cell surface (Shang et al., 2008).

Furthermore, in an obese rat model, it has been observed that Rb1 activate
the PI3k/AKkt signalling pathway in dose-dependent manner, thereby encouraging
energy expenditure and leading to a decrease in body fat content (Xiong et al.,
2010). Observing the age- related dysregulation of GLUT4 in the skeletal muscles
of SMA mice (Meijboom et al., 2022), especially considering the known glucose
abnormalities (Bowerman et al., 2012a), underscores the importance of
investigating the relationship between Rb1 and SMA.

Turning to the literature studies related to the last predicted target gene of
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insulin ,InsR (insulin receptor), playing e significant role of insulin resistance, and
InsR-KD-mouse show extreme susceptibility to overt hyperglycaemia when
subjected to a HFD (Lee et al., 2015). Delving into the molecular mechanism, an
excessive amount of glycerol from WAT leads to an increased expression of the
G6pc (glucose-6- phosphatase) gene in the liver in this mouse model (Lee et al.,
2015). Insr plays a crucial role in balancing the increased gluconeogenesis from
glycerol in the liver and the exacerbated lipolysis in WAT (Lee et al., 2015). In
the pathology of SMA, irregularities in the metabolism of liver (Deguise et al.,
2019a) and WAT (Feng et al., 2023) are playing a significant role. Therefore,
investigating the role of INSR in the metabolism of peripheral tissues in SMA and
examining whether insulin treatment could potentially exacerbate or alleviate the

pathology becomes crucial.

In conclusion, the role of targeted genes playing a role of peripheral
metabolism and development in SMA pathology, potentially regulated by insulin,
has been predicted through in silico analyses and supported by literature studies.
Therefore, examining insulin and its target genes under the umbrella of SMA

pathology is significant to explain multi-systemic profile of SMA.
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5.2 Methods

5.2.1

5.2.2

In Vitro Insulin Treatment

C2C12 myoblast cells were seeded in 6-well plates (4 wells per group).
When the C2C12 myoblast cells reached 50-60% confluency, and the
differentiated C2C12 myotubes were at the D7 stage, they were treated for 24
hours with Insulin Human Recombinant (Sigma-Aldrich) dissolved in dH20 at
concentrations of 1nM, 10nM, and 100nM. The same concentrations of insulin
were also applied to both the 60-70% confluent LHCN-M2 cell line and the D7
LHCN-M2 cells for a duration of 24 hours.

In Vivo Insulin Treatment

Beginning from day PO, offspring with Smn?®- SMA and Smn?8/* healthy
mice underwent daily phenotypic analysis. On P8, the mice either received no
treatment, were given a vehicle (Sterile Molecular Biology Grade Water), or
were administered insulin in an escalating dose regimen, starting at 0.2U and
increasing by 0.5U every 5 days. The insulin was administered through 50 pl
subcutaneous injections using BD Micro-fine 0.5m1/8mm/30g Insulin Syringes
(SLS). This treatment continued until the humane endpoint was reached, with
each group containing more than 10 mice. By P18, tissue samples from skeletal
muscles (Triceps brachii and TA), liver, pancreas, white adipose tissue, and
spinal cord (N > 4) were collected from both the untreated and insulin-treated
Smn?8- SMA and Smn?®"* healthy mice, two hours after their final treatment.
Additionally, blood glucose levels (mmol/L) of the non-fasted pups were
immediately measured post-euthanasia using the True Metrix Go blood glucose

monitoring system (Trividia Health).
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5.3 Results

5.3.1 The expression levels of Rb1 and InsR were observed to increase, whereas the
MRNA level of 1gf1R was found to be downregulated.

At the onset of our experiment, our focus was on assessing the expression
levels of Igf1R, Rb1 and InsR in the triceps (skeletal muscle) of symptomatic Smn
- SMN2 SMA mice at P7. In our targeted examination of predicted genes
targeted by insulin, specifically Rb1 and InsR, we observed a significant
upregulation in their expression in the skeletal muscle relative to WT, as shown in
figure 5.2.b; c. Interestingly, an increase in the expression level of Igf1R was also
noted (figure 5.2.a). Thus, in the symptomatic Smn”;SMN2 mice's skeletal
muscle, an increase in the expression levels of Rb1 and InsR was noted, while the

MRNA level of Igf1R showed a decrease.
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Figure 5. 2 In a severe SMA mouse model, it was noted that the expression
levels of Rb1 and InsR increased, while the mRNA level of Igf1R
exhibited a decrease.
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The mRNA expressions were performed by gPCR. a. The expression level of Igf1R , b. Rb1 and
c. InsR. Black represents healthy model; white represents severe SMA mouse model. Data
represent N=4 samples per group; error bars represent +/- SEM; Unpaired-t test, *p<0.05,
**p<0.01, ***p<0.001

5.3.2 In the skeletal muscle of symptomatic Smn?®" mice, there was an elevation
in the mRNA level of Rb1.

To substantiate our results, we expanded the research to include an
analysis of the skeletal muscle (triceps) in Smn?®"- at P18. In this phase, when
compared with WT, an increase in the expression of Rb1 was detected in the
triceps of the milder SMA model. However, there were no significant changes in
the mRNA levels of the anticipated target genes IgfiR and InsR, as depicted in
figure 5.3. As a result, there is an upregulation in the expression of Rb1 in
skeletal muscle of symptomatic Smn?®- mice.
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Figure 5. 3 The mRNA expression of predicted Rb1 gene increased in milder
form Smn?®"- of SMA mouse models compared to WT mouse models.
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The mRNA expressions were performed by gPCR. a. The expression level of
Igf1R, b. Rbl and c. InsR are forecasted target gene to be recovery of insulin
treatment in milder SMA mouse model (a,b). Black represents healthy model;
white represents severe SMA mouse model. Data represent N=4 samples per
group; error bars represent

+/- SEM; Unpaired-t test, ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
**%*n<0.0001.

5.3.3 In Type Il SMA deltoid myoblasts, the insulin target genes, IGF1R and INSR, were
found to be significantly increased in expression.

In the next stage of our research, we focused on determining whether the
genes we identified as potential insulin targets—specifically IGF1R, RB1, and
INSR—showed different expression patterns in primary myoblasts from SMA
patients.

Our analysis revealed an increase in the expression levels of IGF1R and
INSR in Type 111 SMA myoblasts compared to those from healthy controls, as
illustrated in figure 5.4.a.c. However, in Type 11l SMA myoblasts, there were no
statistically significant differences in the mRNA levels of RB1 when compared to

healthy controls, as shown in figure 5.4.b.
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Figure 5. 4 The insulin target gene, IGF1R and INSR, significantly upregulated
in Type 111 SMA deltoid myoblasts.

The mRNA expressions were performed by gPCR. The expression level of a. The
expression level of IgfiR, b. Rb1 and c. InsR in primary myoblast from deltoid muscle
biopsies from healthy controls and Type 111 SMA patients (N=6). Each round dot
represents a healthy person and each black square dot represents Type 11l SMA patient;
error bars represent +/- SEM; unpaired t-test, ns= not significant, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

5.3.4 The level of Igf1R increased in both DO Smn-KD-C2C12 and D7 Smn-KD- C2C12

The Smn gene knockdown was implemented at two key stages of muscle
development. Initially, proliferating Smn-KD-C2C12s cells shown in figure 5.5.a.
while, Smn-KD- D7-C2C12s cells depicted in figure 5.5.b. For comparative
purposes, un-transfected C2C12s cells are illustrated with black bars, while cells
treated with scrambled siRNA, serving as a non-specific transfection control, are
shown with white bars. Cells where Smn was specifically knocked down are
represented with grey bars (Smn-siRNA). Our findings indicated a significant
downregulation in Igf1R in both myoblast and myotube cells, due to lower Smn
gene expression. Consequently, it seems that SMN protein deficiency can cause
the dysregulation of the Igfrl gene in DO & D7 C2C12s.Thus, the level of Igf1R

in C2C12 myoblasts and myotubes rises in correlation with SMN deficiency.
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Figure 5. 5 The mRNA expression of predicted Igf1R gene is increased in both Smn-
KD proliferating and differentiated C2C12s model.

The mRNA expressions were performed by qPCR. a. The expression level of IgflR, Rb1
and InsR in Smn-KD myoblast form of C2C12s b. The pattern of target genes shows in D7
Smn-depleted C2C12S. Black represent positive control, grey represent Smn-KD form of
C2C12s, white show scrambled-SiRNA in C2C12s.Data represent N=4 samples per group
across two-independent experiments; error bars represent +/- SEM; Two-way ANOVA
with post-hoc uncorrected Fishers LSD test, ns=not significant,

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

5.3.5 Canonical atrophy did not result in alterations of 1gf1R, Rb1 and InsR genes in
C2C12 cells

When comparing the expression levels of target genes, Igf1R, Rb1 and
InsR, in the serum-starved C2C12 cells (depicted as white bars in figure 5.6) to
those in the control group (shown as black bars in the same figure), we observed
no significant differences.
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Figure 5. 6 Canonical atrophy does not lead to any changes in the level of insulin targeted
genes in the serum-starvation-induced atrophy C2C12s.

The mRNA expressions were performed by gPCR. a. The target genes levels are in
atrophy induced C2C12s. Black represents positive control, white shows serum-
starvation-induced atrophy C2C12s model. Data represent N=4 samples per group
across two-independent experiments; error bars represent +/- SEM; Two-way ANOVA
with post-hoc uncorrected Fishers LSD test, ns=not significant. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001.

5.3.6 Upon administering 100nM insulin, an elevation in the expression
of the Rb1 target gene was noted in myotubes.

In the forthcoming phase of our study, our focus shifts to understanding how
insulin affects certain genes in C2C12 cells, specifically Igflr, Rb1, and InsR. To
thoroughly investigate this, we exposed C2C12 cells to different insulin
concentrations, specifically 1 nM, 10 nM, and 100 nM, maintaining the treatment
for a duration of 24 hours. This approach allowed us to observe the gene responses
across a range of insulin levels.

A particularly interesting observation emerged when we examined the Rb1
gene. After administering 100 nM of insulin, there was a noticeable increase in the
expression of the Rb1 gene in myotubes. This result, which is clearly depicted on
the right side of figure 5.7.b, highlights the sensitivity and responsiveness of the
Rb1 gene (figure5.7.b.). There was no change in expression of IgflR and InsR in
both myoblast and myotubes C2C12s (figure5.7.a; b.).
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Figure 5. 7 Following 100nM insulin treatment, an upregulation was observed
in the predicted candidate Rb1 target gene in myotubes.

The mRNA expression of insulin target genes Igf1R, Rb1 and InsR were performed via
gPCR. a. myoblast and b. myotubes form of C2C12s were treated for 24-hours by 1nM
(white), 10nM (dark grey) and 100nM (light grey) and without any treatment/control
(black). Data represent N=4 samples per group across two-independent experiments;
error bars represent +/- SEM; Two-way ANOVA with post-hoc uncorrected Fishers
LSD test, ns= not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

5.3.7 At the highest dosage insulin demonstrated neither a negative effect on proliferation
nor any toxic impact on the formation of myotubes and myaoblasts.

In our subsequent investigation, we assessed if insulin influences the

proliferation of C2C12s cells, using BrdU labelling for tracking.

The graph provided illustrates different conditions: the blank control (black
bar) shows the media components alone, without cells. The background control
(medium grey bar) displays the cell environment sans BrdU labelling (as seen in
figure 5.8.a). The standard control with cells labelled with BrdU is represented by
white bars (also in figure 5.8.a). Cells treated with the highest insulin dose are
marked with light grey bars, and a corresponding amount of vehicle control
(dH20) is shown in dark grey (figure 5.8.a).

This experiment indicated that insulin at this concentration does not hinder

cell proliferation.
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The next phase involves determining if insulin is toxic to C2C12 cells
through an LDH assay (shown in figure 5.8.b; c). For the LDH assay, various
controls were utilized: the background control, which measures the signal from
the reagents alone without cells; the cell control, providing a baseline LDH level
from healthy cells (shown as a black bar); and the negative control (white bar),
created by killing most cells with 0.1% Triton-X. Additionally, we included a
vehicle control (dark grey bar) and investigated the effects of the highest insulin
concentration (light grey bar). Our results showed that neither the highest
concentration of insulin nor an equivalent volume of the vehicle (dH20) caused
toxicity in either the DO or D7 C2C12s cells.
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Figure 5. 8 At its maximum dosage, insulin does not exhibit any adverse
effects on the growth of cells or any toxic effects on the myotubes
and myoblasts C2C12s.
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We measured the absorbance wavelengths (nm) for various conditions: blank
(media only), background (cell presence), and C2C12s myoblasts treated with
either an anti- BrDU antibody, vehicle (dH20), or 100 nM insulin for 24 hours.

The results of the BrDU assay are presented in panel a. For the toxicity, LDH
assay was performed. Absorbance is readed from lactate dehydrogenase (LDH)
level in cell culture supernatant from b. proliferating C2C12s and c. differentiated
C2C12s. Black is untreated, white is negative control (1% Triton-X), dark grey is
vehicle (dH20) control and light grey represent 100 nM insulin treatment. Data
were obtained from four samples per group, spanning two independent
experiments. Error bars represent the standard error of the mean (SEM).
Statistical analysis was performed using one-way ANOVA, followed by Dunnett's
post-hoc test. Notations for statistical significance are as follows: ns = not
significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Table 5.1 Summary of insulin effect on SMA model

Model Tissue/sub-model Significant difference comparing controls
Smn”;SMN2 - Skeletal muscle Level of Igf1R, Rb1 and InsR increased
o
9
Smn?8-Mice E Skeletal muscle Rb1 increased; no change in Igf1R and InsR
Type Il SMA Deltoid myoblasts IGF1R and INSR increased; no change RB1
patients
Proliferating Igf1R decreased
C2C12s Smn-KD with There is no SMN-dependent changes in Rb1 and InsR
Validation of in —silico Smn-siRNA
data Differentiated- transfection Igf1R decreased
C2C12s There is no SMN-dependent changes in Rb1 and InsR
Differentiated- Atrophy-induced No change
C2C12s
Myoblast No alteration
Insulin impact C2C12s

Myotubes Rb1 increased (10nM insulin treatment)

The provided table, as shown in the figure, systematically summarizes from left to right: the
objective of the study plan, the chosen model, the targeted tissue/sub-model, the statistically
different results result examined. This table allows us to view the models used and their results
during the validation process. Following this, the effect of insulin on the expression of target
genes was studied in C2C12s, following insulin application. This approach provides a
comprehensive overview of the influence of insulin on gene expression in these specific model
systems.
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5.3.8 The application of insulin at concentrations of 1-10-100nm did not display any
effect on predicted insulin target genes in the DO and D7 LCHN-M2 cell line.

Another area of study focuses on examining how insulin affects the
expression of INSR, IG1FR, and RB1 in human muscle cells. To begin, we treated
LCHN-M2 cells in their growth phase with different insulin concentrations for 24
hours. These included 1 nM uM (indicated by white bars), 10 nM (dark grey
bars), and 100 nM (light grey bars). After that, we applied the same insulin levels
to mature LCHN-M2 cells for an identical time period. The outcome revealed no
variation in the expression of the specified genes in both growing and mature

human muscle cells in response to insulin treatment, as illustrated in figure 5.9.
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Figure 5. 9 Insulin applied at 1-10-100nm concentrations shows no therapeutic
effects on the target genes within the DO and D7 LCHN-M2 cell line.

The mRNA expression of insulin target genes INSR, IGF1R and RB1 were performed via
gPCR. a. myoblast and b. myotubes form of LCHN-M2 were treated by control (black),
1nM (white), 10nM (dark grey) and 100nM (light grey). Data represent N=4 samples per
group across two-independent experiments; error bars represent +/- SEM; Two-way
ANOVA with post-hoc uncorrected Fishers LSD test, *p<0.05
**p<0.01***p<0.001****p<0.0001.
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5.3.9 Even at the highest dose, insulin did not adversely affect the growth of cells or
cause any toxicity in the formation of LCHN-M2 myotubes and myoblasts.

In our further study, we examined how insulin influences the proliferation of
LCHN- M2 cells, utilizing BrdU labeling for monitoring. The chart demonstrates
different scenarios: a blank control (black bar) representing just media
components without cells, and a background control (medium grey bar) showing
cells without BrdU labeling (referenced in figure 5.10.a). The normal control with
BrdU-labeled cells is denoted by white bars (also in figure 5.10.a), while cells
treated with the highest insulin dose are indicated by light grey bars, with an
equivalent volume of vehicle control (dH20) shown in dark grey (figure 5.10.a).
This experiment revealed that high insulin concentrations do not restrict cell
growth.

The next step was to evaluate insulin's toxicity on LCHN-M2 cells through
an LDH assay (illustrated in figure 5.10.b; c). Various controls were used here: a
background control for just the reagent signal without cells, a cell control for
standard LDH levels from healthy cells (black bar), and a negative control (white
bar) created by killing most cells with 0.1% Triton-X. We also included a vehicle
control (dark grey bar) and examined the impact of the highest insulin
concentration (light grey bar). Our results indicated that neither the highest
concentration of insulin nor the equivalent volume of the vehicle (dH20) led to
toxicity in either the DO or D7 LCHN-M2 cells.
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Figure 5. 10 When administered at its highest dose, insulin neither hampers the growth
of cells nor leads to any toxic effects in the creation of LCHN-M2 myotubes and myoblasts.

We measured the absorbance wavelengths (nm) for various conditions: blank
(media only), background (cell presence), and LCHN-M2 myoblasts treated with
either an anti- BrDU antibody, vehicle (dH20), or 100 nM insulin for 24 hours.
The results of the BrDU assay are presented in panel a. For the toxicity, LDH
assay was performed.

Absorbance is readed from lactate dehydrogenase (LDH) level in cell culture
supernatant from b. proliferating LCHN-M2 and c. differentiated LCHN-M2.
Black is untreated, white is negative control (1% Triton-X), dark grey is vehicle

(dH20) control and light grey represent 100 nM insulin treatment. Data were
obtained from four samples per group, spanning two independent experiments.
Error bars represent the standard error of the mean (SEM). Statistical analysis
was performed using one-way ANOVA, followed by Dunnett's post-hoc test.
Notations for statistical significance are as follows: ns = not significant, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Altogether, while insulin demonstrates a safe profile for LCHN-M2 within
a 1- 100nm dosage range, it does not have any effect on the expression of the

estimated target genes in either the myoblast or myotube forms of LCHN-M2.

5.3.10 Increasing doses of subcutaneous insulin injections resulted in a body weight
increase in Smn?®" mice.

Following combined in-silico analyses, which identified specific target
genes (IgflR, InsR, Rb1) dysregulated in SMA pathology, these findings were
confirmed in vitro and in vivo SMA models. Notably, insulin was observed to
regulate the expression pattern of the Rb1 gene, a target in the C2C12 line, and
exhibited a safety profile. Consequently, this led to the initiation of in vivo insulin

applications.

Our initial step involved conducting animal trials to determine the optimal
dosage and regimen for insulin. Utilizing the Smn?®" mouse model, we
investigated two different initiation periods—P5 and P8. A variety of dosages
were evaluated, starting from 0.1U and incrementally increasing by 0.5U every 5
days, with doses including 0.15U, 0.2U, and 0.25U.

Following the dosage refinement phase, our results indicated that the most
effective treatment protocol involved starting with a 0.2U dosage initiated on day
8 via subcutaneous injection, increasing by 0.5U every 5 days and maintained up
to the humane endpoint. This approach was favored due to the notable

improvements observed in the weight trends of the mice, as detailed in table 5.1.
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Table 5.2 Administering 0.2U via subcutaneous injection is the most effective
treatment method.

Initiating dose Treatment Effecton Effect on Weight
of insulin Starting Day Survival

0.1U P8 no change no change
0.15U P5 no change no change
0.2U P5 no change no change
02U P8 no change increase
0.25U P8 Toxicity observed

This table outlines the dosage and schedule of insulin administration in mouse
experiments. To determine the best treatment strategy, SMA mice were exposed to
different dosages of insulin. We then evaluated melatonin's efficacy based on weight
and survival trends. In an extensive study, we examined the effects of administering
insulin on Smn 28" mouse models. This dosage was compared against untreated control

groups.

Interestingly, mice receiving insulin injections showed a significant
increase in body weight from the 13th postnatal day onwards. This trend of weight
gain continued up to the twentieth postnatal day, demonstrating a steady and
prolonged positive impact of melatonin on physical development (figure 5.11.a.).
Similarly, following insulin administration, weight gain patterns observed on days
14 and 19 were also noted in the control group (figure 5.11.b.). However, there
was no change in the lifespan (figure 5.11.c.) or RR (figure 5.11.d.) of SMA mice
due to the insulin application.
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Figure 5. 11 Elevating the doses of subcutaneous insulin injections leads to a rise
in body weight in Smn 2B/- mice.

a. Daily weights of insulin-treated (red, n=10), untreated (blue, n=15) on Smn?®"
SMA mice. Error bars represent +/- SEM; Two-way ANOVA with post-hoc Sidak’s
multiple comparisons test between untreated (blue) and 50 mg/kg/day oral
melatonin (red). ns= not significant, *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001.b. Daily weights of insulin-treated (red, n=10), untreated (blue,
n=15) on Smn?®* SMA mice. Error bars represent +/- SEM; Two-way ANOVA
with post-hoc Sidak’s multiple comparisons test between untreated (blue) and 50
mg/kg/day oral melatonin (red). ns= not significant,

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. c. Kaplan-Meier survival
curves for n=15 untreated (blue, median survival:20 days) and n=16 insulin-
treated (red, n=10), (red, median survival:21 days) on Smn?®” SMA mice, Long-
rank (Mantel-Cox) test,

**n<0.01, ns= n significant. d. Daily righting reflex test up to a 30 second max
time point of drug-treated (red, n=10) and untreated (blue, n=15) on Smn?®-SMA
mice.
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Data represents mean and +/- SD error bars, One-way ANOVA with post-hoc
Turkey’s multiple comparisons test. ns= not significant, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

5.4 Discussion

Combined in silico analyses predicted that in symptomatic severe SMA
mouse models' skeletal muscle, genes Igfrl, Rb1, and InsR are elevated. These
genes are expected to decrease upon insulin treatment, showing a similar effect as
seen with prednisolone application (Hoolachan et al., 2023). This suggests a
potential therapeutic pathway for SMA treatment involving insulin regulation to
counteract specific gene alterations.

The study confirmed that certain target genes, which become dysregulated
under SMA conditions, were validated in SMA Type Il deltoid muscle samples
and SMA mouse models. In the C2C12 cell line, the effect of insulin on the
expression of these target genes was observed. Significantly, in the Smn?®" mouse
model, post-insulin application, an increase in weight patterns was noted.
Importantly, we observed an increase in weight in control groups of mice
following the application of insulin. These observations allow us to assert that the
effects of insulin are independent of the canonical SMA pathology. This aligns
with findings in the literature regarding Smn*" mice, which demonstrate that even
a slight deficiency in SMN protein can independently contribute to extra
metabolic stress, separate from the NMD pathology typically associated with
SMA (Bowerman et al., 2014).

Firstly, our research revealed that in symptomatic Smn”"; SMN2 mice, the
MRNA level of Igf1R in skeletal muscle decreased. Interestingly, this gene
remained unchanged in Smn?®" mice, possibly indicating a link to the severity of
the condition. This is supported by findings that in human skeletal muscle samples
from SMA type | and Il patients, IGF1 levels increased in type | but decreased in
type 111, suggesting that 1IGF1's expression patterns may vary depending on the
severity of SMA (Millino et al., 2009). This study proposed that muscle samples
from SMA type Il1 patients exhibited a hypertrophic phenotype in relation to the
upregulation of mTOR (Millino et al., 2009). In a muscle-specific mMTOR-null
mouse line, severe myopathy was observed (Risson et al., 2009), and another
study found that downstream of Igf1, factors such as Foxo and mTOR, which play

roles in muscle development, were identified (Florini et al., 1996).
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Consequently, the impact of Igf1 on muscle development is complex and warrants
detailed investigation in future studies.

In the C2C12s cell model, both in its proliferating and differentiated states
with Smn-KD, an increased mRNA expression of the Igf1R gene was found. We
propose that Igflr is dysregulated in a manner dependent on the SMN protein,
both in vitro and in vivo models, playing a key role in the pathology of SMA.
Literature review shows that 1gf1 activates satellite cells to promote myoblast
growth, triggering their differentiation into muscle cells and increasing muscle
cell size (Shavlakadze et al., 2010). Parallel, in the SMNA7 mouse model, mice
overexpressing muscle-specific isoform Igf-1 (mIGF1) had more developed
muscle fibers (Bosch-Marcé et al., 2011) and a 40% longer median lifespan than
those without this overexpression (Bosch-Marcé et al., 2011). These observations
suggest that enhancing Igf-1 in muscles could alter SMA mice characteristics and
offer new avenues for SMA progression through therapies targeting muscle
development. In addition to its role in muscle development, Igfl is also associated
with glucose metabolism in muscle (O’Neill et al., 2015). This has been
demonstrated in studies using mouse models with knockdowns of Glut4 and 1gf1,
highlighting the Igfl facilitates the movement of glucose receptors to the cell
surface, thereby promoting increasing membrane localized glucose transporters
and glucose uptake (O’Neill et al., 2015). This indicates that an increase in Igfl
levels in skeletal muscle can enhance the muscle's utilization of glucose,

contributing to the tissue's metabolism and growth in SMA.

Drawing attention to the potential impact of certain pathways involved in
the downregulation of Igf1 on muscle development and metabolism, future
studies are suggested to include the examination of these pathways' patterns
following insulin application (as an 1gf1 agonist). On the other hand, 1gfl
operates several pathways located in its downstream, activating or inactivating
them. One such pathway is PI3K- AKT-FOXO, where an increase in IGF1R
leads to the activation of Foxo, which can inhibit muscle atrophic factors like
atrogin (Puig et al., 2003). Another pathway influenced by I1gfl is PI3K-AKT-
MTOR-4EBP1. In this pathway, increased expression of Igfl decreases the level
of 4EBPL1, regulating protein synthesis (Yang et al., 2010). The final pathway to
consider is Ras-Raf-MEK-ERK-MNK (Menu et al., 2004). Here, heightened Igfl
levels lead to increased ERK activity, which reduces MNK expression, playing a

role in the regulation of protein synthesis. Igf1R is a critical trigger factor
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involved in various metabolic and atrophic pathways, and its impact on muscle
growth, muscle atrophy, and muscle metabolism through these pathways warrants
detailed investigation in future studies. This thorough exploration of Igf1R 's role
in these pathways will provide deeper insights into its multifaceted influence on

muscle physiology.

In both Smn”; SMN2 and Smn 2" mice models, a significant increase in
Rb1 expression was observed. Furthermore, the study highlights that temporarily
inhibiting protein phosphatase 1 activity, leading to a transient inactivation of
pRb in satellite cells, might serve as an innovative therapeutic approach against
muscle atrophy (Hosoyama et al., 2011). This method aims to promote a short-
term increase in muscle stem cells and myoblast populations, offering a new

strategy for managing muscle wasting conditions (Hosoyama et al., 2011).

In both Smn”"; SMN2 and Smn?®" mice models, there was a notable
increase in Rb1 gene expression. When these myotubes were treated with 200nM
of insulin, an enhancement in the expression of Rb1 target genes was observed. In
muscle stem cell researchs, Rb1 has been reported to have time-course-specific
effects and to play a role in muscle atrophy pathology (Hosoyama et al., 2011).
Similarly, in Pax7CreER- Rb1- KD mice, the inactivation of Rb1 significantly
increased satellite cell and myoblast numbers (Hosoyama et al., 2011). The
contradiction arises from the fact that sustained Rb1 inactivation diminishes
terminal differentiation, leading to muscle fiber formation deficits (Hosoyama et
al., 2011). In summary, the positive effect of Rb1 on muscle atrophy is
emphasized to be dependent on the short-term expose downregulated-Rb1
expression especially during myoblast phase of muscle development.

On the other hand, in studies conducted on ischemic muscles, it has been
found that the inhibition of Rb1 regulates the AMPKo2/NLRP3 inflammasome
signaling pathway, which enhances muscle repair (Wang et al., 2021).
Abnormalities in peripheral immune organs and T-cell maturation dysfunction

have been observed in SMA (Cappellano et al., 2013)

Overall, these findings provide a deeper understanding of the molecular
mechanisms underlying metabolism of SMA and open new possibilities for
targeted treatments that address both muscle and systemic aspects of this

debilitating condition.
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6 General Discussion

Three gene therapies approved by the FDA for Spinal Muscular Atrophy
(SMA) are nusinersen (Spinraza), onasemnogene (Zolgensma), and risdiplam
(Evrysdi) (Hoolachan et al., 2019). While these therapies offer significant,
potentially life- changing benefits (Ogbonmide et al., n.d.), they also have
limitations, such as high costs limiting accessibility, reduced benefits in older
SMA patients, and variable impacts on CNS and muscle pathologies (Day et al.,
2022). To address these drawbacks, developing combinatorial approaches that
target both the CNS and peripheral systems is crucial. This is because SMA
pathophysiology extends beyond the neuromuscular system, necessitating a
comprehensive, whole-lifespan approach to therapy, incorporating both SMN-
dependent and SMN-independent strategies (Hamilton and Gillingwater, 2013).

Our goal is to develop second-generation combinatorial treatments for
SMA, targeting delayed symptoms and ongoing needs for maintaining whole-
body metabolic homeostasis post-initial gene therapy. Recognizing
developmental and metabolic pathologies in peripheral tissues, including muscle,
liver, pancreas, and adipose tissues, we used RNA sequencing on skeletal muscle
from symptomatic Taiwanese Smn™
;SMN2 mice and WT animals. Through databases like KEGG-DRUG,
iPathwayGuide, and the Drug-Gene Interaction database, we identified
commercially available drugs predicted to restore differentially expressed genes in
SMA muscle. The key pharmacological candidates identified are pioglitazone,
melatonin, and insulin, marking a significant step in repurposing existing drugs for
comprehensive SMA treatment. In the first phase, we confirmed in silico data with
in vivo and in vitro SMA models. In the second phase, we observed the dose- and
stage-dependent effects of potential compounds on C2C12s and LCHN-M2 cell
lines and established a safe profile of three compounds. The effects of candidate
molecules on the SMA phenotype were assessed in the Smn?® mouse model over
weight, survival, and RR. Both pioglitazone and melatonin were observed to
increase weight patterns and extend lifespans of Smn2®".
The next step aimed to understand these phenotypic improvements through genes
involved in metabolic pathways. This approach was directed towards a
comprehensive analysis of multisystemic pathology and treatment strategies,
highlighting the importance of considering systemic factors alongside SMA's

central pathologies.
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Initially, the effects of targeted compounds on peripheral tissues were
investigated through genes involved in mitochondrial development and function.
Pioglitazone increased the expression of the Ide gene, linked to the preprotein

2B mice. Moreover, melatonin

processing mechanism in skeletal muscle of Smn
administration enhanced the expression of Sirtl, involved in mitochondrial
biogenesis, in triceps and WAT tissues. Intriguingly, it was suggested that
melatonin could redirect the energy function of WAT tissue towards ATP
production by increasing Ucpl expression. Melatonin's mitochondrial targets
overlap with the mitochondrial defects observed in SMA pathology. These include
reduced mtDNA numbers in mitochondria from murine SMA muscles (Houdebine
et al., 2019c), decreased mitochondrial respiration and OXPHOS in human SMA
myoblasts (Hellbach et al., 2018), a decline in the enzymatic activity of complexes
I, I, and IV of the ETC in SMA mouse muscles (Houdebine et al., 2019c), and an

increase in lipogenesis (Harpey et al., 1990).

Moderate exercise has emerged as a viable and beneficial therapeutic
strategy to enhance mitochondrial function in muscle fibers (Memme et al.,
2021). This approach is particularly advantageous for SMA patients, as exercise
therapy has been shown to significantly improve their muscular strength and size,
by activating the AMPK—p38— PGC-1a signaling pathway in Smn?®" mouse
model (Ng et al., 2019). These leads to increased oxygen consumption in skeletal
muscles and a consequent reduction in lipogenesis in Smn?®" mouse model (Ng et
al., 2019). Similarly, the pharmacological activation of the AMPK-p38 pathway
using celecoxib, a COX-2 inhibitor, has been observed to improve lifespan and
motor abilities in SMA mice (Farooq et al., 2013).

These insights suggest that targeting mitochondrial abnormalities specific to
muscles can help in addressing not only muscular weakness but also related
systemic issues such as hyperglycaemia, hyperglucagonemia, glucose resistance,
and dyslipidaemia, which are often seen in SMA patients (Deguise et al., 2021a).
Therefore, the effects of melatonin and pioglitazone on mitochondrial function
and biogenesis, as well as their potential contribution to interconnected metabolic

pathways, should be more thoroughly examined in SMA mouse models.

It has been observed that melatonin has tissue-specific metabolic and
circadian effects. In a detailed examination, when evaluating tissue-specific daily
gene patterns, skeletal muscle, liver, and adipose tissue showed the same patterns

in all diurnal genes. This coordination indicates the need for these tissues to work
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synchronously due to their shared roles in energy metabolism (Pickel and Sung,
2020). The study catabolism in the Smn®- mouse model, demonstrates the
crosstalk among peripheral tissues in SMA pathology, particularly focusing on the
liver-pancreas-skeletal muscle-adipose tissue axis and its shift towards catabolism
(Deguise et al., 2021c). The ability of compounds like melatonin and pioglitazone
to target multiple tissues strengthens the possibility of their effectiveness in the

multisystemic pathology of SMA, which is based on this peripheric crosstalk.

On the other hand, gluconeogenesis is another factor that impacts glucose
metabolism. Investigations into melatonin's effect on gluconeogenesis have been
conducted through in situ liver perfusion experiments, which have shown that
melatonin suppresses hepatic gluconeogenesis (Faria et al., 2013). To further
understand melatonin’s role in this mechanism within the SMA mouse model, it is
considered beneficial to examine the liver's levels of gluconeogenic enzymes and
glucose-6-phosphatase post-melatonin treatment (Lelli et al., 2016). Interestingly,
in the SMA mouse model, SMN protein deficiency is associated with an increase
in p-CREB phosphorylation and activity, leading to enhanced gluconeogenesis
(Deguise et al., 2019). Furthermore, p-CREB/ CREB can be considered an
important protein target for the treatment of SMA; since the protein involves the
pathologies which has already related to SMA disease such as gluconeogenesis
(Bowerman et al., 2014), anti- apoptosis (Kong et al., 2008) and muscle
development (Berdeaux and Hutchins, 2019). In another study that reinforces the
potential significance of p-CREB in SMA pathogenesis, the most potent activator
of PGC-1lalpha is TORC 1, a coactivator of CREB (Wu et al., 2006). This finding
highlights the critical role of CREB and its coactivators in mitochondrial function
and energy metabolism, pertinent to SMA pathology. This observation indicates
that melatonin might play a role in counteracting the elevated glucose production
driven by p-CREB, and it is suggested that the contribution of p-CREB-dependent
gluconeogenesis in the SMA mouse model warrants further investigation.

In the application of pioglitazone and melatonin, a shared mechanism of
action can be the IRS-PI3K-AKT pathway. The role on glucose and lipid
metabolism of this pathway is well-known role (Choi et al., 2018). For example,
the activation of IRS- PI3K causes a decrease in insulin resistance and oxidative
stress depending on hyperglycaemia (Horii et al., 2020). Moreover, in the
downregulation of this pathway, the anti-apoptotic protein BCL2 (Mardilovich et
al., 2009) is a target of melatonin. Additionally, it is noteworthy that PPAR- o/

are involved in the downregulation of this pathway (Bao et al., 2020), with 555



pioglitazone being one of their targets. Another crucial aspect of the
AKT/mTORC1 pathway is its role as a fundamental mechanism regulating protein
anabolism (i.e., protein synthesis) in muscle cells (Goodman, 2014). The
suppression of AKT/mTORCL1 activation can lead to a decrease in protein
synthesis, contributing to muscle atrophy (Bodine, 2022). In cases of high-dose
GC administration, this suppression of the AKT/mTORC1 pathway has been
observed in dogs (Yoshida et al., 2022). In our study, we started with the
hypothesis that melatonin and pioglitazone, at lower doses compared to
prednisolone (Lisa M. Walter et al., 2018), might exhibit similar effects in
supporting muscle phenotype. In the study involving the SMNA7 SMA mouse
model, SMA patient fibroblasts, and SMN- knockdown NSC-34 cell line,
Loganin, a botanical extract known for its anti-diabetic and antioxidant properties,
has shown to increase SMN protein levels and enhance muscle development and
strength in gastrocnemius muscle of SMA mice by elevating p-AKT levels (Tseng
et al., 2016). The activity of Loganin in induced the Akt pathway and its
identification as an anti-diabetic agent are reminiscent of pioglitazone (Zhao et al.,
2021) and melatonin (Kong et al., 2008). A detailed examination of the
AKT/mTORC1 pathway could not only elucidate the dose-dependent effects of
prednisolone but might also reveal potential common mechanisms and novel
protein targets shared by melatonin, pioglitazone, and prednisolone. This could be
a significant step in understanding these drugs' interactions and their collective

impact on muscle health.

On the other hand, following the application of both pioglitazone and
melatonin, a decrease in Fas and Pmaip-1 levels was observed in symptomatic SC
tissues from Smn?®", indicating an progress in SC survival. To elaborate further,
when examining whether pioglitazone and melatonin share a common pathway in
their neuroprotective effects, their activation of the GABA neurotransmitter
system emerges as a significant overlap (Pourhanifeh et al., 2020). In detail, in
STZ-induced diabetic rats, it was found that melatonin inhibits the oxidative
stress-induced, by normalizing the levels of neurotransmitters such as GABA and
glutamate (Pourhanifeh et al., 2020). Similarly, pioglitazone has demonstrated
neuroprotective effects by restoring the number of active GABA-A receptors in

rats made anxious and depressed due to prolonged hypokinesia.
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It achieves this through the reduction of microglial activation, mitochondrial
dysfunction, and the expression of various inflammatory mediators (Amin et al.,
2017). Importantly, SMA C. elegans model shows structural and functional
abnormalities in GABAergic at NMJs, which is related to locomotor dysfunction.
Remarkably, it was found that solely enhancing GABAergic neurotransmission
could correct this locomotor dysfunction (Wu et al., 2018). Altogether, it is
recommended to examine the effects of pioglitazone and melatonin on GABA
levels to gain a clearer understanding of their neuroprotective effects in SMA for

future experiments.

Regarding Igf1R, a target of insulin, in the Smn-KD-C2C12s cell model,
both in its proliferating and differentiated states, there was an increase in IgflR
MRNA expression. This suggests that IgfiR is dysregulated depending on the
SMN protein deficiency, suggesting a crucial role for Igf1R in SMA pathology
(Murdocca et al., 2012). This dysregulation may be related to muscle atrophy and
metabolism in SMA. Supportively, in the SMNA7 mouse model, overexpression
of muscle-specific Igf-1 (mlgfl) led to more developed muscle fibers and a 40%
longer lifespan (Bosch-Marcé et al., 2011). Moreover, Igfl plays a crucial role in
facilitating the movement of glucose receptors to the cell surface in skeletal
muscle (O’Neill et al., 2015). This action enhances the presence of membrane-
localized glucose transporters and promotes glucose uptake (O’Neill et al., 2015).
Elevating Igfl levels in skeletal muscle can positively impact muscle metabolism
and growth, making it a viable therapeutic target for SMA. This approach
highlights the potential of targeting muscle-specific pathways to improve SMA

outcomes.

In conclusion, our comprehensive study underscores the significant
potential of melatonin, pioglitazone, and insulin in addressing the complexities of
SMA. The evidence gathered from our research reveals that these compounds can
significantly impact the genes associated with mitochondrial function, glucose
metabolism, and muscle development. The potential of melatonin, pioglitazone,
and insulin in SMA treatment. These compounds offer a comprehensive approach
to addressing the multifaceted challenges of SMA. This integrative treatment
strategy, which considers both central and peripheral pathologies, represents a
significant advancement in SMA therapy, aiming to improve overall patient

outcomes and quality of life.
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A transcriptomics-based drug repositioning approach

to identify drugs with similar activities for the treatment
of muscle pathologies in spinal muscular atrophy (SMA)
models
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Spinal muscular atrophy (SMA) is a genetic neuromuscular disorder caused by the reduction of survival of motor neuron (SMN) protein
levels. Although three SMN-augmentation therapies are clinically approved that significantly slow down disease progression, they are
unfortunately not cures. Thus, complementary SMN-independent therapies that can target key SMA pathologies and that can support
the clinically approved SMN-dependent drugs are the forefront of therapeutic development. We have previously demonstrated that
prednisolone, a synthetic glucocorticoid (GC) improved muscle health and survival in severe Smn~/~;SMN2 and intermediate Smn*®-

SMA mice. However, long-term administration of prednisolone can promote myopathy. We thus wanted to identify genes and pathways
targeted by prednisolone in skeletal muscle to discover clinically approved drugs that are predicted to emulate prednisolone’s activities.
Using an RNA-sequencing, bioinformatics, and drug repositioning pipeline on skeletal muscle from symptomatic prednisolone-treated
and untreated Smn-/~; SMN2 SMA and Smn*/~; SMN2 healthy mice, we identified molecular targets linked to prednisolone’s ameliorative
effects and a list of 580 drug candidates with similar predicted activities. Two of these candidates, metformin and oxandrolone, were
further investigated in SMA cellular and animal models, which highlighted that these compounds do not have the same ameliorative
effects on SMA phenotypes as prednisolone; however, a number of other important drug targets remain. Overall, our work further
supports the usefulness of prednisolone’s potential as a second-generation therapy for SMA, identifies a list of potential SMA drug
treatments and highlights improvements for future transcriptomic-based drug repositioning studies in SMA.

Keywords: spinal muscular atrophy; skeletal muscle; transcriptomics; drug repurposing; animal models
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Abstract

Microtubules are dynamic cytoskeletal filaments composed of alpha- (a) and beta
(B)-tubulin proteins. a-tubulin proteins are posttranslationally acetylated, and loss of
acetylation is assodated with axonal transport defects, a common alteration con-
tributing to the pathomechanisms of several neurodegenerative diseases. Restoring
a-tubulin acetylation by pharmacological inhibition of HDACS6, a primary a-tubulin
deacetylase, can rescue impaired transport. Therefore, HDAC6 is considered a
promising therapeutic target for neurodegenerative diseases, but currently, there is
no clinically approved inhibitor for this purpose. In this study, using drug repurposing
strategy, we aimed to identify compounds possessing HDACS inhibition activity and
inducing a-tubulin acetylation. We systematically analyzed the FDA-approved li-
brary by utilizing virtual screening and consensus scoring approaches. Inhibition
activities of promising compounds were tested using in vitro assays. Motor neuron-
like NSC34 cells were treated with the candidate compounds, and a-tubulin acet-
ylation levels were determined by Western blot. Our results demonstrated that rutin,
a natural flavonoid, inhibits cellular HDACé activity without inducing any toxicity,
and it significantly increases a-tubulin acetylation level in motor neuron-like cells.

KEYWORDS
drug repurposing, HDAC6, microtubule, neurodegenerative discases, rutin, a-tubulin
acetylation
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Abstract

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are synthetic chemicals that have been used in industry
and consumer products. Because the presence of PFAS has been identified in humans and the environment in
the last decade, human exposure to PFAS is a current public health concern. It has been shown that some PFAS
lead to adverse health effects in the male reproductive system. However, there is no information about
probable genotoxic effects of these chemicals on sperm cells. This study aimed to investigate the possible
genotoxic damage on human sperm cells exposed to certain major PFAS compounds that were selected
considering their extensive usage, high persistence in the environment, and high bioaccumulation in humans.
These PFAS are perfluorooctanesulfonic acid (PFOS), perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA), and perfluorohexanoic acid (PFHxA). The alkaline comet assay was used to detect the DNA damage
to sperm. Sperm cells were treated with 0.1—| mM of each PFAS at 32°C for | h to obtain optimal survival. As a
result of the experiments, it was discovered that the exposure to PFOS, PFOA, PFNA, and PFHxA did not
cause significant levels of cytotoxicity and did not cause damage to sperm DNA under these conditions. The
results suggest that the exposure to these PFAS did not interfere with sperm DNA. Indirect toxicity
mechanisms should be taken into account to assess the association between the PFAS exposure and male
reproductive toxicity.

Keywords
Perfluoroalkyl substances, PFAS, sperm, genotoxicity, comet assay, DNA damage
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